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ABSTRACT 

Results a~e p~esented on the ~atio of the inelastic muon-nucleus 
c~oss section pe~ nucleon fo~ ca~bon and calcium ~elative to that fo~ 
deute~ium. The measu~ements we~e made in the kinematic ~ange of low x 
(0.003 0.1) and low Q• (0.3-3.2 GeV•) at an incident muon 
ene~gy of 280 GeV. The calcium to deute~ium ~atio shows a significant x 
dependence which is inte~~eted as a shadowing effect. No st~ong Q2 

dependence is obse~ved. This suggests that the effect is due at least 
pa~tially to pa~ton inte~actions within the nucleus. 

Fo~ footnotes see next page 
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It is well known that the cross section (per nucleon) 

for interactions between real photons and nuclei gets 

smaller with increasing nucleon number A. The effect, 

called shadowing, is more pronounced at high photon energy 

as is evidenced by measurements of the ratio of the copper 

to the free-nucleon cross sections at photon energies be­

tween 20 and 185 GeV [1]. The ratio drops from a value of 

about 0.73 at 20 GeV to 0.65 at 132 GeV. A similar but 

smaller shadowing effect has been observed for virtual pho­

tons [2] in charged leptoproduction below 20 GeV and at low 

values of Q2 , the negative of the squared four-momentum 

transferred from the incident lepton to the target and the 

mass of the virtual photon. In a previous high-energy 

experiment, muons of 209 GeV were used and there were indi­

cations of quite large shadowing effects over the whole 

range of Q2 from 0.03 to 30 Gev2 [3]. 

One explanation of shadowing is that the photon can be 

viewed as a superposition of virtual hadrons, the so-called 

vector dominance model, and a point-like component [ 4]. 

For high enough photon energies, these hadrons may live 

long enough to traverse a whole nucleus. Since hadrons are 

absorbed strongly in a nuclear medium, nucleons inside a 

nucleus are shadowed by the nucleons in the front surface. 

For the case of virtual photons no significant shadowing is 

expected for Q2 values above one Gev2 where the contri­

bution to the cross section of the hadronic component is 

negligible compared with that of the point like one. 
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An alternative explanation of shadowing is offered by 

parton models in which a target nucleon is considered in 

the infinite momentum frame [5]. In this frame a parton 

carries a fraction of the momentum x = Q2/(2mv) where m is 

the nucleon mass and v is the energy lost by the lepton in 

the lab system [5]. Shadowing arises because, at small x, 

partons from different nucleons overlap in space and inter­

act, leading to a redistribution of parton momenta. One of 

the models [6] predicts shadowing at small values of x with 

antishadowing in the region of x - 0. 1. The effects are 

independent of Q2 as expected for partons. More recent 

computations, based on a QCD inspired model [7], lead to an 

x-dependent shadowing disappearing very slowly with 

increasing Q2 . 

In an attempt to clarify the situation and to analyse 

more accurately the region of small x and low Q2 , we have 

measured deep inelastic scattering of positive muons of en­

ergy 280 GeV in the range 0.003 < x < 0.1, 0.3 < Q2 < 3.2 

GeV2 , 10 < v < 150 GeV. The targets investigated were o2 , 

c and Ca and the target thicknesses were 16, 37 and 24 

gjcm2 respectively. 

The experiment was performed in the CERN muon beam us­

ing the EMC setup, details of which have been published 

elsewhere [ 8] • In figure l, a side view is shown of the 

components of the apparatus most relevant for the study of 

shadowing. There were about 107 muons per 1.5 s long pulse 

which was repeated every 10 s. The beam size at the target 

was about 6 x 4 cm2 and the divergence less than l mrad. 
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The momentum of the incident muon was measured to an accu­

