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Abstract. Differential multiplicities of  forward produced 
hadrons in deep inelastic muon scattering on nuclear tar- 
gets have been compared with those from deuterium. The 
ratios are observed to increase towards unity as the vir- 
tual photon energy increases with no significant depend- 
ence on the other muon kinematic variables. The hadron 
transverse momentum distribution is observed to be 
broadened in nuclear targets. The dependence on the re- 
maining hadron variables is investigated and the results 
are discussed in the framework of intranuclear interaction 
models and in the context of  the EMC effect. 

1 Introduction 

Deep inelastic lepton nucleus scattering offers a direct 
way to study the internal structure of  the nucleus [ 1,2] 
as well as the hadronisation process which follows the 
hard scattering on partons [3]. In this process the target 
is probed with point-like particles whereas in hadron scat- 
tering, where the projectile itself has an internal structure, 
the situation is more involved. Moreover,  in electron and 
muon experiments the incoming and scattered leptons are 
detected and they provide a well defined reference for the 
measurement of  the kinematical variables of  the hadrons. 

Prior to the discovery of the EMC effect it was gen- 
erally assumed that nuclear effects can be neglected at 
the high energy scale probed in deep inelastic scattering 
and so the nucleus can be regarded as a relatively loose 
conglomeration of nucleons. Any changes in the distri- 
bution of the final state hadrons from different nuclear 
targets could be ascribed to absorption effects inside the 

nucleus. It  was hoped that the study of these absorption 
effects at different beam energies and with different tar- 
gets would yield information about  the space time struc- 
ture of  the hadron jet formed in deep inelastic processes 
[4, 51. 

The discovery of the EMC effect [6] has shown that 
this simple picture has to be modified. Many models have 
been developed to explain this effect, but none of them 
are able to describe the x-dependence of the F 2 ratio in 
the full x range (for a review see [7]). 

It is important  to investigate whether the nuclear en- 
vironment also influences the hadronisation process. 
Moreover, the hadron analysis offers a new way to study 
the problem of the EMC effect independently f rom the 
structure function analysis. This may help to discriminate 
between the large number of  possible models. 

While a lot of  experimental data on hadron nucleus 
scattering have been compiled (e.g. [8-11]), in only a few 
lepton nucleus scattering experiments the hadron distri- 
butions have been analysed [13, 36]. In this paper, new 
more precise data on muon scattering in heavy targets 
over a wider kinematic range than before are presented. 
The scattered muon and the fast hadrons from the dif- 
ferent targets were measured using a target arrangement 
designed to minimise any systematic errors due to time 
dependent effects in the efficiency or the acceptance of 
the apparatus. 

2 The experiment 

The experiment was performed in the M2 muon beam 
line at the C E R N  SPS using the EMC forward spectrom- 
eter to detect the scattered muon and the fast hadrons. 

a) 

,.o., t n 
t _a -  u -  i 7 i uJ . �9 z ~1111tll u 

BHA BHA' 

P4A 

P4C \P4B .P5A (BHE/F) {'(MWPC'~ 
Chariot- "k'~/ ~P~EI ~,17/18 ) 

V2 tPr~ el targetl Wl,,,W2jL I ~ I  I~11111(  H3H~ )'1:'921121a~ ~] 

"NHI' - -"11 iT i 

BHB' BHB PBC PV2 PBD HtH W6 W7 H4 H5 
W4B 

b) 
N, N.3  tT:o 

, C - - - q  [ 7 - - - - t  v=3 
Polatisecl Target .~!. # 5 m 

Chariot 
c) 

ql I l l  I lil 
Cu D Cu D Chariot 

Addendum Target 
Fig. 1 a-c. a The EMC forward spectrometer used to measure the 
spin asymmetries on a polarised target and hadron distributions on 

Fe 
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Figure 1 a shows a schematic diagram of the apparatus 
which is similar to that described in [14] with certain 
modifications to improve the efficiency of  the apparatus 
in the beam region and to allow data to be taken at higher 
intensities than previously achieved. In scattering ex- 
periments with extended heavy targets, high track multi- 
plicities, due to low energy electrons from photon con- 
version and hadrons from secondary interaction in the 
target, are to be expected. Therefore, the drift chambers 
in front of  the magnet in the original setup [14] were 
replaced by multiwire proportional  chambers labelled 
PV 1 and PV2. Small proport ional  chambers designed to 
operate in a high intensity environment (POB, POD, 
POE) were installed to measure tracks in the desensitised 
central parts of  PV1, PVB2. As the reconstruction of  
hadrons starts with hits in the large drift chambers in 
front of  the hadron absorber (W4 and W5), it was de- 
cided to cover the central region of these detectors by 
additional multiwire proportional  chambers (P4 and P 5). 

Two different target arrangements were used for the 
measurements with heavy targets. In 1984, at the same 
time as the measurement of  the spin dependent structure 
functions with a polarised N H  3 target [12, 15], several 
heavy targets were exposed to the beam. The arrange- 
ment, shown in Fig. 1 b, consisted of a 50 cm long deu- 
terium target and also carbon, copper and tin targets of  
comparable thickness (about 8 g / cm 2) suspended from a 
movable boom which allowed frequent target changes. 
The solid targets were each cut in 4 thin slices and dis- 
tributed over the same region in space as the deuterium 
target cell so that the acceptance from each was the same. 

