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ABSTRACT

Results are presented on the ratios of the nucleon structure function in copper to

deuterium from two separate experiments. The data confirm that the nucleon structure

. function, F3, is different for bound nucleons than for the quasi-free ones in the deuteron. The
redistribution in the fraction of the nucleon’s momentum carried by quarks is investigated

and it is found that the data are compatible with no integral loss of quark momenta due to

nuclear effects.

For footnotes see next page
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i. Introduction

Iﬁ 1983, the EMC publishéd results which showed that the nucleon structure function
in a nuclear target is not the same as that in a quasi-free nucleon in deuterium. This result,
now referred to as the EMC effect, was largely unpredicted, and gave rise to considerable
experimental and theoretical interest, After the initial publication [1], the effect was soon
confirmed by a rea.n_alysi-s of old data from SLAC [2], and subsequently by new experiments at
CERN [3] and SLAC [4] using both charged and neutral lepton beams. The EMC’s original
result was obtained by talciﬁg the ratios of the Iiﬁcléon structure function measured in two
separate experiments, and hence was sﬁbject to some degree of systematic uncertaiﬁty[S].
Subsequent measurements were made by the EMC which reduced such errors and the results
on part of the available data have already been ’pitblished[G]. In this papef we teport the
measurements from the complete data sample and also the results from a second indepéndeﬁt
measurement compa.fing data from‘copper and deuterium. Further details of this work can be
found in {7,8,9,10,11]. More i-ecently the NMC have imblished high precisidn ineasuremeﬁts
of the ratios for He:D, C:D, Ca:D[12], C:Li, Ca:Li and Ca:C[13] and comparison is made with

the data presented here.

2. The Formalism of Deep Inelastic Scattering

The double differential cross-section for unpolarised charged lepton deep inelastic

scattering (D.I.S.) from a nucleon can be written in the one photon exchange approximation

in terms of the two structure functions £} and FJ¥

2 2 Nz, (
d*o (2,Q*)  4ra? [(1 ey M'ﬂ:y> Fy (?Qz) +2FN (2,9 . 21

d@Q%dxz Q4 2F
with the variables defined in table 1. The structure functions themselves are relatea by the

ratio, RV (z, @?), of the absorption cross sections for longitudinally and transversely polarised

virtual .photons, o, and o, respectively

wrl (5,0%) = g L (14 007
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Recent measurements have shown that RY is independent of the nuclear atomic mass,
A [14], thus allowing the ratio of structure functions Fy for different targets'{o be equated to

the ratio of the measured cross-sections.
3. The Experimental Arrangement

The experiments were performed in the muon beam line at the CERN SPS using the EMC
forward spectrometer [15] to detect the scattered muon and the fast forward hadrons produced
in D.I.S. The spectrometer and the analysis procedures for this phase of the experiment have
already been described (16,17}, Fig. 1 shows a schematic diagram of the spectrometer. Two
separate measurements were performed in which data from different nuclear and deuterium
targets were taken. In the first fnea.surement the targets were interchanged frequently. In the
second experiment the data were taken from copper and deuterium targets simultaneously.
Since the data from the nuclear and deuterium targets were taken at about the same time
the major potential systematic errors present in the origiﬁal EMC. measurement [1,5] were

elininated.

The first of the two experiments, from which part of the data have already been
published[6], used targets of He, C, Cu, Sn and Dy which were situated about 1m downstream
of the polarised target. This experiment ran concurrently with the polarised target
experiment(16,17], taking approximately 10% of the data. The arrangement of the targets
which were mounted on a moving chariot is shown in fig. 2a. We refer to this as the “chariot
experiment”. Each target occupied the same region of space with respect to the spectrometer,
the targets being interchanged at intervals of about one hour. In this way, the acceptance
of the apparatus was the same for each target, and it cancels to a goold approﬁmation when
measuring the cross section ratio from the event yields. The muon flux incident on each

target was measured as described in [18].