racy of 0. 3% by a spectrometer in the beam line and the 

muon was located to an accuracy of 1 mm in position and 0.2 

rnrad in divergence by the scintillator hodoscopes BHA-A 1 

and BHB-B 1
• The 1 m long liquid o2 target was placed in-

side the first of the two magnets, the VSM, and the c and 

Ca targets were placed 1 m upstream of the o2 target. The 

momenta of scattered particles were measured by means of 

the two magnets, the VSM and the FSM, which bent the parti­

cles in opposite directions in the horizontal plane so that 

there was practically no momentum dispersion at the ho-

doscopes BHC-0. The coordinates of the tracks were mea-

sured using 4 sets of multiwire proportional chambers 

(MWPC) . The chambers POC with 8 planes and POA and FOB 

with 6 planes each had a wire spacing of 1 mm while the 

chambers P45 with 8 planes had a spacing of 2 mm. Hadrons 

were stopped in a 2 m thick iron absorber with a hole, 15 x 

15 cm2 , to let the beam pass through. 

A special trigger processor (9], conceived as a pilot 

project of FASTBUS, was used to select muons scattered at 

angles down to 2 mrad, i.e. within the beam. The trigger 

was formed by using the hit patterns of the incident muon 

in 320 scintillator elements of 8 hodoscope planes (BHA-A 1
, 

BHB-B 1 ) and, of the scattered muon in 211 elements in 4 

planes (BHC, BHO, BHE, BHF). Only vertically and horizon­

tally aligned elements were used to form the trigger deci-

sion. The FASTBUS processor was used to decide if the 

downstream muon was not colinear with the incident beam 
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muon. On receipt of a signal that a non-colinear muon had 

been detected the wire chambers of the spectrometer were 

read out. These events were then reconstructed off-line 

using the standard EMC software programs. 

The cross section was extracted for each target using a 

Monte Carlo simulation of the experiment in which accep­

tance, measurement errors and efficiencies in the apparatus 

and in the event analysis were taken into account. It was 

necessary to compute the cross section for each target sep­

arately since the two solid (C, Ca) and the liquid deu­

terium targets were placed at different positions along the 

beam and data were acquired at different times. The radia­

tive corrections, computed using the method of Mo and Tsai 

[10], are everywhere less than 35%. 

The data are presented as ratios of cross sections and 

of structure functions, F2 on carbon and calcium to those 

on deuterium. Cross section and structure function ratios 

are identical assuming that R, the ratio of the longitudi­

nal to transverse photon cross sections, is independent of 

the target. Cross sections obtained from deuterium and 

carbon in three separate experimental runs showed agreement 

in the shape of the variation with x and Q2 but differed by 

up to st,in normalisation. Such normalisation differences 

could be ascribed to variations in efficiency of the first 

level of the FASTBUS processor which defined an incoming 

beam muon. These differences imply an overall normalisa-

tion uncertainty of 7% on the ratios presented here. 
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Figure 2 and table 1 show the measured cross section 

ratios for carbon and calcium targets to those for deu­

terium as functions of x for two Q2 intervals. The ratios 

for calcium exhibit a significant shadowing at small x 

which is independent of Q2 within errors. The indicated 

error bars are statistical only, while the solid lines show 

systematic errors other than those due to the normalisation 

uncertainty. The major contributions to the systematic er­

rors of the ratios of the cross sections are typically: 6% 

for acceptance correction, 3% for trigger inefficiency, 

1.5% for losses in the selection of events from raw data, 

1.5% for radiative corrections and 1.2% for errors in the 

momentum measurement of the incident and scattered muons. 

For each error source, the difference between the nominal 

and the distorted ratios was taken as the error and the 

different errors were added quadratically. 

The ratios of cross sections shown in figure 2 rise 

with x similarly in the two selected Q2 intervals and rise 

more strongly for Ca/D than for c;o. The lack of a Q2 

dependence suggests that vector meson dominance is not the 

main source of shadowing seen in our data. In this context 

it is interesting to note that indications of shadowing 

have been observed in the comparison of vNe and vD data 

[11]. These indications are found to be limited to low Q2 

but rather independent of x. 