In 1985 the polarised target was replaced by an ex- 
tended deuter ium/copper  target to make a higher pre- 
cision comparison. Two 1 m long deuterium tanks and 
five coppper slices of  different thickness in a sandwich- 
like arrangement (see Fig. 1 c), were simultaneously ex- 
posed to the beam in such a way that the differences in 
acceptance between the individual parts of  the targets 
averaged out. 

The data used for the analysis presented here were 
taken with both target configurations in several experi- 
mental runs with incident muon energies of  100, 120, 200 
and 280 GeV. 

3 Data analysis 

The standard variables in deep inelastic scattering, as 
defined in Table 1, are used in this paper. Figure 2 illus- 
trates the definition of  the hadron variables which will 
be investigated here; z h is the fraction of the virtual pho- 
ton energy carried by the hadron ( z  h = E h a d / V  with E h a  d 

the hadron energy in the laboratory system), p•  is the 
component  of  the momentum of  the hadron transverse 
to the virtual photon direction and ~b the azimuthal angle 
of  the hadron around the direction of  the virtual photon. 

The data were processed through a chain of  analysis 
programs which performed pattern recognition and re- 
construction of  tracks and interactions vertices. A fit for 
the primary vertex was made using the incident and scat- 
tered muon tracks. An attempt was then made to asso- 
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Table 1. Definition of the muon kinematics variables in the labo- 
ratory frame 

m 

M 
p~ =(E,p~) 

p~ =(E',p~) 

P=(M,0) 

q=Pu -P'u = (v, q) 
Q2 = _ q2_~ 4 E E '  sin z (0 u /2 )  

v = P . q / M = E - E  ' 
Ou 
x = QZ/2 M y  
y=v/E 

Lepton rest mass 
Proton rest mass 
Four-momentum of the 

incident lepton 
Four-momentum of the 

scattered lepton 
Four-momentum of the 

target nucleon 
Four-momentum transfer 
Invariant mass squared of 

virtual photon 
Energy of the virtual photon 
Muon scattering angle 
Bjorken scaling variables 
Inelasticity parameter 

hadron photon v = virtual photon energy 
plane Q2= (p~. p~)2 

~ ~ -~, x = & / ( 2 v  M . ~ .  ) 

h = Ehad/V 

Fig. 2. Definition of the muon and hadron variables used in this 
analysis 

Table 2. Kinematic cuts applied to the data sample. Pu, Ou are 
momentum and angle of the scattered muon Phad is the momentum 
of the hadron in the laboratory system 

Beam energy (E) [GeV] 100/120 200 280 

Q2 min [GeV2/c 2] 2 2 5 
v min [GeV] 10 30 50 
min. x 0.02 0.02 0.02 
0 u min [mrad] 16.0 14 14 
p~ rain [GeV/c] 20 30 40 
y ( = v/Eb,am ) max 0.85 0.85 0.85 
Phad rain [GeV/c] 3 3 5 

ciate the other tracks with the primary vertex, whose 
position was improved to optimise the Z 2 for the fit. 

To exclude kinematics regions with small or rapidly 
varying acceptance for both the muons and hadrons the 
cuts listed in Table 2 were applied. 

The influence of  bremsstrahlung on the hadron spectra 
is included in the Monte Carlo simulation of the accep- 
tance. Final state hadrons were generated using the Lund 
string model [ 16] taking into account the QED radiative 
processes. All outgoing particles, including the scattered 
muon and radiative photon, were tracked through the 
target and the apparatus.  The procedure used included 
the effects of  secondary interactions in the target, photon 
conversions and multiple Coulomb scattering. The effects 



of the detector inefficiencies and kinematical smearing 
were also included and the simulated track coordinates 
in each chamber measurement were passed through the 
data analysis program chain. The raw ratios of  hadron 
multiplicities, normalised by the number of  scattered 
muons, were corrected using the factors obtained from 
this detailed Monte Carlo simulation. 

The multiplicities obtained from the Monte Carlo 
siumlation were 0.5-5% higher than the measured ones. 
These differences are probably due to an incomplete sim- 
ulation of track losses in the vertex fit and cancel out 
when ratios of multiplicities from different targets are 
taken. The corrections applied to the multiplicity ratios 
deviate by only a small amount from unity (typically 
3-5 %) except for regions where the contribution of the 
coherent tail from radiative processes is high. The emis- 
sion of  a very hard photon mimics a deep inelastic event 
with no hadron observed, and this effect is corrected for. 
The cuts in x and y (see Table 2) are chosen to limit these 
corrections to be everywhere less than 10%. 

A calorimeter (labelled H2 in Fig. 1), consisting of an 
electromagnetic part of  20 radiation lengths thickness fol- 
lowed by a hadronic part with 3.5 interaction lengths of 
active material, was used to identify electrons. For a 
charged particle to be classified as an electron it was 
required that the relative fraction of the particle's meas- 
ured energy, deposited in the electromagnetic part, was 
greater than 80%. The overall efficiency for removing 
electrons by this cut, outside a circle of 12 cm radius 
around the beam hole of H2, was found to be 94_+4% 
and 90 + 7% for runs with a beam energy of  100 and 
280 GeV respectively. The fraction of  hadrons, which were 
misidentified as electrons by this method, was determined 
to be between 7-9 %. The measured ratios have been cor- 
rected for both these effects. 

