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Abstract 

Results on the production of charged hadrons in muon-deuteron and muon- 
xenon interactions are presented. The data were taken with the E665 spec- 
trometer, which was exposed to the 490 GeV muon beam of the Tevatron at 
Fermilab. The use of a streamer chamber as vertex detector provides nearly 4~ 
n,-rmnt>nce for charged particles. The I’D data are mmpxed with t~he $2~ dw.ta, I__-r .--. 
in terms of multiplicity distributions, average multiplicities. forward-backward 
multiplicity correlations, rapidity and transverse momentum distributions and 
of two-particle rapidity correlations of charged hadrons. The data cover a. range 
of invariant hadronic masses W from 8 to 30 GeV. 
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1 Introduction 

Hadron production in deep-inelastic muon-nucleon scattering has been studied in sev- 

eral experiments, using light [l, 2, 31 and heavy targets [4, 5, 61. The general features 
of the data can be understood in the framework of the quark-parton model (QPM), 
in which the virtual photon, emitted by the incoming muon? interacts with a parton 
of the target nucleon. In Fig. 1 this process is sketched as seen in the center-of-mass 
system of the virtual-photon and nucleon: the struck parton is emitted into the for- 
ward direction, while the target remnant travels into the backward direction. Both the 
struck parton and the target remnant fragment (hadronize) into observable hadrons, 
forming forward and backward jets. 

According to this picture, data on hadron production give information on the dis- 
tribution of the partons in the nucleon (or nucleus) and on the hadronization process. 
This particular analysis deals with hadron production in deep-inelastic muon-deuteron 
and muon-xenon scattering. The experiment uses a streamer chamber as vertex de- 
tector, providing nearly 4?r acceptance for charged hadrons. Thus a measurement of 
both the forward and the backward hemisphere in the hadronic center-of-mass system 
is possible. The experiment extends previous measurements of the hadronic system 
in muon-nucleon scattering into a region of higher invariant hadronic mass IV, up to 
ra!ues of W z 30 GeV. Measurements are presented on mu!t,iplicit,y diat.rihut,ions, on 
average multiplicities, on forward-backward multiplicity correlations, on rapidity and 
transverse momentum distributions and on two-particle rapidity correlations of charged 
hadrons. 

The use of two targets, a liquid D and a gaseous Xe target, allows the study of 
hadron production on quasifree nucleons as well as on a heavy nucleus. It is the first 
experiment in which the complete hadronic final state (with respect to charged hadrons) 
is measured in deep-inelastic muon scattering on a heavy nucleus. The Xe data are 
compared with D data to obtain information on the formation and the cascading of 
hadrons in nuclear matter. 

Measuring the cascade process is of great importance for the understanding of 
the space-time development of particle production processes [7]. However, due to 
multiple projectile collisions in the nucleus, it is rather difficult to identify the cascade 
processes in hadron-nucleus collisions. On the other hand there is a possibility of 
identifying cascade processes in lepton-induced reactions, where multiple collisions of 
the projectile (which in this case is the virtual photon) are expected to be strongly 
suppressed (8, 9, 10, 111. 

The deep-inelastic muon-nucleon scattering process can be described by the ex- 
change of a single virtual photon. In the following the target nucleon is assumed to be 
at rest in the laboratory frame, which means that the internal momenta of the nucleons 
within the nucleus are ignored. The kinematic variables of the event are then defined 

by 

Q2 = -27~1; + 2E,E; - 2p,p; cos 0 
negative square of the virtual 

photon four-momentum> 
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WZ=-Q2+2Mv+M2 
squared invariant mass of 

the hadronic system, 

(1) 
&’ 

5Bj = r&8” Bjorken-x , 

v = E, - E; 
leptonic energy transfer 

in the laboratory frame, 

where m, is the muon mass, E, (I$) is the laboratory energy and p,, (p:) the laboratory 
momentum of the incident (outgoing) muon, 0 is the muon scattering angle in the 
laboratory frame and M is the nucleon mass. 

The hadron variables used are Feynman-z, I.C = 2pi/W. the laboratory and ems 
rapidities 

y,& = 1 I* Eh + PL 
2 &-PL ' 

y.z~inE~+P~ 
2 &-pi 

and the transverse momentum p-r. Eh,pL and pr are the energy, the longitudinal and 
transverse momentum (relative to the direction of the virtual photon) of the hadron 
in the laboratory frame. The hadronic center-of-mass frame (ems) is defined by the 
svstem formed by the virtual photon and the target nucleon, and the variables in this 
frame are labelied by a *. The forward and backward hemispheres correupond to the 
regions ZF (or y’) > 0 and +F (or y‘) < 0, respectively. 

The layout of the paper is as follows: Sect. 2 describes the experimental setup and 
the trigger used. The experimental procedure is explained in Sect. 3, while Sect. 4 
deals with the simulation of the experiment and the correction of the experimental 
data. Some theoretical terms are explained in Sect. 5 and the experimental results are 
presented in Sect. 6. A summary is given in Sect. 7. 

2 The experiment 

The data were taken in the years 1987-1988 using the E665 spectrometer in the muon 
beamline of the Fermilab Tevatron. The muon beam had an average energy of 490 GeV 
with a dispersion of approximately 60 GeV. The muon beam impinged on a target filled 
either with liquid hydrogen (H), deuterium (D) or gaseous Xenon (Xe). Only the D 
and Xe data sets are used in the present analysis. The main parameters of the targets 
are listed in Table 1. 

A streamer chamber (SC), surrounding the target and located inside a 4.3 Tm ver- 
tex magnet (CVM), provides momentum measurement of nearly all low momentum 
charged hadrons (0.2 < p < 10 GeV/c). The scattered muon and high momentum 
(p 2 10 GeV/c) charged hadrons are reconstructed and measured by a forward spec- 
trometer (FS) which comprises a second magnet (CCM with - 6.7 Tm) and several 
sets of proportional and drift chambers. Photons are detected with an electromagnetic 
calorimeter. Downstream of an iron absorber for the hadrons, the scattered muon 
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is detected and reconstructed by several sets of proportional tubes and scintillation 
counters. 

The requirements of the trigger (LAT.PCN trigger) used in the present analysis can 
be described as follows: a well defined beam track, no signal in the halo veto counters, 
signals in 3 (out of 4) muon s&till&or planes (implying a cut in the muon scattering 
angle of approximately 0 > 3 mr) and no signals close to the beam axis in the veto 
counters of the muon detector. In addition, in order to enhance the fraction of deep- 
inelastic events in the SC pictures, at least two hits are required in the non-bending 
planes of the PCN detector (outside the beam region), which is a proportional chamber 
located in the field free region between the two magnets. A detailed description of the 
apparatus and of the triggers has been published elsewhere [12]. 

In the present analysis only those events are included for which a streamer chamber 
picture was taken. The analysis is described in detail in reference [13]. 

3 Experimental procedure 

3.1 Measurement of muons, hadrons and of electromagnetic 
energy 

Muons are identified by matching the track segments downstream of the hadron ab- 
sorber with the particle trajectories reconstructed using the detectors upstream of the 
absorber. In case of multiple combinations between track segments upstream and 
downstream of the absorber, the combinations with the highest x2-probabilities are 
accepted. Monte Carlo studies show that the rate of misidentification is very low. 

Only hadrons fitted to the primary vertex, defined by the incident and outgoing 
muon, are counted as primary tracks. The mean position error (transverse to the track 
direction) of a track at the primary vertex is about 1.7 mm for tracks measured with 

the forward spectrometer (FS tracks) and about 1.4 cm for those measured with the 
streamer chamber (SC tracks). The mean momentum error Ap/p is 5 x lo-‘p/(GeV/c) 
for FS and 0.02 p/(GeV/c) for SC tracks. 

Hadrons emitted at small scattering angles are detected by both the SC and by the 
FS. A special selection procedure is applied to avoid double counting of these particles. 
Whenever available, the track parameters as determined by the reconstruction in the 
FS are used in the analysis. As a consequence, the 3-momentum of most particles with 
y’ < 1 is determined by the SC and of most particles with y‘ > 1 by the FS. 

The information from the particle identification detectors in the E665 spectrom- 
eter was not available for this analysis. Instead a partial identification of protons is 
performed, based on physics expectations. A Monte-Carlo calculation (using the Lund 
model) shows that in pD scattering, with E, = 490 GeV and W > 8 GeV, the majority 
of the positive hadrons with IF (n,) < -0.2 are protons (IF (m,) is +F of a particle 
calculated aa if it were a pion). Therefore all positive hadrons in the data with ZF (m-) 
less than -0.2 are assigned the proton mass, all other hadrons are treated as pions. 
The systematic error due to this procedure (and to the use of an incomplete Monte 
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Carlo) in the rapidity distribution of positive hadrons in the pXe reaction is discussed 
in Sect. 6.2 

The mimimum laboratory momentum p required for any hadron is 200 MeV/c, 
because protons with lower momenta are often absorbed in the target or in the target 
wall. In the data analysis no correction is applied for this cut. This means that all 
results presented in Sect. 6, in particular the average multiplicities, normalized rapidity 
and transverse momentum distributions, refer to hadrons with p > 200 MeV/c. 