In the second experiment, hereinafter referred to as the “addendum experiment”, the
polarised target[16,17] was replaced by the target assembly shown in fig. 2b. Here, targets of

Cu and D, were disposed alternately in the beam, the chariot targets remaining in position
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downstream. Figure 3 shows the distribution of the vertex coordinate along the beam
direction from one experimental run when the chariot Cu target was in position. Good
separation of events from the different targets was achieved. In the addendum set-up, each
target sees the same flux of muons, and this cancels in the ratio. However, in contrast to
the chariot experiment, the acceptance is different for Cu and D, and to obtain the cross
section ratio a correction must be aipplied. The two experiments thus are complementary
each eliminating one important systematic error. The characteristics of thé targets are given

in table 2.
4. The Analysis of the Data

The experiment was operated at incident muon energies of 100, 120 and 200 GeV for the
chariot target and at 100 and 280 GeV for the addendum targets. The data were passed
through a chain of analysis programmes in which pattern recognition, track and vertex

reconstruction were carried out.

For the chariot data the cuts shown in table 3 were applied to remove regions where
radiative corrections were large, where acceptance was rapidly varying, where resolution
smearing was large or where significant backgrounds existed from pion decay. The ratios of
the event yields per unit muon flux from each nuclear target to deuterium were then taken
in bins of z. To obtain the ratio of the nucleon structure function for each nuclear target to
that in deuterium various corrections were applied. .Radia.tive corrections were applied using
the exact formalism of Mo and Tsai[19]. Small corrections were also mé,de for the neutron
excess in the larger nuclei using the simple parameterisation %:; = (0.92 — 0.86?:) + .05
which is .com-pa,tible with the recent high precision NMC mea,surements- [20} Other small
corrections were applied for the méter_:ia.l in the end caps of the Dy target and the air
between the nuclear targets. In additioﬁ a corfection was made for the 1% ad-mirxture of
H: in the D;. Monte Carlo studies were made to study the possibility of differences 111 the

software reconstruction efficiencies for the different targets due to background hits confusing

the reconstruction programmes [21]. No difference could be found and so corrections were



unnecessary.

For the addendum data, the disposition of the targets was different than for the chariot
and so slightly different cuts (shown in table 4) were applied. The ratio of the yield from the
nuclear to deuterium targets were obtained using the number of events reconstructed in each
target location from the reconstructed vertex ﬁosition (ﬁg 3). Normalisation to the muon
flux was unne'cessary since the muon beam passed thrbugh all the targets si-mﬁltaneously.' A
correction was needed for the number of events smeared by experimental resolution from the
copper to deuterium and vice versa. This was found to be ~ 0.3% by fitting a Breit Wigner
shape to the distributions of the vertex coordinate from each target along the beam direction
and extrapolating the tails into the adjacent targets. In addition, a correction was necessary
for the variation of the acceptance along the beam direction. The correction was deduced in
each bin by assuming a parabolic variation of the acceptance with vertex position. This was
shown to be a reasonable assumption using a Monte Carlo simulation. A fit of a para’bolic
acceptance variation with the ratio of the yield per nucleon from copper to deuterium as a
further free parameter was performed in each bin. The result gave the ratio of the yield per
nucleon in copper to that in deuterium. The corrections described for the chariot data were
then applied to obtain the ratio of the nucleon structure functions in copper and deuterium.
Again Monte Carlo studies showed that the software reconstruction efficiency was the same

for copper as that for. deuterium and no correction was applied.

The radiative corrections become very large for z < 0.02, using the techniques described
above due to the large contribution from coherent elastic scatfering on lhea,vy nuclei with
accompanying radiative photons. Such large corrections incur large systematic errors. To
avoid this effect for 2 < 0.02, events were selected with an accompanying hadron for the
measurement of the structure function ratio[10]. The residual radiative correction oﬁ the
ratio is then reduced to ~ 2% in this region and is prinf:iﬁally due td the inelastic tail. ‘Tl-le
calorimeter Hy (fig. 1) was used to reject eléctrons from conversioﬁ of radiated phofons by
demanding that the ratio of the eﬁergy deposited by a track in the electrémagnetic seétion

to the total energy is less than 0.8 [7,10].