Figure 3 shows the x dependence of our data and of data 

from other high-energy charged lepton scattering experi-

ments [ 3, 12, 13, 14, 15] . The bars represent statistical and 
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systematic errors combined in quadrature whereever the lat­

ter ones are available. Our data extrapolate smoothly to 

those obtained with real photons (Q2 = 0) of 60 GeV [1] and 

join to those obtained with electrons and muons at larger 

x. The x values of the points obtained in the Fermilab ex­

periment at 209 GeV [3] were computed by dividing the pub­

lished Q2 values by 2mv using v = 150 GeV, an average value 

for their acceptance region (110 < v < 200 GeV for Q2 < 3 

Gev2 and 40 < v < 200 GeV for Q2 > 3 GeV2 ). 

Together the data give a clear evidence of an x-depen­

dent shadowing which does not seem to depend on Q2 • The 

data are also consistent with some antishadowing for x be-

tween 0 . 1 and o . 3 . It is interesting to note that ac-

cording to the model used in ref. ( 6] both shadowing and 

antishadowing should occur. Antishadowing should become 

negligible for x > 0.15 and the crossover Xc between shad­

owing and antishadowing is predicted to vary with A roughly 

as xc = 0. 15 A -l/3 • This prediction is not confirmed by 

the data of figure 3. However, the data are in qualitative 

agreement with the QCD inspired model [7] which predicts no 

antishadowing and a weak increase with A of the x value 

separating shadowing and no shadowing, once surface effects 

in the nucleus are included ( 16] . In this model, the 

shadowing effect arises because at small x, gluons from 

different nucleons annihilate which leads to a smaller num­

ber of gluons per nucleon in a nucleus than in a "free" nu-

cleon. The number of quark-antiquark pairs, which are 
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created by the gluons, dominate the structure function at 

low x and will be reduced correspondingly. 

In summary we have observed a significant shadowing 

signal in the x dependence of cross section ratios. This 

signal is almost insensitive to Q2 i.e. it scales which 

suggests that parton interactions contribute to the shadow­

ing. 
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Figure Captions 

Fig. l Side view of the EMC setup with components of main 

interest for the shadowing experiment. VSM and FSM 

denote the two magnets with a bending power of 5.2 

Tm each. si are scintillators defining the beam. 

BHA and BHB contain 6 hodoscope planes each having 

60 scintillator strips and BHA' and BHB' 4 planes 

each having 20 strips. POA-C and P45 are MWPC's. 

BHC consists of 144 scintillator bits (1.4 x 1.4 

cm2) arranged in a 12 x 12 matrix. BHD-F are single 

hodoscope planes having 1.5 em wide strips. 

Fig. 2 Cross-section ratios versus x obtained for two dif-

ferent intervals of Q2: 0.3 < Q2 < 1.0 Gev2 (left 

side) and 1.0 < Q2 < 3.2 Gev2 (right side) . The 

bars give the statistical errors and the solid lines 

enclosing the data points are limits within which 

the systematic errors may vary. In addition there 

is an error of 7% due to the uncertainty in normali­

sation. 

Fig. 3 Structure function ratios obtained in this experi­

ment for the range 0.3 < Q2 < 3.2 Gev2 compared with 

other leptoproduction experiments: Ashman (12], Bari 

(14], Benvenuti (15], Goodman [3]. The points on 

the vertical axis are ratios from a photoproduction 

experiment, Caldwell (1], where the energy of the 

photon beam was 60 GeV. Error bars represent summed 

statistical and systematical errors. The arrows, 
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labelled Xc, define the transition point between 

shadowing and antishadowing according to ref. [6]. 

Table 1. Ratios with errors of the carbon and calcium 
cross sections relative to those of deuterium for the v 
range 10-150 GeV. 
The errors are in percentages. 