Electromagnetic energy is measured by the calorimeter with a resolution of 

In the analysis, the information of the calorimeter is used to identify events which are 
due to muon bremsstrahlung (see Sect. 3.3). 

3.2 Systematic errors 

The systematic errors for the Xe and D data sets have different origins and in addition 
do not necessarily cancel in Xc/D ratios; therefore they are studied separately. 

Hadrons, produced in a primary muon interact,ion, may unriergo seconda.ry inter- 

actions in the target and produce more particles. The vertex finding program is only 
partly able to identify those hadrons which originate from a secondary interaction. 

Thus some of them are erroneously associated to the primary vertex, leading to a 
contamination of primarily produced particles. Although this contamination, which 
depends on the vertex position along the target axis, is corrected by Monte Carlo 
(MC) calculations, there remains a weak dependence of the corrected multiplicity on 
the vertex position, from which a systematic error Aii of the average multiplicity is de- 
termined. For the D target Afi is estimated to be zt0.35. Because of the much smaller 
number of interaction lengths (Table l), secondary interactions in the Xe target and 
their effect on ti can be neglected. 

Due to slightly different interpretations of the scanning and measuring rules and to 
the different resolution of measuring devices at the two laboratories (MPI and FNAL) 
which measured the streamer chamber pictures, small differences between the corrected 
multiplicities from the two laboratories are observed. They suggest an additional sys- 
tematic error Afi of 0.20 for the D and 0.25 for the Xe target. 

For the D target a systematic error of A% = 0.1 due to uncertainties of the MC 
model (used for the correction of the experimental data, see Sect. 4) is determined. 

An important source of systematic error on the average multiplicity in the Xe data 
is the use of an incomplete MC model: nuclear effects in the target nucleus. e.g. reinter- 
actions of hadrons in the Xe nucleus, are not included, resulting in systematically lower 
multiplicities in the MC simulation than in the data. This leads to an uncertainty of 
the corrections (see Sect. 4), implying a systematic error of Afi = 0.3 in the Xe data. 

For both targets the systematic error Ati due to uncertainties in the simulation of 
the trigger, in particular the requirement on PCN hits, is estimated to be 0.10. 
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The overall systematic error of the average total multiplicity of charged hadrons is 
0.43 (0.40) for the D (Xe) target, after adding the individual contributions in quadra- 
ture (Table 2). 

In a similar manner a systematic error A(l/k) of the parameter l/k in a negative 
binomial parametrization (see eq.( 6)) of th e multiplicity distribution is estimated and 

found to be A(l/k) = 0.01 for the D and 0.03 for the Xe target. 

In the Xe target, photons (mainly from rr” decays) convert into electron-positron 
pairs with high probability. Some of these electrons and positrons are attached to 
the primary muon interaction and mistaken for charged hadrons. In the MC events 
about 16% of the tracks fitted to the primary vertex are actually electrons. In principle 
the contamination of hadrons by electrons should be taken care of by the correction 
procedure, however, in certain regions of phase space the corrections are very large, 
leading to an additional uncertainty. The corrections are especially large for p$ < 0.02 
(GeV/c)* and are different for PXe and PD scattering. In the tiXe/pD ratio of the 
pr distributions (Fig. 27) the larger contamination from secondary interactions in PD 
is partly compensated by the larger contamination from electrons in pXe scattering. 
Although the correction factors for the ratio in this p$ region deviate from 1 by less 
than 0.2, the ratio has a large systematic error (x 20%) due to the large correction 
factors for the individual p$ distributions for PD and pXe scattering. 

If not stated explicitly otherwise all errors drawn in the tigures and quoted in the 
text and in the tables are statistical only. 

3.3 Selection of the data 

The initial event sample consists of those events for which a primary vertex was recon- 
structed within the target, using the beam track and the tracks reconstructed in the 
FS, and which fulfill the requirements of the LAT.PCN trigger (see Sect. 2). An event 
has to be identified in the SC, which means that the presence of at least one SC track, 
clearly distinguishable from the throughgoing beam tracks, is required. In addition, a 
set of kinematic cuts is applied to define the deep-inelastic region (high &’ and W), 
to avoid kinematic regions where radiative corrections are large (high v/E,, low snj) 
and to exclude the region where the experimental resolution is poor (low v/E,): 

0 > 3.5 mr 

Q2 > 1 GeV’ 

8 < W-c 30 GeV 

z&IJj > 0.002 

0.1 < u/E, < 0.85 

(2) 

After these cuts, events with QED b remsstrahlung from muons interacting coher- 
ently with the Xe nucleus still constitute a sizable fraction of the pXe events at high 
u/E,. In addition. both data sets still contain deep-inelastic events with a high-energy 
bremsstrahlung photon in the final state. In order to eliminate these bremsstrahlung 
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events an additional cut on the energy deposited in the calorimeter is applied for both 
the Xe and D data set: 

an event is removed 

if the number of energy clusters in the calorimeter is 5 2 or? alternatively, if the 
highest-energy cluster contains more than 80% of the total energy deposited in 
the calorimeter 

and if, in addition. the total energy deposited in the calorimeter is 2 0.5 v 

This cut eliminates about 8% of the pXe and 6% of the PD events. 

For compatibility with another analysis of data from this experiment 1141, a further 
cut is applied which mainly removes events due to diffractive p” production or which 
contain a bremsstrahlung photon and no additional charged hadron: an event is rejected 
if in addition to the scattered muon there is only one pair of oppositely charged particles 
in the final state, and if the effective mass of this pair is compatible with a photon 
conversion (electron-positron effective mass less than 0.20 GeV) or with a p” decay 
(effective K+Y maas between 0.57 and 0.97 GeV). Th’ IS cut removes less than 0.5% of 
the events. 

After all cuts, the total number of events is 6309 for the D and 2064 for the Xe 
target. ‘l’he number of events in different iii bins is listed in ‘Ta-bable 3> together with the 
respective average values of W, zgj and Y. The raw distributions of W’, Q’, u and z~j 
for the final samples of PD and pXe events are displayed in Fig. 2. 

4 Simulation of the experiment and correction of 
the experimental data 

The Monte Carlo simulation of an event includes the following steps: 

- generation of the event (including radiative effects), 

- simulation of the detector response, taking into account chamber inefficiencies, 
secondary interactions, particle decays and photon conversions, 

- simulation of the trigger, 

reconstruction of the event, using the same chain of programs as for the recon- 
struction of real events. 

The events are generated using the LEPTO 4.3/JETSET 4.3 [15] version of the LUND 
program. The radiative effects are calculated with the program GAMRAD [16], which 
is based on the work in ref. [17]. The complete detector is simulated by a GEANT [18] 
based Monte Carlo program. 

The acceptance and the response of the calorimeter were not simulated in the Monte 
Carlo program. The effect of the cut on muon bremsstrahlung events (see Sect. 3.3) 
was therefore simulated by a simplified model. 
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The ratio of the number of reconstructed to the number of generated events (in 
the kinematic region defined by eq. (2)) is shown as solid line in Fig. 2. The strong 

variation of the ratio with Q2 and zBj is due to the Q2 dependence of the trigger 

efficiency. The average value of the ratio in the kinematic region (2) is 0.67 zt 0.01. 

By comparing the initially generated with the reconstructed Monte Carlo events 
corrections are determined, which are then applied to the data. These corrections 
include in particular the corrections for radiative effects, reconstruction inefficiencies, 
measurement errors, particle misidentification, acceptance losses, trigger inefficiencies 

and the corrections for effects due to secondary interactions, decays and photon con- 
versions in the target. 

In the case of the normalized distributions of y’ (see eqs. (19) and (20))! the data are 
corrected by multiplying the experimental distribution bin-by-bin with a multiplicative 
correction factor, determined from the event samples of generated and reconstructed 
Monte Carlo events: 

-- -- 
measured 

(3) 

This method of correcting the data will be referred to as ‘method B’ in the following. 
The distributions of p$ are corrected in the same way. 

In the case of the multiplicity distributions of charged hadrons the data are not 
directly corrected. Instead a theoretical distribution T(n; Z), representing the cor- 
rected multiplicity distribution for the ideal non-radiative deep-inelastic interaction 
(‘unsmeared distribution’), is transformed into a reconstructed distribution (‘smeared 
distribution’) 

P,,, (m; 4 = c cm En T (T 4 1 (4) 
” 

which is then compared with the measured multiplicity distribution P,,,... (m). The 
parameters a’ of T (n; 2) are determined by minimizing the quantity 

x* = c (Pm,,, (ml - p.ec cm; 4)’ 
m e 

The matrix C,,,,, describing the migration from a true multiplicity n to a reconstructed 
multiplicity m, is obtained by MC calculations. Clearly, only reconstructed MC events 
can be used to determine the matrix. The factor E, corrects for the events which mere 
not reconstructed, due to trigger or reconstruction inefficiencies, and for the events 
which fall outside the considered kinematic region, due to measurement errors and 
radiative effects. 0: is the sum in quadrature of the error of P,,,,,, (m) and the error 
of C,, C,,,, E, T (n; ?i) (due to the errors of C,,,, and E,). This method of obtaining a 
corrected distribution is called ‘method A’ in the following. 