5. Results

The measured ratios of the structure functions for Cu:D from the two experiments are
given in tables 5a) and b) and shown as a function of x in figure 4. The systematic errors
were derived from studies of the sensitivity to the cuts, from the uncertainties in the fits to
the acceptance variation for the addendum experiment and from the relative uncertainties of
the muon flux measurement for the chariot experiment. There is good agreement between
the measurements from the two experiments and the averaged results are given in table 6
and shown in fig. 5. Here the statistical and systematic érrors have been combined. The
data in fig. 5 show that the ratios lie below unity at small 2, with a rise above unity at
intermediate z and a further fall below unity at large z. Such bebaviour is compatible with
previous observations [6,12,13,22]. Many theoretical models have been proposed to explain
the ratios of the nucleon stracture function measured in nuclear and deuterium targets (for a
review see [23]). The predictions of three such models [24,25,26] which are applicable over the
whole z range are shown in fig. 5. It can be seen that these models reproduce qualitatively

the main features of the data.

A comparison with other high Q? experiments is shown in fig. 6 where the ratios are
plotted as a function of ‘A, the target nucleus atomic weight. The ratios He:D, C:D and Ca:D
were taken from [12] and Sn:D from [6], whilst the Li:D ratio was taken from [13]. There is
a reasonably continuous behaviour between the data presented here and the measurements
in references{6,12,13]. The straight lines arc fits of the form CA® and fig. 7 shows the
values of C and « as a function of #, compared to the lower QT data from SLAC[4]. Again
there is reasonable agreement with the SLAC data, showing that any Q? dependence of tlie
ratios must be small. The NMC data also showed dnly weak, if any, Q2 dependen’ce[l?]”ﬁhd
studies of the Q? dependence of the ratios in this experiment{9} did not reveal any significant
variation. It can be seen from fig. 7 that there exists a relatively strong A de‘p'endence at
small z, the so called sha,dowmg reg1on, sO that the 11uc1e011 structure functlon decreases with
A. At 1ntermed1ate r, the so called antlsha,dowmg 1eg1011, the A dependence 1s Weaker Wlth a

poss1b1e increase w1th A. At higher 2 a decrease of the structure function W1th A is indicated.



Fig. 6 shows that the ratio is well represented by the form CA®.

In the quark parton model of the nucleon the data in fig. 5 imply that there is a decrease
in the momentum carried by quarks in the shadowing region and at high 2 and an increase
in the antishadowing region. The quantity % ;12 (%;— -1+ fm) FPK,dz represents the
change due to nuclear effects in the, total fraction of the nucleon’s momentum carried by
quarks in the range , < @ < 23. The total fraction of the nucleon’ s momentum carried
by quarks is found to be about 0.5 from the available data [27}. In this integral Fit and FP
are the nucleon structure functions measured in nuclear and deuterium targets, respectively,
fm is a small correction for nuclear binding effects [28] and I, is a target mass correction
[29] which is close to unity in this kinematic range. The NMC[12] studied these integrals and
found that they were compatible with zero both over the whole z range of the data and also
when the range is restricted to the shadowing and antishadowing regions. This implies, in

the quark parton model, that momentum compensation is occurring.

Fig. 8 shows the values of these integrals evaluated separately for the shadowing region,
defined as =i, < z < 0.06 where z,,;, is the lowest value of = of the' available data, the
antishadowing region defined as 0.06 < z < 0.3 and the high ¢ region defined as =z > 0.31.
The integrals are plotted as a function of A using the ratios from (12,13] for He, Li, C and Ca,
those presented here for Cu and from [6] for Sn and from the SLAC data[4,30] for the high
z region together with values of F from the recent NMC parameterisation. There is some
momentum change unaccounted for due to the unmeasured region below #,,;,. This was
estimated to be ~ 0.0005 for low A4 [12, 13] and ~ 0.0015 for Cu by assuming that the ratio
ggy in the unmeasured region is similar in value to the first measured bin. Such saturation
of the ratio has recently been observed[32]. The contribution below Zmin has been neglected,

although the difference in i, for the EMC and NMC data mainly explains the fluctuation

in the copper integral (fig. 8b).

