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Fermi-motion effects in deep-inelastic lepton scattering from nuclear targets
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(Received 22 September 1980j

The ratio of deep-inelastic structure functions of nuclear targets to the sum of free neutron and proton structure
functions has been calculated using a modified form of the Atwood-West technique for deuterium. Fermi-gas

momentum distributions were used with modifications to include high-momentum tails resulting from nucleon-

nucleon correlations. Tables of smearing ratios for 8'„8'„and 8', are given as a function of x and Q' for
deuterium and several heavy nuclei. We find that for x )0.5 the scaling violations for heavy nuclei are smaller than

those for free nucleons. The shapes of the antiquark distributions are also changed.

I. INTRODUCTION

The effects of nuclear binding in the case of
deep-inelastic lepton scattering from the deuteron
have been discussed in detail by Atwood and
West. In this communication we generalize the
method to the case of heavy nuclei and present
numerical results that can be used by recent
experiments which make use of heavy nuclear
targets.

Deep-inelastic lepton scattering is an important
tool in the study of nucleon structure. Structure-
function measurements using electron, muon,
and neutrino beams have been used to test the
quark-parton model and to investigate scaling-
violation effects predicted by quantum chromody-
namics (QCD). The comparison of neutrino mea, —

surements with measurements with electrons. and
muons provides information on the charges of
nucleon constituents. The comparison of high-
energy muon experiments with the lower-energy
experiments at the Standord I inear'Accelerator
Center (SLAC) provides tests of the scaling viola-
tions predicted in QCD.

An experimental difficulty in such comparisons
is that different experiments use different nuclear
targets. The experiments at SLAC use electron
beams in conjunction with liquid-hydrogen and
liquid-deuterium targets. The high- statistics
neutrino and muon experiments typically use steel
targets. In addition to complicating the compa, ri-
son of results from different experiments, Fermi-
motion effects make QCD tests more difficult
since they change the shape of the structure func-
tion and thus can alter the magnitude of the scaling
violations.

Fermi-motion effects are also of interest in
another field which is the study of nuclear shadow-
ing in inelastic electron- and muon-scattering ex-
periments' in the low-x, low-Q region. Here the
separation of shadowing effects from Fermi-
motion effects is i.mportant. This work was ini-

tially undertaken for the analysis of a nuclear-
shadowing experiment at SLAC (Ditzler et al. ).

In this communication, we describe the Fermi-
motion effects which modify the measured struc-
ture functions for nuclear targets from the results
expected for free neutrons and protons. We cal-
culate the effects in the incoherent impulse approx-
imation. We extend the Atwood-West technique
for the deuteron' to the case of a heavy nucleus.
For the nuclear wave functions we use a, Fermi-
gas momentum distribution modified to include
a high-momentum con|ponent that arises from
nucleon-nucleon correlations inside the nucleus.
We will use off-shell kinematics to ensure that
energy and momentum are conserved in the scat-
tering process in the impulse approximation, but
we will assume on-shell dynamics, i.e. , we will
make a correspondence between off-shell struc-
ture functions and structure functions that are
measured for free nucleons. " The results are
given in tables which can readily be used by var-
ious experiments.

II. KINEMATICS

A. Free protons

Before we discuss the kinematics of the scatter-
ing from an off-shell nucleon in a deuterium or
heavy target nucleus, we consider the case of
scattering from a free proton. We will take the
case of electron scattering to represent the gene-
ral lepton-nucleon scattering at high energies.
The kinematics of the scattering from a, free pro-
ton of mass M~ is shown in Fog. 1(a). The inci-
dent electron energy is Eo and the final scattering
energy in the laboratory system is E'. The scat-
tering angle in the laboratory is defined as 0.
The four-momentum transfer to the target proton
is q = (q„qp). We define the following variables
in terms of laboratory energies and angles. The
square of the invariant four-momentum transfer
q is
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P, q. Because the interacting nucleon is off the
mass shell, its effective mass is less than the
mass of the proton and is a function of its momen-
tum (see Fig. 2). The on-shell spectator has
momentum P, and on-shell energy E,= (P,
+ M 2)'~s. The off-shell interacting proton has
momentum -P, and off-shell energy in the lab-
oratory E,=I„-E„where M,. is the mass of the
deuteron, i.e. ,

P=P, =-P, and E, =M~-(P, +M& )'~ . (3)

After the scattering the invariant mass of the
final state (neglecting the free spectator) is
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where P3 is the momentum along the direction of
the q3 vector.