It should be noted that in this procedure, a corrected multiplicity distribution is 
not determined. Rather a parametrization of the corrected multiplicity distribution is 
directly fitted to the data. In this way fluctuations of the corrected multiplicity distribu- 
tion are avoided, which are inherent in unfolding procedures [19]. The parametrizations 
T (n; I?) used in the analysis are listed in Sect. 5.1. 
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Another important feature of the correction method (5) is the fact that the migra- 
tion matrix C,, depends only weakly on the generated multiplicity distribution. It is 

essentially determined by the experimental inefficiencies, which are well simulated by 
the Monte Carlo program. For this reason it is justified to extrapolate C,, to values 
of n which were not generated in the Monte Carlo program. This was necessary for 
the correction of the pXe data because the Monte Carlo program did not include nu- 
clear effects, and thus did not generate the high multiplicities which are present in the 
data. For fixed n the matrix elements C,, can be well approximated by a Gaussian 

G(m;rn,u) = ’ 
was performed 

p exp (-(m - 7i~)‘/(20*)), and the extrapolation of C,, to higher n 
y extrapolating ti and o of these Gaussians. 

The consistency of the two correction methods (3) and (5) was checked by comparing 
quantities determined by each of the two methods. Examples are average multiplicities, 
which were obtained from the analysis of multiplicity distributions (method A accord- 
ing to eq. (5)) as well as by integrating the corrected normalized rapidity distributions 
(method B according to eq. (3)). The two results (see Table 16) agree within - lu of 
the statistical error in the D data, and within - 20 in the Xe data. For multiplicities, 
method A is the recommended correction procedure, whereas method B is considered 
as a check. 

5 Theoretical concepts 

5.1 Parametrizations of the multiplicity distributions 

The analysis of multiplicity distributions (see Sects. 4 and 6) is performed using the 
negative binomial parametrization 1201 

P(n;fi,k)=a (n+~-‘).(&)“.(&)*; 
with the parameters 6 and k. fi is the average multiplicity, and k (together with 

R) determines the dispersion of n: DNBD = 
nz 

J 
ti+ T. In addition, when studying 

the distributions of the scaled multiplicity z = F7 also the Levy and the log-normal 

functions are considered. The Levy function [21]% defined as 

(ch”,z+l) 
P(n;n,CLcvy) = a cLcuy 

r (%a2 + 1) 
e-thy 

Y 
(7) 

with the parameters ii and ~~~~~ and the dispersion D Levy = ii/,,&&. The log-normal 
function [22] is given by 

1 
P(n;n,er,,,o)=~‘~.eXP 

(l=(z + Q,,) - ~1’ 
‘&+ 

> 
1 (8) 
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with the parameters ti, clog and 0 and the dispersion 

Dfog = FL,/- exp (p + $-). Note that p is related to ciog and 0 by the 

condition that the average value of z has to be 1 [23]. In the expressions (6), (7), and 
(8), a is a normalisation factor. 

5.2 Projectile and cascade interactions 

In many models of interactions of particles with nuclei the interaction is interpreted as a 
sequence of independent collisions of the incident particle or its constituents (henceforth 
denoted as projectile) with single nucleons inside the nucleus [24]. The products of each 
projectile interaction may collide with other nucleons of the nucleus and produce more 
particles. This process is called intra-nuclear cascading [25> 111. 

A frequently used measure of the average number of projectile collisions, for inter- 
actions on a nucleus with mass number A, is given by [26, 27, 281 

a denotes the projectile (which in the case of muon-nucleus scattering is the virtual 
photon). aiid dGN (.roA, ’ is the cm39 section fcr ize!a”” -+ic collisions with a nucleon (the 
nucleus). According to (9) multiple projectile collisions (r+voj > 1) are expected when 
the projectile-nucleus cross section is shadowed. Significant shadowing in the /lXe 
cross section has indeed been observed in the E665 experiment for ILY~ < 0.02 [29, 301, 
however in the data sample of the present analysis, with (s~j) Y 0.035 (see (2) and 
‘Table 3), the amount of data in the shadowing region is small. (up+), calculated with 
(9) as a function of z~j and averaged over the data sample, is found to be 1.09+0.04 
(stat.) 10.06 (syst.) ztO.ll (overall syst.). 

Whenever a proton is struck, either in the projectile collision or in the cascade 
process, the total hadronic charge QT of the secondary particles increases by 1. Since 
the fraction of protons in a nucleus is Z/A, and assuming identical cross sections for 
interactions with protons and neutrons, one obtains the following relation between 
(QT) and the total number vc of collisions with nucleons in the nucleus [31, 32, 251: 

(QT) = s(vc) + charge of projectile. (10) 

5.3 The Monte Carlo model VENUS 

The Monte Carlo model VENUS (yery Energetic mclear Scattering) describes hadron 
production in reactions on nuclei by the interaction of strings in nuclear matter [33]. 
The model is based on the Dual-Parton model (341 and the Quark-Gluon-String model 
[35]. Earlier versions of the model dealt with hadron-nucleus and nucleus-nucleus 
interactions [36]. By the extension to lepton-nucleus scattering [37,38] the propagation 
of strings in nuclear matter may be studied for the tax of a simple structureless 
projectile, which interacts only once in the nucleus due to its very small cross section. 
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QCD effects are not included in the model. The IvIonte Carlo program version used in 
the present analysis is VENUS 4.10. 

In the initial interaction of the lepton with a nucleon of the nucleus a string con- 
sisting of a (anti-)quark and a target remnant is produced. This string may decay 
into further strings with a typical life time rd, which is set to 1 fm. A string may 
interact (fuse) with another string or with a nucleon, forming a meson or a baryon. 
This so-called cascade mechanism is steered by several parameters: 

- iy: a string or a string segment are not allowed to interact 
before a time T, where T is obtained from an exponential 
distribution with (7) = rr. 

m,: only strings with a mars below men + m, may interact, 
where rnmin is the minimum mass possible for an object 
with the right flavor. 

rEJ, mr: when the above conditions are fulfilled, two strings 
or a string and a nucleon will interact whenever their 
distance in space-time is below rg (if a baryon is formed) 
or below TM (if a meson is formed). 

The default values of these parameters and the values used for the comparisons with 
the data of the present analysis are listed in Table 4. 

6 Results 

6.1 Multiplicity distributions of charged hadrons 

a) Multiplicity distributions of all charged hadrons 

The raw multiplicity distributions in bins of W are shown in Figs. 3 and 4 for /LD and 
pXe scattering respectively. The fitted theoretical distributions, assuming a negative 
binomial parametrization, are shown as solid lines (unsmeared theoretical distribution 
P(n; ii, k)) and as histograms (smeared theoretical distribution P,,,(m; fi, k)). In all 
cases the smeared theoretical distribution describes the raw multiplicity distribution 
very well. On average, the overall correction for the total average multiplicity is about 
lo%, due to the migration matrix C,,,,, and about 5%, due to the factor E, (eq. (4)), 
which includes radiative corrections. In the fits the multiplicity n = 0 was not con- 
sidered, since events with no charged-hadron track in the streamer chamber were not 
always measured. No good fit was obtained for the highest-W bin in pXe scatter- 
ing. The enhanced low multiplicities in this W bin, probably due to residual radiative 
background, cannot be well described by a negative binomial function. 

The parameters ii and l/k of the negative binomial function. obtained in the fits to 
the multiplicity distributions, are listed in Tables 5 and 6 and displayed as functions of 
W* in Figs. 5 and 6 respectively. The data for both ii and l/k can be well described 
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by straight lines of the form a + b. ln(WZ/GeVZ), and the fitted parameter values 
are listed in Tables 7 and 8. The comparisons with predictions from the Monte Carlo 
model VENUS, which are also shown in Fig. 5, are discussed at the end of Sect. 6.2. 

The values of ?i and l/k for j~Xe are clearly higher than those for PD scattering, 
the difference being rather independent of W (Figs. 5 and 6). The excess in charged 
multiplicity, which in the W range 8 to 30 GeV amounts to 2.69 f 0.20 on the average 
(Table 9), is attributed to intranuclear cascading of hadrons produced in the initial 
muon-nucleon interaction. 

In Fig, 7 the results for ii are compared with those from (anti-)neutrino nucleon 

[39, 401 and muon proton [l] experiments. For simplicity the results from the neutrino- 
nucleon experiment of ref. [41], which are similar to those of ref. [40], are not plotted. 
The /ID data from the present experiment continue smoothly the trend of the data 
seen at lower W, however the increase with ln(W*/GeV’) is steeper in the PD than in 
the neutrino data (Table 7). 

6 appears to be higher for the @D than for the pp data of the NA9 experiment 
(Fig. ‘i’), although the systematic errors of the two experiments are large: for the hD 
data the systematic error of +i is 0.43 ( see Sect. 3.2) and a similar value was quoted for 
the pp data [42]. A slightly higher average multiplicity is expected in /ID scattering due 
to cascading of hadrons in the deuteron. However, from an (anti-)neutrino deuterium 
experiment t’he increase in average charged mult,ipiiciiy due to ihis process is est,imated 

to be only of the order 0.1 [43, 441. The discrepancy in 6 between the pp [l] and the 
PD data is found to be completely restricted to the forward hemisphere of the hadronic 
center-of-mass system (see Fig. 15). 