The numbers of  events, which passed these event se- 
lection criteria, are listed separately in Table 3 for the 
different targets and beam energies. 

4 Systematic  errors 

A list of uncertainties, which contribute to the systematic 
error of the multiplicity ratios, is given in Table 4. A 

Table 3. Event statistics after the event selection, obtained from the 
data taken in 1984/85 with different heavy target setup 

Beam Energy E Number of events after event selection 
(see Table 2) 

D 2 C Cu Sn 

Tgt. set up I 
100/120 GeV 35 670 
200 GeV 16 800 
280 GeV 5 360 

Tgt. set up II 
100 Gev 192 130 
280 GeV 69 440 

8 800 26 790 6660 
6930 13 075 4 560 

- 3 650 - 

138 890 
45 220 

Table 4. List of sources for systematic uncertainties, together with 
the estimate of the systematic error of hadron multiplicity ratios 

Source of systematic uncertainty Estimate of systematic error 

Electron contamination 2-4% for z < 0.5 and 
v > 150 GeV 
0.5-1% elsewhere 

1-1.5% for x < 0.06 
and y > 0.65 
< 0.2-0.5 % elsewhere 

Radiative corrections 

Systematic error in measure- < 0.4 % 
ment of muon and hadron 
momentum 

Track selection 

Software reconstruction 
efficiency 

Secondary interactions < 0.5 % 
in the target 

<0.5% 

< 0.2-0.4 % 

detailed discussion of the studies of these systematic er- 
rors can be found in [17, 18]. In this experiment most of 
the systematic errors cancel in taking the ratios since both 
targets were simultaneously exposed to the beam. 

The largest error comes from the correction for the 
electron contamination of the hadron distributions, which 
has been described in the previous section. These errors, 
however, almost cancel when taking ratios of distribu- 
tions from different targets (as discussed above), so that 
this systematic error is nearly always smaller than the 
statistical error. The radiative correction is different for 
each target at low x and high y due to the coherent and 
quasielastic radiative tail. Within the kinematic cuts given 
in Table 2 the systematic uncertainty due to the radiative 
corrections is less than 1% ([18] and references therein). 

As the apparatus and geometrical efficiency were the 
same for each of the two targets being compared and the 
shape of the hadron distributions from different targets 
are very similar, systematic errors in the measurement of 
the muon or hadron momentum do not significantly af- 
fect the measured ratios. For  the same reason the influ- 
ence of systematic errors due to the track selection and 
the apparatus efficiency is negligible. Furthermore, the 
loss of  events or tracks due to the finite software recon- 
struction efficiency is the same for all targets and does 
not affect the measurement of  hadron distribution ratios. 

The quality of the Monte Carlo simulation of the sec- 
ondary interactions in the target was checked by com- 
paring the results from the upstream and the downstream 
parts of the target. No systematic trend could be found 
and the uncertainties are less than the statistical errors 
except for the very low v-region, where they are com- 
parable. 

The errors shown in the data presented always include 
the systematic error from the correction for the electron 
contamination (added in quadrature to the statistical 
error). The magnitude of  the remaining error, not shown 
in the figures, is less than 1%. 



5 Results 

The d is t r ibu t ions  in z and  p �9 and  the az imutha l  asym- 
met ry  o f  the charged  had rons  in the fo rward  hemisphere  
have been inves t iga ted  to search for  nuc lear  effects in the 
h a d r o n  jets.  The  ra t io  o f  the numbers  o f  posi t ively  and  
negat ively  charged  had rons  f rom nuclear  targets  have 
been c o m p a r e d  to those f rom deu te r ium and  these a l low 
limits to be set on any excess con t r ibu t ion  o f  sea quarks  
in the nucleus. 

5.1 z h distributions of charged hadrons 

The z d i s t r ibu t ion  o f  charged  had rons  normal i sed  to the 
n u m b e r  o f  sca t tered  muons  and  in tegra ted  over  the m u o n  
var iables  within the cuts given in Table  2, is shown in 
Fig.  3 separa te ly  for  copper  and  deuter ium.  F igure  4 
shows the ra t io  o f  the different ia l  mul t ip l ic i ty  d is t r ibu-  
t ions rcu (zh) as a funct ion o f z  h for copper  and  deuter ium,  
where 

, dN ] / ( ,  , 
rc~(Zh)=(Nu dzh l c u l \ N u  dZh / D 2  

ID 

+," 

=L 

z i 

1 0  - - ~  
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Zh 

Fig. 3. Differential hadron multiplicity: 1 IN#. dN h/dZh as a func- 
tion of z h for Cu and D 2. The statistical errors are of a similar size 
to the symbols; the systematic errors are not shown 
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Fig. 4a, b. Ratio of z distributions of nuclear targets relative to D 2. 
The results on Cu/D 2 shown in b are obtained from the high sta- 
tistics run with the extended target. The errors for multiplicity ratios 
shown in the following figures always include the error due to the 
uncertainty in the correction for electron contamination (see text) 

together  wi th  the  ra t ios  measured  using the ca rbon  and  
the tin targets .  