C. Scattering from an off-shell nucleon in the nucleus
(P&K~)

For momenta less than the Fermi momenta E~,

FIG. 1. Kinematics for on-shell and off-shell scat-
tering. (a) Free nucleons. (b) A nucleon bound in the
deuteron. (c) A nucleon with momentum (P& ~

& Kz in a
heavy nucleus of atomic weight A . (d) A nucleon bound
in a heavy nucleus having momentum

~
P ( & Kz due to an

interaction with another nucleon.

28q'= q, ' q, '= 4E-,E' si—n'-= —Q'.

The square of the initial target proton four-mo-
mentum P, is

2Pf —Mp

The square of the final-state proton momentum

Pz (which is equal to the final-state invariant
mass) is
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where v=E, —E'=qo(in the laboratory system)
and x=Q /2q P, =Q /2M~v. .

B. Scattering from an off-shell nucleon in the deuteron
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In the impulse approximation, the spectator
nucleon in the deuteron is free and is on the mass
shell. It is totally unaffected by the interaction.
The interacting nucleon with momentum P, must
be off the mass shell in order to conserve energy
and momentum in the scattering process. The
kinematics is shown in Fig. 1(b). The Fermi
motion does not change Q' but it does change the
final-state invariant mass 8' and the quantity

0—
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FIG. 2. A comparison of on-shell and off-shell kine-
matics. (a) The invariant mass squared. (b) The labor-
atory energy. Shown are the case of a heavy steel nu-
cleus as a spectator (Fe) and a single nucleon as a spec-
tator.
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the nucleon interacts with the average potential
of all the nucleons in the nucleus of atomic weight
A. Therefore, in the impulse approximation, the
interacting nucleon has momentum P, which is
balanced by a recoiling nucleus of atomic weight
A-1 and momentum Pg f — + The interacting
nucleon is off the mass she11., and the recoiling
4-1 nucleus is on the mass shell. After the col-
lision, the recoiling nucleus is not in a highly ex-
cited state, and all the particles are on the mass
shell [see Fig. 1(c)]. In the laboratory system
we have

P = I,.=-P„E,. =M„- (P,'+M„,')'~',

.250-
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and

W' = (E, —P, ) + 2E,v —2P&
i q i

—Q

D. Scattering from an off-shell nucleon in the nucleus
(P&)EF)

(5) FIG. 3. The Fermi momenta K& for various nuclei of
atomic weight A from Moniz et al. (Ref. 6).

(4 GeV/c)]. These momentum distributions satis-
fy the normalization

In the simple Fermi-gas model the nucleons
cannot have momenta greater than the Fermi
momentum E~. Such high momenta can only come
from the interaction between individual nucleons
through their hard-core potential. In the case
where the nucleon has acquired its high momentum
by interacting with another single nucleon, we
can assume that a single nucleon is recoiling
against it. This case can be treated as having a
quasideuteron in the nucleus with a spectator nu-
cleus of atomic weight A. —2 which is at rest in
the laboratory system. The kinematics [shown
in Fig. 1(d)] are the same as the scattering from
a nucleon bound in the deuteron.

f4 GeV/g

ig(P)i 4' dp=l. 0.
0

(7)

(8)

The Fermi momenta K~ given in Ref. 6 are plot-
ted in Fig. 3 vs the atomic weight A. . As in Ref.
6, the difference in the momentum distributions
for protons and neutrons was taken into account
as follows:

III. NUCLEAR MOMENTUM DISTRIBUTIONS

We have used Fermi-gas momentum distribu-
tions that were obtained from fits to quasielastic
electron-scattering data from heavy nuclei. In
the Fermi-gas model the momentum distribution
is constant up to the maximum Fermi momentum
E~ and is zero above E~. We have added a high-
momentum tail to the momentum distribution ac-
cording to Moniz' which is based on calculations
of nucleon-nucleon correlations in nuclear
matter. The normalized momentum distributions
used are