The comparison of l/k for the different experiments is shown in Fig. S. The pattern 
is similar to that in Fig. 7, with the PD data continuing to higher I@’ the trend of the 
data seen at lower W. The data suggest a change of sign for l/k at I&” = 100-200 
GeV*. The multiplicity distributions are thus narrower than a Poissonian below and 
broader above this value. 

In the comparison of the different lepton-nucleon experiments one has to note that 
the target remnants have a different composition in the different reactions and in 
addition depend on the “sj range covered. It is therefore more informative to compare 
the forward and backward multiplicities separately (see Sect. 6.1.b). 

The higher values of ii and l/k for pXe as compared to PD scattering at fixed 

W imply a larger dispersion D = m in PX e scattering. The dispersion D, of 
the scaled multiplicity z = z, calculated as D, = D/ii, is listed in Tables 5 and 6 
and displayed in Fig. 9 as a function of W*. For both PD and pXe scattering D, 
is independent of W with average values D, (/lD) = 0.41 h 0.01 and D, (pXe) = 
0.47 f 0.02. The size of D, (pD) is comparable to that of most of the neutrino-nucleon 
reactions at lower W (Fig. 10). In contrast to the PD data the neutrino data, which 
are at lower W, exhibit some W-dependence, probably due to the stronger relative 
contribution from quasi-elastic and diffractive channels at low W. 

The analysis of the distributions of the scaled multiplicity z was also performed 
using the Levy and the lognormal functions (see Sect. 5.1). The results are very similar 
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to those for the negative binomial function, both with respect to 12 and to D, (Table 

10). 

Comparing D’“’ for the various types of reactions (Table 11) shows that Of”” in- I 
creases with increasing complexity of the reaction: 

Of”” (e’e-) < Dl” (UN), Of”” (pN) < 09 (pXe) < 09 (pp). (11) 

b) Multiplicity distributions in the forward and backward ems hemispheres, 
and for positive and negative hadrons 

Figs. 11 and 12 display ?? and l/k as functions of W* for charged hadrons travelling 
into the forward and backward ems hemispheres. It is evident that the difference seen 
in ii and l/k between @D and pXe scattering in Figs. 5 and 6 is almost completely 
restricted to the backward hemisphere. The difference %(pXe)-%(pD) in the backward 
hemisphere is approximately independent of W. with an average value of 2.26 & 0.16 
(Table 9). 

In the forward region (Fig. llb) there is no significant difference in the average 
multiplicities between PD and $Ce scattering, when statistical and systematic errors 

are taken into account (Table 9). In another analysis from this experiment [14] the 
z-distri’btlt,ions of c’harged hadrons were studitxl using data obtained with the I!%65 
forward spectrometer. The kinematic region considered was 100 GeV < v < 500 
GeV, 0.1 GeVZ < Q* < 100 GeV*, 0.001 < z~j < 0.1, and z = (laboratory hadron 
energy)/v 2 0.1. In that analysis, which is based on 10975 PD and 9059 pXe events, 
also no significant difference was found between the z-distributions for FD and pXe 
scattering. 

The excess in 5 and the enhanced value of l/k in pXe scattering is mainly due to 
positive particles, but to a small extent also to negative particles. This can be seen 
from Figs. 13 and 14, where ii and l/k is plotted versus W* for positive and negative 
hadrons separately. The difference ?&Xe)-C&D) for positive and negative hadrons is 
again independent of W, with average values of 2.25 h 0.15 and 0.55 + 0.11 respectively 
(Table 9). 

The average multiplicities of forward and backward hadrons, listed in Tables 12 
and 13, as well as of positive and negative hadrons, listed in Tables 14 and 15, do not 
exactly add up to the total average multiplicities. This is due to the fact that the 
multiplicity distributions for the various subsamples and for the total sample of tracks 
were fitted (and corrected) separately and independently. 

In Figs. 15 and 16 the results for ii and l/k in PD scattering are compared with 
those in (anti-)neutrino nucleon [40, 471 and muon proton scattering [l], separately for 
the backward and forward region. The PD data continue the trend of the neutrino 
data, namely an increase of fi and l/k with increasing W, to higher energy. In the 
forward region the mean charged multiplicities (at fixed W) in the different reactions 
are quite consistent (the differences in li. between pp from [l] and PD from this exper- 
iment are discussed in Sect. 6.1~). This is to be expected since the forward region is 
dominated by the fragmentation of U, d,,ii and d quarks into pions. Due to isospin and 
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charge conjugation invariance each of these quark types leads to the same charged-pion 
multiplicity. There is a larger spread of the data in the backward region, partly due to 
the different composition of the target remnant in the various reactions. The backward 
multiplicities in the (anti-)neutrino experiments appear to be ordered according to the 
total hadronic charge in the various reactions. It is interesting to see that an average 
of vn and up (total hadronic charges 1 and 0) or vp and i%z (total hadronic charges 2 
and -1) multiplicities flows smoothly into the higher-energy PD data, which contain 

an equal mixture of hadronic states with charge 1 (from pp) and charge 0 (from /in 
scattering). 

c) Average hadronic net charge 

The average hadronic net charge (Q), calculated as the difference between fi for positive 

and negative hadrons, is shown as a function of Wz for the forward and backward 
hemispheres in Fig. 17. In all cases (Q) is independent of W within the experimental 

errors. Similar to the behaviour in Fig. 11, a significant difference between PD and pXe 
scattering is only seen in the backward hemisphere. The excess in the average hadronic 
backward charge (QB),,x~ of 1.48 ZII 0.16 is due to an excess of positive hadrons of 1.87 
+ 0.12 and an excess of negative hadrons of 0.39 f 0.12 in the pXe data. In the forward 
hemisphere the excess in (Q -1 .’ =-aunts to 0.16 f 0.09, resu!t.ing from an excess of P ,p*c --_. 
positive hadrons of 0.23 zt 0.07 and an excess of negative hadrons of 0.07 + 0.07 in the 
PXe data (see Table 9). 

The average hadronic forward charge for /ID and pXe scattering is in good agree- 
ment with the prediction of the quark-parton model. This is shown by the dotted line 
in Fig. 17b, which has been calculated from 

(QF.)QPM(~B~) = 
CCe; - e(q))ef 4jCsBj) 

cef Pj(zBj) 
(12) 

for the average 281 in each IV bin. The sums in (12) extend over the various quarks 
and antiquarks qj, with charge ej and distribution function gj (zsj), in the nucleon. 
et,) is the charge leakage term (481, which is B i-0.07 (-0.07) for a fragmenting quark 
(antiquark). For qj(zBj) the parametrization from [49] was used. Due to the low 
values of zBj ((zBj) = 0.035) the bulk of the interactions occur on sea quarks. This 
explains the rather low value of (QF),JPM, since the contributions from sea quarks in 
the numerator of (12) cancel. 

From the average total hadronic net charge the average total number of collisions 
(UC) with nucleons in the nucleus may be derived according to (10). In pXe scattering 
(VC) is found to be 5.37ztO.41, while it is compatible-with 1.0 in PD scattering (see Table 
16). From the dataof a neutrino-deuteriumexperiment [43> 441 a value of (VC)~D N 1.10 
is suggested, which is consistent with the measured value of 1.02f0.12 in the present 
analysis. Assuming the multiplicity excess in the pXe data to be completely due to 
cascade interactions ((uCG.) = (UC) - l), one finds an average multiplicity increase per 
cascade interaction of 

A%/(u,.,) = 0.62 z!z 0.07 (13) 
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An+/&.,) = 0.51 i 0.06 (14) 
An-/&J = 0.13 i 0.03. (15) 

The average multiplicities and hadronic net charges, obtained from the analysis of the 
multiplicity distributions, are compiled in Table 16 ( method A). For comparison also 

the results from the analysis of the rapidity distributions (method B) are included (see 
Sect. 6.2). 

d) Forward-backward multiplicity correlations 

The correlation between forward (no) and backward (ng) multiplicities is usually mea- 
sured by the slope parameter d in the expression 

(12~) =c+d.nF. (16) 

When data from different W are combined, the forward-backward multiplicity correla- 
tion will contain a contribution due to the increase of (ng) and (no) with increasing W 
(Fig. 11). In order to avoid this contribution, the relation (16) has to be investigated 
at fixed W. 

Fig. 18 shows (ng) as a function of n~ in PD scattering, for different bins of W. 
n.~ and ng were obtained by a track count and the resuiiing dat.x on in.,) VR:TSIIS no 
were then corrected using a multiplicative correction factor (see Sect. 4). The lines 
represent the results of fits of expression (16) to the data and the fitted values of d are 
listed in Table 17. The correlation parameter d tends to be positive and to increase 
with increasing W, however, the statistical significance of this behaviour is only weak. 
A similar trend was observed in a pp experiment [42] which covers the W-range up to 
20 GeV (see Table 17). 