F o r  the large nuclei  (Cu, Sn) one observes a small  bu t  
d is t inct  reduc t ion  o f  the fast h a d r o n  p roduc t i on  com- 
pa red  to that  on deuter ium,  whereas  for  c a rbon  the ra t io  
at  h igher  z h is compa t ib l e  with uni ty  within the larger  
s tat is t ical  uncertaint ies .  The  high statist ics exper iment  
with Cu  and  D 2 reveals  tha t  there  is no signif icant  vari-  
a t ion  o f  the ra t io  for  z h > 0.2. F o r  smal ler  z h the ra t io  
tends to rise to a value  greater  than  unity.  A s imilar  t rend  
can also be seen for  Sn. The  averaged  mul t ip l ic i ty  ra t ios  
for  z h > 0.2 def ined as: 

R A dz /dNh~  d N h \  = d z  h - - |  (5.2) 
dzh / A dzh /D2 

are given in Table  5. The  observed  deple t ion  o f  had rons  
is s ignif icant ly more  p r o n o u n c e d  for  heavy nuclei  than  
for l ighter  ones. 

The  higher  stat ist ics o f  the Cu and O 2 d a t a  a l low fur- 
ther studies o f  the dependence  o f  Rcu on  the m u o n  
var iables .  In  Fig.  5 the  ra t io  Rcu is p lo t t ed  versus v in 
the range  f rom 10 to 230 GeV. The  ra t ios  show a g radua l  
decrease wit]~ decreas ing v be low v =< 60 GeV,  whereas  
they slowly a p p r o a c h  uni ty  for  h igher  v. I t  should  be 
noted,  tha t  the dep le t ion  o f  the fast  h a d r o n  mul t ip l ic i ty  
in copper ,  even in the lowest  v-bin,  is only  ~ 10%. 

Our  da ta ,  t aken  at  two beam energies, a l low the de- 
pendence o f  Rcu on  the m u o n  var iables  to be invest igated.  

Table 5. Ratio of partial integrals R A of 
differential energy distributions of charged 
hadrons integrated over Q2, v and x within 
the cuts given in Table 1 

C/D2 

Cu/D2 
(Tgt. set up I) 

Cu/D2 
(Tgt. set up II) 

Sn/D2 

<v> <x> <Q2> RA 

[GeV] [GeV2/c 21 

Error 

stat. syst. 

52 0.14 10.2 

62 0.13 12.3 

62 0.14 10.6 

62 ,0.13 11.8 

1.018 4- 0.034 4- 0.005 

0.952 +0.015 +0.010 

0.946 + 0.008 + 0.005 

0.917 _+0.026 4-0.01 
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In Fig. 6 the ratio of  the partial integrals Rc,  is plotted 
as a function of  v for several bins in Q2 and x. The same 
characteristic variation with v can be seen in all intervals. 
If one separates off the v-dependence by an unfolding 
procedure, no trend in Q2 nor  in x can be observed [18]. 

Thus, the data are consistent with the variation of  the 
hadron multiplicity being in the variable v alone. 

5.2 p• distributions 

An anomalous A-dependence of  the single particle p~-  
spectra was observed in hadron nucleus experiments [19] 
and induced considerable theoretical activity in the field 
of  initial state interactions. Also the strong enhancement 
of  the mean value of p2  in the production of massive 
muon pairs by the Drell Yan process [20] is attributed 
to such effects [21,22]. In lepton nucleus collisions nei- 
ther multiple scattering of the incident particle nor in- 
teraction of  its constituents complicate the interpretation. 
Hence the residual nuclear effects can be studied directly. 
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Fig. 8. Ratio of  ( p 2 )  of hadrons with z h > 0.2 as  a function of  v 

for C u / D  2 

The ratio ofp ~-spectra for C u / D  2 is displayed in Fig. 7 
for two v-intervals. In the lower v-bin one finds a small 
depletion of hadrons for Cu relative to D2, which reflects 
the v-dependence described in the previous subsection. 
At high p~ the ratio r A (p2)  rises above unity in both v 
intervals. At high v the maximum variation of rc , (p  2)  
is about 0.2. In the proton collisions [19] the ratio in the 
same p2 interval varies by 0.5. Therefore the observed 
effect in deep inelastic muon scattering has the same trend 
but is smaller in magnitude. 

The nuclear effects on the p~-distributions can be fur- 
ther analysed in terms of  the average p2 ratios from Cu 
and O 2 targets. This quantity is sensitive to differences 
in the slopes and the tails of  the distributions at high 
p 2 .  Figure 8 shows the ratio of the average values of 
p2  for hadrons from copper to those from deuterium as 
a function of  v. At low v the ratio is larger than unity 
by a few percent, whereas at high v it becomes compatible 
with unity. We have also checked that this ratio shows 
no significant dependence on z h [18]. This demonstrates 
that at high v the 'seagull' effect in p-nucleus scattering 
is of  the same size as in the p - p  process (no difference 
b e t w e e n / t - D  2 and p - p  scattering was found in p~-dis- 
tributions [23]). Both the v and z h dependences support 
the hypothesis that rescattering in the final state is the 
source of  the observed enhanced average transverse mo- 
mentum of the hadrons. 



5.3 A z i m u t h a l  angle a s y m m e t r y  

The distributions of  the azimuthal angle, q5 (see Fig. 2) 
of  the fast forward hadrons has been investigated. In 
p - p  scattering a clear deviation from an isotropic ~-dis- 
tribution has been measured previously [24-26]. Figure 9 
shows that a similar effect is also observed in the data 
from Cu and D 2. 