It can be seen from fig. 8 that the momentum changes increase with A with much

larger changes in the shadowing and antishadowing regions than in the high = range. In



fact the change in the high « region is almost negligible compared to the changes in the
shadowing and antishadowing regions. Thus the momentum compensation in the shadowing
and antishadowing regions is almost complete. This is illustrated further in fig. 9 where the
total integrals over the shadowing and dntisl1adowi11g regions are shown {(znin < z < 03)
* The mean value over all the measurements is found to be 0.0610 + 0.0004 and is comi)atible

with zero allowing for the unmeasured momentum change for 2 < z.min.

The parton fusion picture[31] would predict a.value zero for the integral ovér the
shadowing and antishadowing range since, in this model, shadowing is produced by the
fusion of very‘ soft partons from different nucleons in the nucleus to make harder partons.
Thus by momentum ';:onserva.tion a depletion in the momentum fraction in the shadowing
region will be compensé.ted by an increase in the antishadowing region. This is compatible
with the data as described above and as such it is evidence for the parton fusion picture.
Howe-ver, ther argument is not completely conclusive since the possibility cannot be exduded
that the observed momentum compensation is accidental. It is possible that shadowing and
antishadowing could be produced by two different me(;ha.nisms, which accidentally make equal

contributions to the integrals in the two regions.

Conclusions

The ratios of the nucleon structure functions in copper and deuterium measured using
the total data sample from the final .stage of the EMC experiment have been presented.
Comparison with data from other experiments shows that the A dependence is well
represented by the form CA® with C and « varying with 2. Comparison of the shadowing
and antisha.dowing regions shows that the decrease in the total momentum fraction carried by
the quarks in the shadowing region at small # is the same as the increase in the antishadowing
region at intermediate z. The momentum changes at high 2z are much smaller. The data
therefore indicate the possibility of momentum compensation between the shadowing and

antishadowing region. The changes in the momentum fractions in each region tend to increase

with A.
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Table 1: The variables of deep inelastic scattering
M proton rest mass
E ‘ energy of incident muon
E'(p,) energy (momentum) of scattered muon
8 muon scattering angle
v E-E', energy of virtual photon in the lab
q four momentum transfer
Q* = - q* = 4 EE' sin? (8/2) | (invariant mass)? of virtual photon
r=Q*/2Mv Bjorken scaling variable
y=v/E Bjorken scaling variable
W2 =2Mv + M? - Q? (Hadronic energy)? in centre of mass
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Table 2: The characteristics of the targets

Chariot Target

Target D2 He C Cu Sn
density p(g/cm?) 0.162 &+ 0.001 0.124 + 0.001 2.265 8.965 7.310
thickness t (cm) 59.8+ 0.3 59.04+0.3 3.667 0.895 1.160
pt (g/cm?) 9.69 + 0.08 7.42 +0.07 8.306 8.024 8.480
Addendum Target
Target Cu(l) D.(1) | Cu(2) D, (2) Cu(3) | Cu(4) | Cu(5)
density p (g/cm3) 8.96 |0.16240.001 | 8.96 |0.162 1 0.001 | 8.96 8.96 8.96
thickness t (cm) 0.907 09.8 + 0.3 0.907 99.8x£ 0.3 0.302 | 0.303 | 0.302
pt (g/cm?) 8.127 | 16.2+0.1 |8127] 162401 [ 2.706 | 2.715 | 2.706
Table 3: Kinematic cuts on the chariot data
Nominal beam energy (GeV) 100 120 200 280
Beam energy (GeV) 75 - 125 105 - 135 175 - 225 245.-°315
Q2 (GeV/c)? > 2 > 2 > 3 >3
v (GeV) > 10 > 10 > 25 > 25
p, (GeV/c) > 20 > 20 > 30 > 40
¢ (mrad) > 10
y < 0.65 for 0.02 <z < 0.04
< 0.75 for 0.04 < z < 0.06
< 0.85for 0.06 <z < 0.7
number of events remaining 34297 38077 34019 6926
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Table 4: Kinematic cuts on the addendum data

Nominal beam energy GeV 100 280
Beam energy range (GeV) 75 - 125 : 245 - 315
v (GeV) > 10 ‘ > 25
p, (GeV/c) > 20 > 40

¢ (mrad) > 15

y < 0.55 for 0.01 <z < 0.02

Q? (GeV/c)?