For reasons of limited statistics the forward-backward multiplicity correlation in 
PXe scattering is measured only in two W bins. Within the experimental errors the 
values of d for PD and pXe scattering agree, if the same binning in W is chosen (see 
Fig. 19 and Table 17). 

In Fig. 20 (ng) is plotted versus no for two selections in the ems-rapidity: Iy*I < 1.0 
and Iy’j > 1.0. While there is a clear correlation in the central rapidity region, the data 
are consistent with no correlation in the outer y* regions. This shows that the forward- 
backward correlation, for both PD and /rXe scattering, is of short-range nature. For PD 
scattering d was also determined for finer bins in W, leading to the same conclusions 
(see Table 18). 

The forward-backward multiplicity correlations in PD interactions were also mea- 
sured for different charge combinations. No correlation was found between hadrons 
of equal charge, while a substantial correlation was observed for opposite charges 
(e.g. d = 0.05 f 0.03 for (--) and d = 0.22 zk 0.04 for (+-) combinations, with 
Iy*I < 1 and 20 < W < 30 GeV). This behaviour may be understood as a consequence 
of the local charge compensation in the hadronization process. 

Under the assumption that the forward-backward partition of particles is random 
and no further forward-backward correlations exist from conservation laws or dynamics, 
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the correlation parameter d is directly related to the parameter l/k of the negative 
binomial function for the full multiplicity distribution [50: 511: 

(17) 

In Fig. 21 the measured values of d are compared with those obtained with (17) as a 
function of W. In PD scattering the measured d are close to (although systematically 
slightly higher than) the calculated ones. 

There is a larger discrepancy, however, between measured and calculated d in pXe 
scattering, indicating that the forward-backward partition of particles is not random. 
This behaviour is attributed to the additional hadrons from the intranuclear cascade, 
which are predominantly produced in the backward hemisphere. These additional 
hadrons do not seem to affect the forward-backward correlation, as can be seen from 
the similarity of d in PD and pXe scattering (Tables 17 and 18). 

6.2 Rapidity distributions 

The normalized distributions of the ems-rapidity y’ for positive and negative hadrons, 

p*(y‘) = & !cg , 
ev 

are plotted in Fig. 22 and listed in Tables 19 and 20 for three bins of IV. The dis- 
tributions were corrected for the experimental inefficiencies by applying a multiplica- 
tive correction factor, bin-by-bin (see eq. (3)). Th e rapidity distributions for positive 
hadrons in pXe scattering have a systematic error due to the use of an incomplete 
Monte Carlo for the pXe reaction (see Sect. 3.2) and the special particle identification 
procedure applied (see Sect. 3.1). The size of this systematic error may be estimated 
from Fig. 23, which shows the corrected rapidity distributions for positive hadrons in 
pXe scattering for three variants of the particle identification procedure: the systematic 
error of pf(y*) is in the order of 10 to 20% in the backward hemisphere. 

The data in Fig. 22 confirm the observations made for the average multiplicities in 

Sect. 6.1 : a large excess of positive hadrons and a small excess of negative hadrons in 
the backward hemisphere in pXe as compared to PD scattering, and nearly identical 
distributions for pXe and /ID scattering in the forward hemisphere. This is seen even 
more clearly in Fig. 24, which shows the pXe/pD ratio R,x.(y*) of the normalized 
rapidity distributions for positive and negative hadrons. The excess in the backward 
region sets in at y’ L 0 and increases with decreasing y’. 

The behaviour of R,,x. in the central rapidity region is of great interest because it is 
the region which is populated by the hadrons produced in the projectile collisions [52,7]. 
Thus the value of R,,xe PZ 1 indicates that the virtual photon interacts only once in the 
Xe nucleus ((v,~~~),,x. x l), in accordance with the expectation from (9). This is in 
contrast to hadron-nucleus scattering, where RhA is greater than one. implying multiple 
collisions of the projectile. An example is given by the dashed curve in Fig. 24a, where 
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the ratio R&, defined as ~;~./p$, is shown for comparison [53]. Ref. [53] actually 

measured the rapidity distributions for positive p+ 
pp scattering rather than pp~ in pD scattering. 

( PP~,;p-f;;e$;~ ~;Pb~ 

to estimate pp” in pn scattering: assuming the backward particles (y’ < 0) to be 
mainly fragments of the target nucleon and the forward particles (y’ > 0) to be mainly 
fragments of the projectile nucleon, the approximate relations p;” x p& for y’ < 0 and 

pen = p;* for y’ > 0 follow from isospin symmetry. p$ = 3 (ppP + pin) was therefore 

approximated by $ (pip + p&p) if y’ < 0 and by pip otherwise. The center-of-mass 
energy of the proton-nucleon system is 19.4 GeV and thus comparable to the average 
W of the PLD and pXe data ((W) = 17.2 GeV). In the central rapidity region R& is 
of the order 2 (Fig. 24a), which is attributed to multiple collisions of the proton in the 
Xe nucleus 1541. 

The rapidity distributions of the hadronic net charge for @Xe and PD scattering 
are compared in Fig. 25. The influence of the hadron cascade in the Xe nucleus is 
again clearly seen in the backward hemisphere, where the hadronic net charge for pXe 
exceeds that for @D scattering in total by 1.41 + 0.11 (Table 16). (From the analysis 
of the multiplicity distributions this quantity was determined as (1.4Sf0.16) (Table 
9), in good agreement with the result obtained here from the analysis of the rapidity 
distributions.) 

Since (vPrOi use zz ) 1, the spectrum of the charged hadrons produced in the cascade 
process can be determined as pwx. - p,,D. This quantity is plotted in Fig. 26 for positive 

and negative hadrons. 

The predictions of the Monte Carlo model VENUS (see Sect. 5.3) are drawn as 
lines in Figs. 5, 22, 24, 25 and 26. The model describes only the gross qualitative 
features of the data: it predicts the enhanced production of mainly positive hadrons in 
the backward hemisphere in the pXe reaction. however it is not able to reproduce the 
shapes of the rapidity distributions, neither in the PD nor in the pXe data. The IV 
dependence of the integrated multiplicities is approximately reproduced by the model 
(Fig. 5). By a variation of the parameters r,, r-g and TM of the VENUS model it was 
not possible to significantly improve the agreement between model and data. Further 
comparisons with the VENUS model are made in Sect. 6.4. 

6.3 Transverse momentum distributions 

The data for the normalized p$ distributions were corrected in the same way as those 
for the normalized rapidity distributions, i.e. by a bin-by-bin multiplicative correction 
factor (see Sect. 4). 

The ratio R,,,(p$) of the normalized pT r distributions of negative hadrons from 
pXe and PD interactions is displayed in Fig. 27 for the forward and backward hemi- 
spheres. From the discussion in the previous sections it is clear that most of the hadrons 
produced in the cascade interactions are emitted into the backward hemisphere. From 
Fig. 27a one can therefore conclude that the deviation of the ratio R& (p$) from 1 is 
due to hadrons from cascade interactions and that these hadrons have predominantly 
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low p?. In the forward region on the other hand, there is no significant difference 
between the p+ distributions for pXe and PD scattering, with the exception of the re- 
gion around 0.4 (GeV/c)s, where one observes a slight depletion of hadrons in the /rXe 
reaction. A similar result was found in ECU interactions by the EMC collaboration [5]. 

6.4 Two-particle rapidity correlations 

The correlation function for two hadrons h; and hi, with rapidities y; and y; and 
charges a and b, is defined as 

where 

R”* (Y;, Y;I = 
Pab(Y;>Y;) --1 

P" (Yi) Pb(Yi) ' 

1% 
P”(d) = z dyi ) 

1% 
pb (y;) = N,, dy; and 

are the normalized 1. and 2.particle rapidity densities. Correlations between particles 
with similar rapidities ^^__^ I^/:^-^ ,CDc-l\ (IAy’i 2 2) are usudly called short-range ~-u~~e~a~wI~ ~,u~Lv~~ 
those with very different rapidities long-range correlations (LRC). 

Pb was corrected for the experimental inefficiencies by applying multiplicative cor- 
rection factors f*a, f,,, fb to the measurements of pnb, p” and pb respectively. The cor- 
reCtiOn faCtOr f = f&/(f= fb) for th e q uantity pnb/(p” pb) is plotted as a funtion of y; 

and y; in Fig. 25. It can be seen that the correction is only important if both y; and 
y; are below -1. In the remaining part of the (y;,y;) plane f is close to 1, indicating 
that the corrections to pnb and (p” pb) largely cancel. 

The correlation function defined in (1s) includes effects due to the dispersion of the 
hadron multiplicity in the event sample [55]. I n order to reduce this contribution, event 
samples with charged multiplicities between 6 and 10 only are considered. Furthermore, 
since the results for the whole W-region were found to be qualitatively similar to those 
for subintervals of W, the data from the whole W-region are combined. 

In Fig. 29 the corrected correlation function R++ (y;, y;) for two positive hadrons 
(h:, h$) is shown as a function of y; for different bins of y; (the hadron hl plays the role 
of a ‘trigger’ particle). The correlation function R+-(y;, y;) for hadrons of opposite 
charge (h:, h;) is displayed in Fig. 30. Th e correlation function R--(y;, y;) for pairs 
of negative hadrons is not shown as it is very similar in PD and pXe scattering and, in 
addition. R,D(y;, y;) % R:D+(yi, y;). 