To quantify the asymmetry measurement the distri- 
bution of  the normalised differential hadron multiplicities 
1 / N h * d N h / d q ~  are fitted by a function of the type 
a 1 + a 2 COS (~b) (full and dashed lines in Fig. 9 for Cu and 
D2, respectively) suggested by theoretical consideration 
[27-30]. The means value of cos(~b) can be easily ex- 
pressed by the coefficients of  the fit: 

2 ~  2zr  

(cos(~b))  = ~" dq~f(q~)cos(~b)/j" d ( o f ( q 6 ) = a z / 2 a  1 . 

0 0 (5.3) 

The possibility of  a cos (2~b) and as sin (q~) term has also 
been considered. However, it has been shown that these 
terms are small and that the value of (cos  (~b)) does not 
change significantly of  they are neglected [24]. It  is im- 
portant  to note that this asymmetry parameter  is inde- 
pendent of  the absolute normalisation of the hadron dis- 
tributions; the distribution in Fig. 9 is therefore arbi- 
trarily normalised to 2re. 

The results of  the q~-moment analysis performed, in 
two bins of  W 2 and three bins in z h, are given in Fig. 10. 
Here W is the invariant mass of  the hadronic final state. 
The values obtained from the copper and deuterium tar- 
gets are equal within errors and they agree with previous 
measurements o n  H 2 [24, 25]. 

For  a precise comparison of the ~b asymmetries on 
different targets the ratio of  q~-distributions, r (q~), on two 
different targets has been studied, where: 

r ( ~ )  = (1 + x c o s ( ~ ) ) / 0  + a c o s ( ~ ) )  

~1  + A  cos (q6), 
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Fig. 9. Hadron multiplicity distribution as a function of the azi- 
muthal angle ~0, for Cu and D 2 in the highest v and z h bin studied 
here; the distribution is normalised to the number of hadrons in 
that bin. Dashed and full line represent fits to the data (see text) 
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with 

A = x - &  and lc=2(cos (q~) )Cu;  

= 2 ( cos  (,;b)SD2 �9 (5.4) 

The dependence of  r (~b) is shown in Fig. 11 for the high 
z and v bin,, where the asymmetriy for each target is the 
biggest. Thus, f rom the asymmetry of the ratio r (q~) of  
the ~b distributions the difference A of  the asymmetry in 
Cu and D 2 can be directly determined with the highest 
possible precision. The quantity A is compatible with zero 
over the whole kinematical range explored. This result is 
discussed in more detail below. 

6 Discussion 

Lepton nucleus scattering is simpler than high energy 
hadron nucleus or heavy ion collisions. It  can be de- 
scribed by a 3-step process: the hard scattering of  the 
virtual pholLon and a parton, the hadronisation of  the 
outgoing partons and the possible reinteraction of either 
the quarks, before being confined, or the final state had- 
rons. This .can be expressed in the following compact  
ansatz for the semi-inclusive cross section: 



1 d o - _ I ~ e Z q i ( x ,  Q2 ) 
O-to t d x  h 

• Dq h (Zh, p • C~, Q2, x ) /~ ,  e 2 qi (x, Q2)/ 
i J 

X O~reint ( Z h , p  z ,  V ) ,  (6.1) 

where 

qi(x, Q2) = quark distribution function,  
e i = charge of quark, 
D~ = fragmentation function, 
x h = one of the hadronic variables Zh,p• or ~b de- 

fined in Fig. 2. 

The term, c~ reint (Zh, P l ,  V) describes possible effects of  the 
final state interaction inside the nucleus. In Sect. 6.1, be- 
low, the results of  the hadron multiplicity ratios are in- 
terpreted in terms of different models for intranuclear 
reinteraction. 

Since the discovery of the EMC effect, the possible 
nuclear dependence in the effective quark densities on 
hadron production must be taken into account. The ques- 
tion as to whether there is a change in the fragmentation 
process in a nuclear environment, which would affect the 
hadron distributions, is addressed in Sect. 6.2. The un- 
derstanding of  nuclear effects in the hadronic final state 
can, furthermore, help to find the interpretation of  the 
EMC effect in a way which is independent of  the structure 
function (F2) analysis. The A and x dependences of  the 
F 2 ratios have been measured in deep inelastic scattering 
and in the Drell Yan process [31]. These experimental 
facts are faced with a plethora of  theoretical models de- 
scribing the effect. In the last section we discuss how 
further constraints on these models can be obtained from 
the hadron analysis. 

6.1 Models for intranuclear interactions 

It has been appreciated for a long time that information 
on the space time structure of  the hadronisation process 
and on the behaviour of  a non-confined quark in nuclear 
matter  can be extracted from the analysis of  the hadrons 
produced in lepton nucleus scattering. In particular the 
study of the energy dependence of hadron multiplicity 
ratios can be used in this context [32, 33]. 

Previously experiments have been performed only at 
lower energy [34-38]. In all but one [36], only the total 
charged hadron multiplicity < n)  was determined. Despite 
sizable statistical and systematic errors an increase o f < n )  
in nuclei was seen. In [36] a strong suppression of the 
fast hadron production, increasing with the size of  the 
target nucleus was observed. Both facts were interpreted 
as an indication for intranuclear cascading [4, 33]. At 
higher energies a suppression of the fast hadrons was also 
observed [ 13]. 