Iy(p)l' C
1-&I—'

= —2R — for A'„&iP i&4 GeV/c,

0 for ~P~&4 GeV/c,

with a=2 (GeV/c) ', C= ', nKz', and R=1/-[1 —Kz/

where A = Z+ N is the atomic weight, Z is the
number of protons, and N is the number of neu-
trons. For an isoscalar target Z=N=A/2 and
K~~=K~=E~. The momentum distributions for
carbon (' C), silicon ( SSi), iron (5 Fe), and lead
( 08Pb) are shown on linear and logarithmic scales
in Figs. 4(a) and 4(b). The Fermi momenta that
are shown are 0.221 GeV/c for ' C, 0.239 GeV/c
for Si, 0.25V GeV/c for Fe, and 0.265 GeV/c
for Pb.

IV. IDENTIFICATION OF OFF-SHELL
STRUCTURE FUNCTIONS

The on-shell structure functions W& and W2 are
functions of two variables Q and Q P (or Q' and
W). The off-shell structure functions can depend
on three variables Q, q ~ P, , and P, (or Q,
q ~ P, , and W'). The Fermi motion does not affect
Q but it does affect q ~ P, and W'. .

A reasonable procedure " is to assume that
the off-shell structure functions are the same as
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is clearly identified as guasielastic scattering and
the nucleon elastic form factors are used for the
structure functions. The same procedure ensures
proper treatment of electroproduction of reso-
nances and single-pion production.

In the case of scattering from bound nucleons
inside the deuteron, the kinematics (and therefore
W') are uniquely defined since the recoil spectator
is a free nucleon (Eq. 4).

In the case of the scattering from an off-shell
nucleon in the nucleus, the invariant mass of the
final state depends on the mass of the recoil spec-
tator (see Fig. 2). We expect that for ~P, i&«~,
the recoil is a nucleus with A —1 nucleons since
the nucleon interacts with the average potential of
all the other nucleons. For the case of

i
P, i

»K~, it is most likely a single nucleon since such
high momentum typically comes from a single
scattering. However, in the intermediate region
we can have recoil spectator masses which are
between these two extremes. In addition to quasi-
deuterons from nucleon-nucleon correlations,
multinucleon correlations such as quasi-& parti-
cles, etc. , can also lead to high-momentum com-
ponents. ' ' In general, we need a nuclear wave
function which is a function not only of the three-
momentum iPi, but also a function of the off-
shell energy. As an approximation, we apply the
case of the heavy A —1 nucleus spectator [Fig.
1(c}]to all momenta less than the Fermi momen-
tum K~, and apply the case of a single nucleon
spectator [Fig. 1(d)] to all momenta greater than
K~.
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V. THE SMEARING EXPRESSIONS

The general expression for the cross section
for scattering of high-energy electrons from a
nuclear target of momentum I'A can be written in
terms of two structure functions 5'& and 8'q,

d
, =oM, )t[W2(Q, q ~ P")+2tan eW((Q, q P")],

(9)
where u is the fine-structure constant and

.OI—
.005- ( o" )~cos'()/2

&4~ i sin e/2 (so)

.OO I
I I I

0 I 20 I 20 I 20 I 2
P. (G V)'

FIG. 4. Momentum distributions used in the calcula-
tion for C, 2 Si, ~ Fe, and Pb. (a) 4wiPi ig(P)i .
e» iII(P) I'.

on-shell structure functions with the same Q and
final-state mass S"=O'. This identification en-
sures that when the final-state mass is that of a
free proton (i.e. , no pion production}, the process

The above expression is derived" from the gene-
ral electromagnetic tensor

g& (p~) — g "(q& .p")( —~"~")

W"(Q' e 0")
M

~ ~A ~ pA
xlr

)
0» v 2 Iv) ~
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A generalization of the West' approach for the
deuteron to the case of a heavy nucleus is to ex-
press the heavy-target tensor 8'"„„in terms of
off-shell nucleon tensors,

l.2-

I.O =

l

S6F——Deuterium

W„=Z p dp 9'~„p, , q

+ similar terms for the neutrons . (12)