Consider first the pD data (full circles). Between positive hadrons, there are anti- 
correlations of short range (]Ay’] 5 2 - 3), when the trigger particle is near the lower 
end of the rapidity range. Between hadrons of opposite charge there are significant 
SRCs in the central rapidity region. There are indications of positive LRCs between 
particles at the opposite edges of the rapidity range. In general Rub (y;, y;) is different 
from Rab (my;, -y;), i.e. the correlation function is not forward-backward symmetric. 
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The correlations in the PD data are in general well described by the VENUS model 
(dotted lines in Figs. 29 and 30) and can thus to a large extent be understood in the 
framework of the quark-parton model. The positive SRCs between particles of opposite 
charge suggest local charge compensation in the fragmentation process; partly they can 
be explained by resonance decays [56]. The LRC s may be partly due to momentum 
conservation. The forward-backward asymmetry is not surprising since the objects 
emitted into the forward hemisphere (struck quark) and into the backward hemisphere 
(target remnant) are of different nature. 

The correlations in the @Xe (open circles) data are similar to those in the PD data. 
A clear difference is only seen for SRCs between positive hadrons in the backward 
region: the anticorrelations in the /tD data have nearly disappeared in the pXe data. 

The VE,NUS model (lines in Figs. 29 and 30) is able to describe the behaviour of 
the correlations in the pXe data qualitatively. This supports the concept of cascading 
in a nucleus. The cascade interactions destroy the negative SRCs between positive 
particles in the low-rapidity region. 

7 Summary 

This ana!ysis cxtcnds the mCJruL -II-ements on hadron production in deep-ir.e!&ic m=on- 
nucleon scattering from previous experiments into a region of higher IV, up to W = 30 
GeV. It represents the first study of the complete system of charged hadrons in muon 
interactions on a. heavy nucleus. The results may be summarized as follows. 

a) The multiplicity distributions of charged hadrons for both PD and pXe scattering 
are well described by negative binomial functions. The average multiplicity fi and 
the parameter l/k of the negative binomial function increase approximately lin- 
early with ln(W2/GeVZ). The width of the distribution of the scaled multiplicity 
z = n/ii is independent of W. 

b) The average multiplicity of forward and backward going charged hadrons, as well 
as of positive and negative hadrons, for both /rD and pXe scattering, also exhibit 
a linear increase with ln(W*/GeV’). Th e same is true for the parameter l/k, 
except for the hadrons in the backward region, where l/k is independent of W. 

c) The average hadronic forward charge (QF) and the average hadronic backward 
charge (QB) for both pD and pXe scattering are consistent with being indepen- 
dent of W. 

d) In the W range 8 - 30 GeV the average multiplicity of charged hadrons in pXe 
is greater than that in PD scattering by 2.69 zk 0.20 charged hadrons per event, 
rather independent of W. The excess is mainly due to positive particles in the 
backward direction and it is attributed to cascade interactions of the hadrons 
produced in the initial muon-nucleon interaction. 

e) The Xc/D ratio R,x.(y’) of the average charged multiplicity is compatible with 
1 in the forward region of the hadronic center-of-mass system. In the backward 
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region the ratio rises with decreasing ems-rapidity and with decreasing pg. From 
the value R,x.(y*) 4 1 in the central rapidity region it is concluded that the 
virtual photon interacts only once in the Xe nucleus. This is in contrast to 
hadron-nucleus reactions, where an enhanced hadron production is observed also 
in the central rapidity region, which is explained by multiple projectile collisions. 

f) From the average hadronic net charge (QT),,x~ the average total number of colli- 
sions with nucleons in the Xe nucleus is found to be 5.37 f 0.41. Assuming that 
the virtual photon interacts only with one nucleon in the Xe nucleus, this implies 
an average multiplicity increase per cascade interaction of 0.51 + 0.06 positive 
and 0.13 & 0.03 negative hadrons. 

g) The correlation between the average backward multiplicity and the forward mul- 
tiplicity tends to be positive and to increase with increasing hadronic mass W, 

for both PD and pXe scattering. The correlation is of short-range nature and it is 
only significant for Iy’l < 1. The pXe data are clearly inconsistent with random 
forward-backward partitioning of particles. This behaviour is attributed to the 
additional hadrons in the backward region from the intranuclear cascade. 

II) There are short-range and indications of long-range two-particle rapidity cor- 
re!&ions in ?.he IID da~t.a~, They ca,n he Ilnrlerst.ood in t,he fra.mework of t,he 
quark-parton model, and as a consequence of resonance production, local charge 
compensation in quark fragmentation and of momentum conservation. In gen- 
eral, the two-particle rapidity correlations in the pXe are similar to those in the 
PD data. There is a clear difference in the SRCs between positive particles in the 
backward region: they are negative for PD and have nearly disappeared in pXe 
scattering, as a result of the cascade interactions in the Xe nucleus. 

i) The Monte Carlo model VENUS IS able to describe the gross qualitative features 
of the data, in particular those related to the cascading of hadrons in the Xe 
nucleus. 
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number of number of 

target A ‘2 density length interaction radiation 

k/cm31 [ml lengths lengths 

HZ 1.01 1 0.071 1.15 0.16 0.13 

D2 2.01 1 0.162 1.15 0.34 0.15 

Xe 131.29 54 0.085 1.13 0.06 1.13 

Table 1: Main parameters of the targets 

t 

L 

source of Aii 
systematic error 

s 

’ :::: :::::; 1::: ::::: “~;;,::I 

tota1 yzmatl= 0.43 (5.5%) 0.40 (3.9%) 

Table 2: Contributions to the systematic error of the average total multiplicity of 
charged hadrons. The total systematic error was calculated by adding the vxious 
contributions in quadrature. ‘The numbers in brackets are the respective relative errors. 
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W-interval N,,(D) N,,(G) (W) (zaj) (u) 

(GeV) (GeV) WV 
8-10 1 472 1 170 I 9.3 I 0.096 I 51.5 I 

10-12 792 311 11.0 0.065 69.0 
12-14 777 284 13.0 0.044 94.0 
14-16 732 228 14.9 0.038 124. 
16-18 709 202 17.0 0.025 157. 
18-20 666 207 19.0 0.021 197. 
20-22 695 220 21.0 0.015 238. 
22-25 829 280 23.4 0.013 295. 
25-30 637 1 162 26.6 1 0.009 1 380. 
8-30 1 6309 [ 2064 1 17.2 1 0.035 1 176. 

Table 3: Number of events and average values of W,z~j and v in different W-bins. 
There is only a small decrease of (Q’) with increasing W, with (Q’) % 9 GeV’ at 
low and h 7 GeVZ at high !Y. The average values were calculated for the D sample. 
Within the errors they agree with those of the Xe sample. 

Symbol Meaning Fortran Default Value used in 
variable value this analysis 

Tr reaction time taurea 1.5 fm 1.5 fm 

mr mass cutoff mlsiac cl.8 GeV 0.8 GeV 
7-m barvon radius radix I 0.65 fm I 0.55 fm 