Q2 range X a(C)/a(D) Stat. Syst. 
error error 

11 

------------------------------------------------------------------------------
Q2 = . 3-1 .52 .0035 .86 .06 .05 

. 60 .0050 .87 .04 .04 

.61 .0075 . 91 .05 .05 

. 61 .0105 .90 .05 .04 

.63 :015 .89 .04 .04 

.68 .024 .92 .05 .04 

.90 .04 .92 .06 .05 

Q2 = 1. -3. 2 1 .09 .0050 .93 . 12 .05 
1. 25 .0075 .93 .07 .05 
1.54 .0105 .98 .07 .05 
1. 74 .015 .95 .05 .04 
1. 76 .024 . 91 .04 .04 
1. 68 .04 .92 .04 .05 
1 . 71 .06 1.02 .04 .05 
2.29 .09 1.03 .05 .05 

Q2 range <Q2) X a(Ca)/a(D) Stat. Syst. 
error error 

--------------------------------------------------------------------------------
Q2 = .3-1 .52 .0035 .71 .04 .06 

.60 .0050 .78 .03 .06 

. 61 .00075 . 81 .03 .06 

.61 .0105 .83 .04 .06 

.63 .015 .83 .03 .05 

.68 .024 .88 .04 .04 

.90 .04 .95 .05 .05 
-------------------------------------------------------------------------------
Q2 =.1.-3.2 1. 09 .0050 .76 .08 .03 

1. 25 .0075 .79 .05 .04 
1.54 .0105 .82 .05 .04 
1.74 .015 .84 .04 .04 
1.76 .024 . 90 .03 .04 
1. 68 .04 .96 .03 .05 
1 . 71 .06 1.08 .04 .05 
2.29 .09 .98 .04 .05 

--------------------------------------------------------------------------------



1 2 

Table 1 COllt'd 

x ranqe <x> o(C)/(0) Stat. Syst. 
error error 

------------------------------------------------------------------------------
X = .004-.018 .009 .35 .94 .06 .04 

.011 .50 .88 .04 .04 

.010 .70 .91 .04 .05 

.010 .90 .89 .OS .04 

.010 1. 10 .97 .06 .05 

.011 1. 40 .98 .06 .05 

.013 2.00 .93 .06 .05 

.015 2.80 .85 .10 .04 
--------------------------------------------------------------------------------
X = .018- . 11 .033 .5 . 92 .06 .05 

.028 .7 .97 .06 .05 

.040 .9 .89 .04 ;04 

.050 1 . 1 .98 .05 .05 

.051 1. 4 .98 .04 .05 

.061 2.0 1.01 .04 .04 

.058 2.8 .87 .04 .03 

.056 3~6 .90 .06 .04 

.055 4.4 .83 .07 .03 

.063 5.6 .80 .07 .03 

X ranqe <x> (l o(C&)/o(D) Stat. Syst. 
error error 

--------------------------------------------------------------------------------
X= .004- .018 .009 

.011 

.010 

.010 

.010 

.011 

.013 

.015 

.35 

.50 

. 70 

.90 
1.10 
1.40 
2.00 
2.80 

.85 

.85 

.82 

.76 

.82 

.87 

.79 

. 74 

.05 

.03 

.03 

.03 

.04 

.04 

.04 

.07 

.07 

.08 

.07 

.05 

.04 

.04 

.05 

.07 

-------------------------------------------------------------------------------
X= .018-.11 .033 

.028 

.040 

.050 

.051 

.061 

.058 

.056 

.055 

.063 

.5 

.7 

.9 
1 . 1 
1.4 
2.0 
2.8 
3.6 
4.4 
5.6 

.93 

.89 

.89 

.93 
1.03 

.99 

.92 

. 81 

.93 

.86 

.05 

.05 

.04 

.04 

.04 

.03 

.04 

.04 

.06 

.06 

.08 

.05 

.04 

.04 

.04 

.05 

.07 

.07 

. 11 

. 12 
--------------------------------------------------------------------------------
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