Equating individual tensor components, we obtain
equations for W& and W2 which are identical to
those derived for the deuteron in Ref. 1 except
that nuclear-momentum distributions are used for

~ p(p) ~

'. In addition, . the identification of the off-
shell kinematics is as described in the previous
section,

gr =z p 'dp ~i+ p p

04—
Z(

0.2- 2

0 0.2 0.4 0.6 0.8 1.0
X

FIG. 5. Smearing ratios for W2 for deuterium and
steel calculated for Q =100 GeV . [S~'=(ZW2+NW2)/
~2 2 2 ~2 ~2)/ ~2~ '

+ similar terms for the neutrons,

2 I 2

p 'd'p
M v'q2 v

Q2 Q 2 2)

2M' q2

wave functions and compare the results to the
smearing ratios calculated for heavy nuclei (see
Figs. 5 and 6). Detailed studies of the smearing
ratios for the deuteron with various wave functions
have been performed by Atwood and West"" and
Bodek. ' "

VI. STRUCTURE-FUNCTION FITS

+similar terms for the neutrons .

Here p» is the momentum component along the q3
direction and v'= p, ~ q/M~.

The identification of the off-shell structure
functions (Wq, Wt', W"„W",) was described in the
previous section.

We express the Fermi-motion effects in terms
of a ratio of the sum of structure functions for
free neutrons and protons to the structure func-
tions calculated for a heavy target. We define the
smearing ratios for ~'~ and 8

ztv~+ xw",
Sg ——

1

ze"', +NS'",
S2 ——

2

We also define the normalized structure function
for a nucleus as follows:

W2 = W2(2/A) .
This average structure function should be about
the same for all nuclei except for the Fermi-
motion effects and the difference between neutron
and proton structure functions.

We have calculated the smearing ratios S& and
S2 for the deuteron using Hamada-Johnston'

l.2—

I.O =

I I I I

Bodek ond Ritchie
(this cole j--- Savin and Zacek
tRef 20)

0.8— l2C

0 =IOO(

04—
Z(W~$2

0 0.2 0.4 0.6 0.8 I.O
X

FIG. 6. The smearing ratio S2 for carbon ( C) calcu-
lated by us (solid line) and as calculated by Savin and
Zacek (Ref. 19), for the Q =1== GeV ease.

We have used the fits to deep-inelastic structure
functions of Bodek et al. ,

"which used a param-
etrization owing to Atwood and Stein. ' ' The
parametrization fits all the SLAC data, published
in Ref. 11. It includes scaling violations in terms
of a modified scaling variable' (d and describes
the data over the entire SLAC Q range (0. 1 &Q
&20 GeV ). The structure function W2 is de-
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scribed by

v W2( v 9') =B(W Q )g(~w) ~ /~

g(&u„) =g C„(1-1/~„),
)i=3

2M~v+ g2
gl @2+52

(17)
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~&G. 7. Representative values of the structure func-
tions v(WI~ + W~2"), g x (Wv& + Wv"), and g (Qv~
+ Qv"). The values of W$~ and Wif" were obtained
from fits to the SLAG e-p and e-d data g3odek et al.).
The functional forms for the other structure fonctions
are discussed in the text.

The modulating function B(W, Q ) contains 12 pa-
rameters representing the masses, widths, and
amplitudes of the cross section for electropro-
duction of the four most prominent nucleon reso-
nances, and eight parameters representing the 8'
dependence of the low-8' nonresonant contribution
and single-pion production threshold. The mod-
ulating function B(W, Q ) is close to unity in the
deep-inelastic region (W&2 GeV). The param-
eters from Bodek et al. ~' are a2 = 1.642 and 52

= 0.376 (GeV/c)' for both the neutron and the pro-
ton. The other parameters are C, =0.256, C4
= 2.178, C, =0.898, C, = —6.716, and C, = 3.756 for
the proton; and C, =0.064, C4=0.225, C, =4.106,

C, = V.079, and C, = 3.055 for the neutron. (See
Fig. 7. )

VII. RESULTS FOR Vg AND 8'2

We have used the structure-function fits for the
neutron and proton to calculate the smeared
structure function for the deuteron and heavier
elements. The structure function 8'& was calcu-
la«d assuming R = o~/cr ——0.18, which is the
assumption that was made when the fits to the
SI AC data were performed.