The models existing at that time were based on the 
bremsstrahlung analogy [39]. They contained two inde- 
pendent and a priori unknown parameters, namely the 
scale for the hadron formation time r h and the quark 
cross section aq. For  the calculation of  ratios of  the had- 

ron multiplicities from a nuclear and a free proton target 
the nuclear density function is folded with the probability 
that a quark or a hadron exists inside the nucleus. This 
can be expressed in a general ansatz [33]: 

ov + o r  

R A = 2 n  ~ bdb ~ d x p ( b , x )  
0 

• 1--o-q ~ d x ' p ( b , x ' ) P q ( X ' - X )  
x 

c~ I A - - I  

-o-h f d x ' p ( b , x ' ) P h ( x ' - x )  
x 

(6.2) 

p (b, x) = nuclear density function : b = impact param- 
eter; 

aq(ah) =cross  section for quark (hadron) reinterac- 
tion; 

Pq(Ph) = probability that a quark (hadron) exists at a 
distance x '  - x 0 from the point of  the photon- 
pat ton interaction at x 0. 

The hadronic interaction cross section is usually taken to 
be a h ~ 20 mb. 

In the first models proposed [4, 5, 33] Pq and Ph depend 
on the formation time r h, of either the hadron or the 
struck quark (i.e. v), which is assumed to grow with the 
energy due to Lorentz dilatation. Thus the nuclear ab- 
sorption effect was expected to die out at higher energies. 
However, it was completely unknown at which energy 
this would occur. 

The new data available from this analysis allow for 
the first time, a wide range in v to be explored with high 
accuracy. It was ascertained in Sect. 5.1 that the energy 
v is indeed the relevant variable on which the ratio of  
hadron multiplicities depends. As the kinematic ranges 
covered by the SLAC and the EMC experiment have little 
overlap the EMC data sets have been combined in order 
to investigate further the v-dependence. 

Figure 12a shows the measured ratios of  the integrals 
of  the hadron multiplicities, defined in Sect. 5.1 (5.1) and 
as a function of v, together with predictions of  the theo- 
retical models. The dotted line (curve 1) represents the 
prediction of a calculation using the bremsstrahlung anal- 
ogy ansatz of  [4, 5, 33]. The hadron formation time r h 
is the only time in this ansatz. For  this calculation r h has 
been assumed to be proportional  to the hadron's  energy 
(rh = Zh V) and the quark reinteraction cross section aq 
has been set to zero. There is a significant discrepancy 
between the shape of the model curve and the observed 
v-dependence using the combined results of  [36] and this 
analysis. A finite value for a u would yield an even weaker 
variation with v. The older results of  [13] are consistent 
with this model within the errors. However, the new data 
at high v show that with any choice of  the parameters 
O-q and r h only a poor  description of the energy depend- 
ence of the nuclear absorption effect can be achieved with 
these models. 
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The above models are oversimplified as hadrons are 
composite objects. It is not, a priori, evident in which 
state of  the hadron formation the interaction with the 
environment starts. Recently, Bialas and Gyulassy [40] 
proposed to calculate the probabilities Pq and Ph using 
the space time structure of  the fragmentation process from 
the Lund string model. In this context (6.2) has to be 
modified: 

RA=2Zr bdb ~ d x p ( b , x )  
0 --oo 

I r c ~a 
• 1 - o ' *  ~ p ( b , x ' ) d x ' - a , ,  p ( b , x ' ) d x "  

x Tc 

- o  h .[ p ( b , x ' ) d x "  , (6.2') 
Th  

where (7~ is the cross section for the interaction of the 
open string (which becomes one of  the hadron quarks 
being looked at). 

These authors derived a relationship between the en- 
ergy of  the hadron (i.e. z h and v) and the time, re, at 
which its constituent appears after the photon parton 
scattering (see Fig. 12b). The difference between r h and 
r(. is given by the simple formula: r h - r  C = z h V/K, where 
K is the string tension. This model contains two time 

scales for the hadron formation process. It  should be 
noted that the predicted value of r C is greater than zero 
(apart  from the extreme z h ranges, Zh--+ 1 and zh--+0), and 
that this result is independent of  the details of  the string 
model; the only free parameter  is K ( ~ 1  GeV/fm).  

With this ansatz one can reproduce the characteristic 
energy dependence in a much better way (full line (curve 
3) in Fig. 12a) [18, 41]. In contrast to the one scale model 
it is necessary to introduce a sizable cross section for the 
interaction of  an open string (7 s (to be compared with the 
dashed curve). Here it is assumed that no reinteraction 
occurs before the constituent quark has appeared 
((7" = 0 rob). The agreement of  data and model calcula- 
tion can be improved, if one admits a small interaction 
probability fi'om the time of the photon parton collision 
[42] (i.e. c r*~0 .75mb,  dashed dotted line (curve 4) in 
Fig. 12a). 

In the context of  these models the results show that 
the unconfined (undressed) quark (or colour string) 
strongly interacts with nuclear matter,  and that reinter- 
actions occur a long time before the formation of final 
hadrons. This information may have interesting impli- 
cations for the interpretation of the more complex re- 
actions like hadron nucleus and heavy ion collisions. 