< 0.65 for 0.02 < z < 0.04
< 0.75 for 0.04 < 2z < 0.06

< 0.85 for 0.06 < z < 0.8

2-5 for 0.02 < z < 0.04
2-10 for 0.04 < z < 0.06
2-17 for 0.06-< z < 0:15
4-17 for 0.15 < z < 0.2
4-31for 0.2 < 2 < 0.3
6-31 for 0.3 < 2 < 0.4
10-31 for 0.4 < z < 0.5
17-55 for 0.5 < 2 < 0.8

10-17 for 0.02 < 2 < 0,04
10-31 for 0.04 < z < 0.06
'17-55 for 0.06 < z < 0.15
17-105for 0.153 < 2z < 0.3

31-195 for 0.3 < x <« 0.8

Number of events 235388 71880
Table 5(a): Results from the chariot experiment

X <Q? > (GeV/c)? gcu/oD2 stat. error syst. error
0.031 4.5 0,930 0.025 - 0.022
0.050 8.5 0.955 0.020 0.019
0.079 13.6 0.996 0.016 0.018
0.123 18.1 1.047 0.019 0.019
0.173 21.3 11.021 . 0.022 0.018 .
0.244 24,7 1.037 0.021 0.019
0.342 30.0 0.945 0.029 0:017
0.443 344 0.957 0.045 - 0.018
0.563 40.4 0.910 0.096 0.017
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Table 5(b): Results from the addendum experiment

X <Q? > (GeV/c)? oculoD2 stat. error syst. error
0.015 4.5 - 0.857 ' 0.022 0.023
0.031 | 3.3 0.963 0.013 0.018
0.050 - 6.4 1.005 0.012 : 0.013
0.079 8.5 1.011 0.011 0.011 -
0.123 11.0 1.041 0.016 0.010
0.173 16.1 1.031 0.012 0.011
0.243 19.3 1.018 0.014 0.010
0.343 25.8 0.962 0.021 0.011
0.444 , 36.0 0.959 0.034 0.013
0.612 46.4 0.918 0.043 0.013

Table 6: Merged chariot addendum ratio

x ocu/o D2 error
0.015 0.857 0.032
0.031 0.953 0.018
0.050 0.990 0.015
0.079 1.006 0.013
0.123 1.043 0.016
0.173 1.029 0.014
0.243 1.023 0.015
0.343 0.956 0.020
0.444 0.958 0.029
0.612 0.915 0.037

FIGURE CAPTIONS

1.
2,

Schematic diagram of the spectrometer.

Schematic diagram of the two target arrangements.

- Reconstructed vertex distribution along the beam direction; the events from each target

are clearly identifiable.

The measured structure function ratios F3(Cu)/F3(D) for the data from each target

arrangement as a function of .
The averaged structure function ratios for copper as a function of z; the smooth curves

represent the predictions of theoretical models (solid curve, Close et al.[24]; dotted curve,

14



Zhu[25]; dash dotted curve Guaglie et al.[26]).

. The structure function ratio as a function of target atomic weight, A. The Cu data are
from this experiment (solid circles); the Sn data from [6] and the data at lower A from
NMC [11,12] (open circles). The curves are the results of the fits of the form CA®,

. The coefficients C and o from the fits CA® in ﬁg; 6, as a function of z; a) «a, together
with the SLAC measureﬁlents[é']g b) e, from this expeﬁment; c) C, from this experiment.
. The integrals 22 :n::'" (% -1+ fm) FPK,dz as a function of A; a) Antishadowing
region (triangles) 0.06 < 2 < 0.30. The low A date are from [12,13], the copper
data are from this experiment, the Sn data from [6]. b) Shadowing region (points)
(Zmin < & < 0.06) where 2,,;,; is the lowest value of z for the available data. ¢) High =
region 0.31 < z < 0.82 using the SLAC data [4,30].

. The total integral over the range 2 i, < 2 < 0.30 for all the available data [6,12,13] and

this experiment}. The lower point shows the mean value, which is compatible with zero

as discussed in the text.
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