/ -~- -~~ -~- - ~’ I 
~~~, ~~~ 

meson radius radias 1 0.35 fm / 0.35 fm 

Table 4: Parameters of the VENUS model, version 4.10. 

Table 5: Results of fits of the negative binomial function to the multiplicity distribu- 

tions of charged hadrons in PD scattering, in different bins of W. D, = m is the 

dispersion of the scaled multiplicity 2 = n/i% The fitted functions are drawn a,s solid 
lines in Fig. 3. 
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Table F: Results of fits of the negative binomial function to the multiplicity distribu- 

tions of charged hadrons in /IX~ scattering, in different bins of W. D, = m is the 
dispersion of the scaled multiplicity z = n/ii. The fitted functions are drawn as solid 
lines in Fig. 4. 
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Table 7: Parameter values a and b from fits of the expression (a + bln(W2/GeVZ)) to 
the average multiplicity ii of charged hadrons in various lepton-nucleon experiments. 
The results of the fits to the data of this experiment are drawn as dashed and solid 
lines in Fig. 5. 

reaction W (GeV) a b x*JNDF reference 

PD 8-30 -0.13f0.01 0.030f0.002 6.417 this exp. 
pxe 8-25 -0.05*0.15 0.031f0.028 6.516 this exp. 

“P 3-14 -0.187f0.016 0.035f0.005 7.613 WI 
UP 3-14 -0.132f0.040 0.027*0.011 1.9/3 P91 

Table 8: Parameter values a and b from fits of the expression (a + bln(W*/GeV*)) to 
the experimental data of l/k in various lepton-nucleon experiments. The results of the 
fits to the data of this experiment are drawn as dashed and solid lines in Fig. F. 
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Table 9: Differences of average charged multiplicities and of average hadronic net 
charges between pXe and PD scattering in the W range 8-30 GeV. F and B refer to the 
forward and backward hemispheres of the hadronic center-of-mass system respectively. 

reaction W D* NBD 
(CeV) 

PD 8 - 30 0.41+0.01 0.41f0.01 ' 0.41+0.01 
PXe t? - 30 0.471tO.02 0.47hO.02 0.48ztO.05 

Table 10: Dispersion D, of the scaled multiplicity z = n/E from global fits of the nega- 
tive binomial function (DrBD), the Levy function (O,L.““) and the lognormal funct,ion 
(Of”“) to the PD and pXe data in the W range 8 < IV < 30 GeV. The results for 
DrBD are drawn as dashed and solid lines in Fig. 9. 

I 
I 

I 
I 

Dl”9 / x2/NDF 

Table 11: D&per ,si on D!p" of lognormal funcl :ic ms fitted to the distributions of the scaled 
multiplicity z = n/ii in various types of reactions. 
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backward I forward 

w (GeV) ilk n ilk n 

I E-10 1 0.149z!sO.O92 2.46i0.17 1 -0.099f0.037 3.32f0.13 
10-12 0.144f0.063 
12-14 0.255f0.079 
1416 0.152f0.063 
16-18 0.172 f 0.078 

! 18-20 0.102f0.084 
20-22 0.202f0.070 
22.25 0.163f0.056 
25-30 0.205f0.075 

2.83zk0.14 
2.68zt0.14 
3.18~tO.17 
3.22f0.17 
3.33f0.21 
3.57f0.19 
3.95f 0.17 
3.98f0.22 

-0.043f0.030 
0.001+0.028 

-0.038zkO.027 
0.058iO.035 
0.019*0.029 

-0.046iO.025 
0.030*0.035 
0.029f0.034 

3.79f 0.13 
4.llf0.14 
4.53% 0.14 
4.91f 0.20 
4.90f 0.18 
4.86f 0.15 
5.06f 0.18 
5.27~k 0.20 J 

Table 12: Results of fits of the negative binomial function to the multiplicity distribu- 
tion of charged hadrons in PD scattering, for the backward and forward hemispheres 
of the hadronic ems and in different bins of IV. 

ha4rwar,i I forwulrli 
W (GeV) l/k ” I ilk n I 

8-10 0.499f0.161 4.76f0.58 -0.053*0.097 3.37jzo.31 
10-12 0.413f0.084 5.08f0.37 -0.034f0.058 3.96i0.23 
12-14 
14-16 
16-18 
18-20 
20-22 
22-25 

0.214iO.093 6.101kO.43 -0.04610.064 5.21iO.38 
g; ~~~~~~ g; 

Table 13: Results of fits of the negative binomial function to the multiplicity distribu- 
tion of charged hadrons in pXe scattering, for the backward and forward hemispheres 
of the hadronic ems and in different bins of W. 
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W(GeV) 
8-10 

10-12 
12.14 
1416 
16-18 
18-20 
20-22 
22-25 
25-30 

positive 
Ilk n 
-, ‘~ 

-0.128f0.040 3.07f0.13 
-0.137f0.029 3.47io.10 
-0.055f0.033 3.6010.13 
-0.075f0.029 4.08*0.13 
-0.065f0.026 4.27f0.15 
-0.057*0.022 4.43~lcO.14 
-0.077f0.021 4.54f0.13 
-0.066f0.018 4.81*0.12 
-0.052f0.021 4.86f0.15 

----==y l/k - n 
-0.208*0.028 2.58f0.09 
-0.178iO.027 2.91f0.08 
-0.079*0.027 3.19f0.10 
-0.093f0.025 3.58f0.11 
-0.029*0.029 3.74*0.14 
-0.041f0.031 3.82f0.13 
-0.071f0.025 3.97f0.12 
-0.050f0.026 4.13i0.12 
-0.029f0.029 4.38*0.15 

Table 14: Results of fits of the negative binomial function to the multiplicity distribu- 
tion of positive and negative hadrons in PD scattering, in different bins of W. 

/ w (GeV) 

1 

positive 
l/k R 

0.047*0.075 5.05f0.41 
0.127*0.053 5.56i0.32 
0.155*0.0F2 G.oi*o.39 
0.134f0.061 6.30i0.42 
0.015f0.041 6.64i0.36 
0.075*0.055 6.62i0.42 
0.166iO.074 6.35*0.43 
0.1881tO.069 7.45~tO.61 

negative 
Ilk 72 

-0.050f0.076 2.90*0.25 
-0.046f0.041 3.53f0.18 
-0.03510.045 3.6210.19 

0.033f0.059 4.1510.29 
-0.086f0.040 4.34f0.21 
-0.016f0.055 4.59f0.26 

0.018f0.045 4.63f0.27 
0.131*0.067 4.89f0.32 

Table 15: Results of fits of the negative binomial function to the multiplicity distribu- 
tion of positive and negative hadrons in pXe scattering, in different bins of !#. 
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reaction 
- 

ClXe 

quantity 
- 

I=l+ 
n 
SF 
fig 

3.61iO.04 
4.51io.05 
3.28iO.05 
7.74f0.07 
0.05*0.04 
0.4510.10 
0.5110.06 
1.02io.12 
6.37i0.14 
4.16iO.10 
4.80f0.10 
5.54io.15 
LO.43ztO.19 
0.21f0.08 
1.93f0.13 
2.21f0.17 
5.37f0.41 

method A 1 method B 

3.67iO.05 
4.60f0.05 
3.23f0.04 
7.83f0.07 
0.05*0.05 
0.44io.04 
0.49iO.06 
0.98*0.12 
6.00f0.11 
3.99f0.06 
4.70f0.07 
5.29i0.11 
Q.QYf0.13 
0.15*0.10 
1.85f0.10 
2.00f0.14 
4.86f0.34 

Table 16: Results for the average multiplicity of positive (fi+), negative (+i,-), forward 
(fi.v), backward (fi~g) and all charged (ii) hadrons, and for the average hadronic forward 
((QF)), backward ((QB)) and total ((QT)) charge. (vc) was calculated from (QT) using 
eq. (10). Method A: results from the analysis of the multiplicity distributions, method 
B: results from the analysis of the rapidity distributions (see Sect. 4). 

PD !JD !JXe 
4- 8 0.08f0.03 

8-12 0.06f0.06 -0.02f0.02 

12-16 0.12f0.06 O.lOf0.08 0.02+0.02 

16-20 0.17f0.07 

1 0.09zkO.03 

0.05f0.02 

20-25 0.19+0.07 
25-30 0.18f0.05 ~0.30*0.11 

( 

Table li: Fitted values of the parameter d in the expression (ng) = c + d. no for PD 
and &z scattering from this experiment and for /q~ scattering [42]. 
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IY’I < 1 

1 uD I 8-12 I 0.15ztO.05 
12-16 0.24iO.05 
16-20 0.24f0.06 
20-25 0.22f0.06 
25-30 0.35zko.09 

l--l--! 
8-20 0.20f0.02 

20-30 0.24f0.04 

8-30 0.22*0.02 
PXe s-20 0.27zkO.04 

20-30 0.35f0.05 

a-30 0.29f0.03 

IY*/ > 1 

0.05f0.08 
O.OliO.06 

-0.16rtO.07 
0.01f0.07 

-0.09*0.11 

0.05*0.04 
-0.05*0.05 

0.0610.03 
-0.15*0.10 

0.17zko.14 

0.04f0.08 

Table 15: Fitted values of the parameter d in the expression (ng) = c + d. n.r for a 
central and an outer am-rapidity region, for and pXe scattering in different bins 
of !V. 

F I* interval 

4.0 -3.5 
3.5 -3.0 
3.0 -2.5 
2.5 -2.0 
2.0 -1.5 
,1.5 -1.0 
,l.O -0.5 
,0.5 0. 

0. 0.5 
0.5 1.0 
1.0 1.5 
15 2.0 
2.0 2.5 
2.5 3.0 
3.0 3.5 
3.5 4.0 
4.0 4.5 

0.04+0.01 
0.27ztO.03 
0.54f0.05 
0.61f0.04 
0.75f0.04 
0.81f0.05 
0.92f0.05 
0.97f0.06 
0.85f0.06 
0.65f0.05 
0.39f0.04 
0.12*0.02 
0.05f0.01 
O.O1fO.O1 

negative 

O.O1fO.O1 
0.02f0.01 
0.09f0.02 
0.22f0.02 
0.45f0.03 
0.60f0.04 
0.78f0.05 
0.8510.05 
0.88*0.06 
0.84+0.06 
0.83f0.07 
0.42f0.05 
0.12*0.02 
0.02f0.01 
O.O1fO.O1 

14< vi 20 GeV 20 < w 
positive negative positive 

0.03+0.02 
0.15zkO.02 
0.42f0.04 
0.62f0.05 
0.71f0.04 
0.72f0.04 
0.96f0.05 
1.03f0.06 
0.96f0.06 
0.99ztO.06 
0.94f0.07 
0.53f0.05 
0.26f0.03 
0.09f0.02 
0.04iO.02 

0.02f0.01 
0.06f0.02 
0.231tO.03 
0.38ztO.03 
0.58f0.04 
0.71f0.04 
o.t35*0.05 
1.05f0.06 
0.97f0.06 
0.97*0.07 
0.80f0.06 
0.54f0.05 
0.27f0.03 
0.07f0.01 
0.01*0.01 

0.07f0.01 
0.35f0.04 
0.56ztO.04 
0.82f0.05 
0.78f0.04 
0.79hO.04 
0.98*0.05 
0.94z!zo.o5 
l.OOf0.06 
0.93f0.06 
0.93f0.07 
0.70f0.06 
0.45f0.05 
0.20f0.03 
0.05*0.01 
0.01*0.01 

30 GeV 