6.2 Hadron production and models for  the E M C  effect 

Before the discovery of the EMC effect final state inter- 
actions were the only source of nuclear effects to be con- 
sidered for hadron distributions. It  has now become ev- 
ident that the interpretation is more complex and an in- 
terplay of  different effects is possible, leading to the ob- 
served small nuclear effects. 

The nuclear effects on the structure function of the 
nucleon are most  frequently attributed to a change in the 
effective quark distribution functions. Calculations, in 
which the nuclear dependence of  the quark distribution 
has been considered, show that the effect on the ratios 
of  the sum of charged hadrons (N  h+ + N h ) is of  the 
order of  a few tenths of  a per cent, and hence negligible 
[18]. The absence of any substantial impact of  the EMC 
effect on the ratio of  the sum of charged hadrons 
(N  h+ + N h- ) is an important  a posteriori justification for 
the hadron analysis discussed in the preceding subsection. 

On the other hand, the ratio of  the positive to negative 
hadrons N h+/N h- is sensitive to modifications of  the sea 
quark distributions. From a study of the double ratio 
R + _ = ( N h + / N  h )Cu / (Nh+/Nh- )D 2 one can extract 
limits on the possible change of the sea in Cu compared 
to D 2. Here N represents the partial integrals from z h = 0.2 
to 1.0 defined in Sect. 5.1 with superscript + ( - )  refer- 
ring to positive (negative) tracks. In the x interval 
0.02 < x < 0.08, where the fractional momentum carried 
by sea quarks amounts to about  50%, the double ratio 
R+ of the partial integrals is found to be 1.006+0.025, 
where a correction for the non-isoscalarity of  Cu (~0 .01)  
has been applied. Using a simple quark par ton model 
calculation the ratio of  the fractional momentum carried 
by the sea in Cu and D 2 is 0.97 + 0.10. This result implies 
an upper limit of  26 % for the change of the fractional 
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Fig. 13. Comparison of the measured ratio of z distributions from 
Cu and D 2 in the low v interval with predictions of nuclear de- 
pendent fragmentation functions for the ratio of z distributions 
Cu/D 2. Full line: harder fragmentation function in Cu [48] (see 
text) dashed/dotted line: rescaling of Dhq(Zh, ~Q2) with different 
rescaling parameter ~ [45, 46] 

momentum carried by the sea (at 90% c.1.) between cop- 
per and deuterium. Some of the models, which predict a 
nuclear dependence of  the sea [43, 44] are not compatible 
with this measurement. 

It is also possible to examine the effects of  the nuclear 
medium on the fragmentation functions. In [45] it is sug- 
gested that the fragmentation function may rescale by 
analogy with the structure function F 2, thus: 

D h ( z c~2-~ h = D q  (zh, Qe)[ao (6.3) 

A o < A ;  ~ > 1 .  

In Fig. 13 the measured ratio of  differential hadron mul- 
tiplicities for CH/D 2 data, restricted to low v with an 
average value of  35 GeV, is compared to calculations us- 
ing this ansatz with various rescaling parameters ~. At 
this value of  v the formation length of most  of  the 
hadrons is predicted to be about  1-2 times larger 
than the radius of  the copper nucleus [33, 40], so that 
a significant part  of  the hadronisation process takes 
place inside the nucleus. Thus a possible influence of 
the nuclear environment on the fragmentation can be 
studied. The dotted line is obtained, with the value of  

equal to the ratio of  the confinement radius rcr in Cu 
and O2, as deduced by fitting the EMC structure function 
ratio [46]. I f  one uses an analogy with the F 2 rescaling 
scheme the corresponding rescaling parameter  for F 2 
(~ = (rcr, cu/rof, D2) ~s ~Q2)/~s <u 2) = 2.02), the model curve 
(dashed line) does not reproduce the shape of the z h dis- 
tribution ratio in a satisfactory way. This shows that 
moderate rescaling ( ~ =< 1.3) cannot be excluded, but that 
significantly higher rescaling parameters, as for example 
proposed in [47], would not be compatible with these 
measurements. 

Another  interesting idea is that of  Nachtmann and 
Pirner [48] who predict a harder fragmentation function 
in a nuclear environment. No quantitative details are 
given in the publication. However, because of isospin 
invariance it is reasonable to assume that the energy is 
distributed among charged and neutral particles in a nu- 
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clear independent manner.  Therefore, a harder fragmen- 
tation function in p - C u  scattering would make the ratio 
of  z distributions look like the full line in Fig. 13. For  
this calculation, the parameterisation of  the pion frag- 
mentation function, measured by the EMC on a D 2 target 
[49], was used: D + = b * (1 - z h)~. For  the Cu target both 
the exponent e has been lowered by 2.5% and the pa- 
rameter b adjusted, so that the total energy is conserved. 
Figure 13 shows that, independent of  the absolute size of  
the effect, the prediction is in clear contradiction with the 
data. It  has been shown that these conclusions remain 
valid [18] even when intranuclear cascading effects are 
taken into account. 

Many models explain the EMC effect by postulating 
that the confinement radius of  a quark in a bound nu- 
cleon is larger than that in a free nucleon [47, 50-52]. By 
the uncertainty principle, this implies a reduction of  the 
mean transverse momentum,  ( k •  of  a quark in a bound 
nucleon. It  has been demonstrated that the ~b asymmetry 
is proportional  to the value of ( k •  [53,24]. Hence a 
difference in the ~b asymmetry in bound and free nucleons 
can be used to infer a difference in ( k l )  and hence in 
the quark confinement radius. The high z h and high v 
region is most sensitive to this effect. Figure 14 shows the 
value of (cos  ~b) versus ( k i )  for z h > 0 . 4  and 
( v )  = 145 GeV as determined from the model of  [53]. In 
this region the difference in the value o f ( c o s  q~ ) between 
copper and deuterium is measured to be -0 .014__ 0.023 
from a fit to the data in Fig. 11. From the slope of  the 
calculated line in Fig. 14, the difference between the value 
of  ( k •  in copper and that in deuterium is inferred to 
be less than 0.2 GeV (at 90% confidence level). Taking 
the value ( k •  in a free nucleon [25], this 
implies that the confinement radius in nucleons bound in 
copper is not more than 30% (90% c.1.) larger than that 
of  quasi free nucleons in deuterium. 

7 Conclusions 

Final state hadron distributions in deep inelastic muon 
scattering on heavy targets have been compared with those 
in p - D  2 scattering. The systematic errors for ratios of  the 
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h a d r o n  mult ipl ic i t ies  are small  c o m p a r e d  to the s tat is t ical  
errors.  This  was ensured by  m a k i n g  measurement s  si- 
mul t aneous ly  wi th  a deu te r ium target  and  one o f  the 
heavy  targets.  

The  nuclear  effects in the energy range explored  here 
are  general ly  ra ther  small .  In t eg ra ted  over  the m u o n  kin- 
emat ic  var iables  the ra t io  o f  the fast  fo rward  p r o d u c e d  
had rons  (z  h >= 0.2) p r o d u c e d  on Cu with respect  to those  
p r o d u c e d  on  D 2 is 0.946_+0.008 (stat . )  + 0 . 0 0 5  (syst.),  
a t  an average v o f  62 GeV. This  ra t io  is somewha t  lower 
for  t in and  compa t ib l e  wi th  uni ty  for  carbon .  N o  de- 
pendence  o f  this quan t i ty  on Q2 or  x has been found,  bu t  
a s ignif icant  va r i a t ion  with v is demons t ra t ed .  The  mul-  
t ipl ici ty suppress ion  is s t ronges t  in the lowest  v b in  and  
d i sappears  in the highest  v- interval .  

The  ra t io  o f p Z - d i s t r i b u t i o n  o f  C u / D  2 rises to values 
above  uni ty  for  p 2  => 1 GeV2/c  2. This  effect is s imilar  to 
tha t  observed  in the h a d r o n  nucleus scat ter ing,  bu t  is 
smal ler  in magni tude .  

The  new precise da t a  f rom this analysis  cover ing a 
wide range in v, in c o m b i n a t i o n  with the results o f  an 
e lect ron scat ter ing exper iment  at  low energy at  S L A C ,  
a l low d i sc r imina t ion  between different  mode l s  for  f inal  
s tate par t ic le  in teract ion.  The  o lder  models ,  based  on  the 
b remss t rah lung  analogy,  fail to descr ibe the character is t ic  
energy dependence  o f  the h a d r o n  deplet ion.  A mode l  re- 
cent ly deve loped  by  Bialas and  Gyulassy ,  which involves 
a finite f o rma t ion  t ime for  bo th  the final states ha d rons  
and  the cons t i tuen t  quarks ,  has been app l ied  to the deep 
inelast ic  scat ter ing process.  The  da t a  can  be descr ibed  
much  bet ter  by  this model ,  bu t  only  wi th  the a s sumpt ion  
tha t  the cons t i tuen t  quarks  have a sizable cross sect ion 
to in teract  with the nuclear  mat te r .  These results  suppor t  
the pic ture  o f  the space t ime s t ructure  in the L u n d  str ing 
f r agmen ta t ion  mode l  and  indicate  tha t  the re in terac t ion  
with  nuclear  m a t t e r  starts  a long t ime before  the for-  
m a t i o n  o f  the final s tate hadrons .  

The  re la t ionship  between the h a d r o n  p roduc t ion  in p -  
nucleus scat ter ing and  the E M C  effect has been investi-  
gated.  By c o m p a r i n g  the ra t io  o f  posi t ive to negat ive  
ha d rons  a 90% c.1. upper  l imit  o f  26%, for  a poss ible  
change o f  the sea qua rk  con t r ibu t ion  in Cu c o m p a r e d  to 
D 2, has been set. The  influence o f  a change  in the qua rk  
densit ies on the charged  summed  h a d r o n  d is t r ibu t ions  is 
negl igibly small .  

N o  ind ica t ion  for  a s ignif icant  change  o f  the frag- 
men ta t i on  funct ion  in a nucleus has been found  at  larger  
values o f  v. 

The  difference o f  the az imutha l  a symmet ry  o f  fo rward  
p r o d u c e d  had rons  in p - C u  and  p - D  2 scat ter ing is com-  
pa t ib le  wi th  zero and  sets a l imit  for  the difference o f  the 
conf inement  rad ius  in Cu  and  D 2. This excludes models  
for  the E M C  effect which pos tu la te  an increase o f  the 
conf inement  radius  o f  more  than  25%. 
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