negative 

O.O1fO.O1 
0.03f0.01 
0.11f0.02 
0.33f0.03 
0.57f0.04 
0.63f0.04 
0.79f0.05 
0.95f0.05 
0.89f0.05 
l.OOf0.06 
1.08iO.07 
0.9lfO.06 
0.7110.06 
0.3510.04 
0.15zkO.02 
0.03*0.01 
0.01*0.01 

Table 19: Normalized am-rapidity distribution p(y*) for positive and negative hadrons 
in PD scattering. 
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8<W<14GeV 1 14<W<ZOGeV j 20<W<30GeV 
positive / negative 1 positive ) negative [ pos,twe 1 negative 

I I I 0.02f0.02 I 0.28f0.23 1 O.Olf0.01 1 

y’ interval 

-4.0 -3.5 
-3.5 -3.0 
-3.0 -2.5 
-2.5 -2.0 
-2.0 -1.5 
-1.5 -1.0 
-1.0 -0.5 
-0.5 0. 

0. 0.5 
0.5 1.0 
1.0 1.5 
1.5 2.0 
2.0 2.5 
2.5 3.0 
3.0 3.5 
3.5 4.0 
4.0 4.5 

0.6110.15 
1.1810.12 
1.36zkO.12 
I .%fO.O9 
l.oY*O.o7 
0.99f0.07 
0.97f0.07 
0.92f0.06 
0.8ktO.07 
0.78f0.07 
0.38f0.05 
0.1410.03 
0.0710.02 
0.02f0.01 

/ 

I 

0.02f0.01 0.62zkO.24 
0.05zkO.02 0.96ztO.11 
0.16f0.03 1.38&0.13 
0.39f0.05 1.30f0.10 
0.65f0.06 1.12f0.08 
0.75ztO.06 l.ilf0.08 
0.88f0.06 1.08f0.07 
0.88f0.06 l.llf0.07 
0.88f0.07 1.05f0.08 
0.71iO.06 l.OlAzO.08 
0.62zkO.07 0.99f0.10 
0.30*0.04 0.71iO.08 
0.11f0.03 0.2410.04 
0.05fO.02 0.09*0.02 
O.O1fO.O1 0.02f0.01 

0.02f0.01 
0.1210.03 
0.26ztO.04 
0.6010.06 
0.77ztO.06 
6.87fO.07 
1.00f0.07 
l.OlfO.Oi 
1.04f0.08 
0.94f0.08 
0.95fO.09 
0.55zko.07 
0.26f0.04 
0.08f0.02 
0.0310.01 

0.63skO.10 
1.02*0.11 
1.331t0.12 
1.06f0.08 
0.96f0.07 
0.9810.06 
1.01*0.07 
1.08f0.07 
0.99fO.08 
1.10*0.09 
0.92f0.09 
0.6if0.07 
0.40f0.05 
0.17f0.03 
0.07f0.02 
0.01*0.01 

0.06f0.02 
0.15f0.03 
0.41f0.05 
0.64f0.06 
0.8010.06 
0.86zkO.06 
1.01*0.07 
0.99*0.07 
0.99fO.08 
1.16f0.10 
0.90*0.09 
0.70*0.07 
0.40*0.05 
0.18*0.04 
0.05f0.02 
0.01*0.01 

Table 20: Normalized ems-rapidity distribution p(y*) for positive and negative hadrons 
in pXe scattering. 
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Fig. 1: Deep-inelastic muon-nucieon scattering in the quark-parton model, as viewed in 
the hadronic center-of-mass system. 
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Fig. 2: Raw distributions of W, Q*, u and z~j for the samples of all I’D (full circles) and 

all pXe (open circles) events in the kinematic region defined by eq. (2). The 
acceptance (= number of reconstructed MC events divided by the number of 
generated MC events) is drawn as a solid line. The scales on the left hand side 
of the figures refer to the raw distributions, those on the right hand side to the 
acceptance. 
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Fig. 3: Raw multiplicity distributions in different bins of IV for AID scattering. The 
lines represent the fitted theoretical distributions, assuming h negative binomial 
parametrization: solid line = unsmeared theoretical distribution. histogram = 

smeared theoretical distribution. 
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Fig. 4: Raw multiplicity distributions in different bins of IV for PXe scattering. The 
lines represent the fitted theoretical distributions. assuming a negative binomial 
parametrizzation: solid line = unsmeared theoretical distribution. histogram = 

smeared theoretical distribution. 
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Fig. 5: .4verage multiplicity in as a function of W* for PD (full circles) and pXe scattering 
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dashed and solid lines. The dotted lines represent the predictions of the VENUS 
model. 
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Fig. 6: l/k as a function of W* for krD (full circles) and p?(e scattering (open circles). 
The results from straight line fits to the data points are drawn as dashed and 
solid lines. 
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Fig. 7: Average multiplicity 6 as a function of W* for various lepton-nucleon experi- 
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Fig. Y: l/k as a function of W* for various lepton-nucleon experiments: vp and VP from 
WA21 [39], vp, vn, ip,vn from WA25 [40], pp from XA9 [l] and PD from this 
experiment (E665). 
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Fig. 9: Dispersion DrBD of the scaled multiplicity z = n/n, obtained from fits of the 
negative binomial function, as a function of W* for PD (full circles) and pXe 
scattering (open circles). The data points were fitted by a. constant. represented 
by the dashed and solid lines. 
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Fig. 10: Dispersion DyflD of the scaled multiplicity z = n/ii, obtained from fits of the 
negative binomial function, as a function of W2 for various lepton-nucleon exper- 
iments: vp and fip from WA21 [39], vp, vn. Vp, fin from WA25 [40], ALP from N.49 
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Fig. 11: Average multiplicity ti for the backward (a) and forward (b) hemispheres as a 
function of W* for PD (full circles) and pXe scattering (upeu circles). The results 
of straight-line fits to the data points are drawn as dashed and solid lines. 
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Fig. 12: l/k for the backward (a) and forward (b) hemispheres as a function of L1’2 for 
OLD (full circles) and pXe scattering (open circles). The results of straight-line 
fits to the data points are drawn as dashed and solid lines. 
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Fig. 13: Average multiplicity ii for negative (a) and positive (b) hadrons as a function 

of W* for PD (full circles) and pXe scattering (open circles). The results of 
erraight-iine fits in the data painis are dra-wn as dashed and solid lines. 

1 k’ I”’ I 

5; 0 pXe 

l ID 

a> negative b) positive 

L 

OoY 1 ++-&$A-- 
-0.2 b 6--+-- 

I 

::-:::jl 

I 
100 

Wz (Gel/‘) 
100 

Wz (GeV’) ‘Ooo 

Fig. 14: l/k for negative (a) and positive (b) h a d rons as a function of CV’ for PD (full 
circles) and pXe scattering (open circles). The results of straight-line fits to the 
data points are drawn as dashed and solid lines. 
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Fig. 17: Average hadronic net charge (Q) as a function of LV* for the backward (a) and 

forward (b) hemispheres, for PD (full circles) and pXe scattering (open circles). 
The dashed and solid lines are the results of straight-line fits to the data points. 
The dotted line in (b) represents the prediction of the QPM for the average 
hadronic forward charge (eq. (12)). 
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and solid lines are the results of straight-line fits to the data points. 
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Fig. 25: Normalized an-rapidity distribution of the hadronic net charge for PD (full 
circles) and pXe scattering (open circles). The lines represent the predictions of 
the VENUS model. 
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Fig. 2G: Difference of the normalized ems-rapidity distributions between pXe and /ID 
scattering, for positive (open triangles) and negative hadrons (full triangles). 
The lines represent the predictions of the VENUS model. 
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Fig. 2% Correction factor /J(Ja. /a) for tl le correlation term @(y;, y;)/(p”(y;) $(y;)) 
for charged hadrons. plotted as a function of y; and y;. 
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Fig. 29: Correlation function R++(y;, y;) as a function of y; for /LD (full circles) and pXe 

scattering (open circles). for different bins of y;. The position of the yi bin is 
indicated by an arrow (+-+, 1. The lines represent the predictions of the VENUS 

model for PD (dotted line) and for k~,Xe scattering (solid line). The charged 
muitiplicitv was restricted to the region 6 to 10. 
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Fig. 30: Correlation function R+-(y;, y;) as a function of I/; for /tD (full circles) and pXe 
scattering (open circles), for different bins of yi of the positive hadron. The 
position of the y; bin is indicated by an arrow (-). The lines represent the 
predictions of the VENUS model for PD (dotted line) and for p.Xe scattering 
(solid line). The charged multiplicity was restricted to the region 6 to 10. 