Tables I and II give the values of the proton and
neutron structure functions that were used in the
calculations for representative values of g and

Q . The structure functions are presented in the
form vS'2 and 2M&xS'~. The structure functions
in the resonance region (W&2 GeV) vary rapidly
across the resonance peaks. The resonance con-
tribution was included in detail in the calculations
of the structure functions for the deuteron and
heavier nuclei. The structure function including
the resonance region is shown in Fig. 7.

Tables III and IV give the calculated normalized
structure functions (Wq and W2) for deuteron and
steel nuclei, respectively. Tables V, VI, VII,
VIII, and IX give the smearing ratios for 8'~ and
W2 in the deep-inelastic region (W&2 GeV) for
deuterium, carbon, silicon, steel, and lead, re-
spectively. As can be observed from the tables,
the corrections for N'& and W2 are the same.
Consequently, the Fermi motion affects change
R=cz/or by less than 0.01. The Fermi-motion
effects are similar to within 5/o for all nuclei ex-
cept at large values of x (x&0.5), where the ef-
fects are larger for the heavier nuclei. . The
smearing ratios are fairly independent of Q for
fixed x at small x but have a larger Q dependence
at large x. The variations are due to the fact
that the shape of the x distributions vary with Qt

due to the observed scaling deviations of the nu-
cleon structure functions. The Fermi-motion
effects tend to reduce the deviations from scaling
for heavy nuclei at large values of x (x&0.5).
The effects are larger at large Q because the x
distributions are steeper. This illustrates the
importance of calculating the corrections for
finite x and Q . The smearing ratios S, for deu-
terium and steel are shown in Fig. 5 for the case
of Q =100 (GeV/c) .

The sensitivity of the smearing ratios to various
effects are shown in Table X. The ratios are
calculated for steel at a Q of 100 (GeV/c) . The
first column gives the nominal values, the second
column shows the effect of calculating the kine-
matics with a heavy nucleus (A —1) as a spectator
for all momenta (including P ~&E~). The third
column gives the ratios calculated with no nucleon-
nucleon correlations (i.e. , no momenta greater
than the Fermi momentum E~). As can be seen
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TABLE V. Smearing ratios for the deuteron (for W)2 GeV).

Q' [(Gev/e)']
Sg

1.0
$2

5.0
S2 Sg

10.0
S2 Sg

20.0
S2 Sg

100.0
S2

1000.0
S2

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.015
1.016
1.018
1.020
1.023
1.029

I.014
1.012
1.010
1.011
1.013
1,018

1.014
1.015
1.016
l.018
1.021
1.023
1.026
1.028
1.031
1.033
1.035
1.035
1.031

1.014
1.014
1.015
1.016
l.018
1.021
1.023
1.026
1.028
1.031
1.032
1.033
1.029

1.014
1.015
l.016
1.018
1.020
1.023
1.025
1.028
1.029
1.030
1.030
1.028
1.024
1.015
1.000
0.970

1.014
1.015
1.016
1.017
1.Olg

1.022
1.024
1.026
1.028
1.029
1.029
1.027
1.023
1.014
0.999
0.969

1.014
1.015
l.016
1.018
1.020
1.023
1.025
1.027
1.028
1.029 .

1.027
1.023
1.016
1.002
0.980
0.943
0.882
0.778-

1.014
l.015
1.016
1.018
1.020
1.022
1.024
1.026
1.028
1.028
1.026
1.023
1.015
1.002
0.979
0.943
0.882
0.778

1.014
l.015
1.016
l.018
1.020
1,023
1,025
1.027
1.027
1.027
1.024
1.018
1.007
0.988

' 0.955
0.901
0.812
0.663
0.430
0.146

1.014
l.015
1.016
1.018
1.020
1.022
1.025
1.026
1.027
1.027
l.024
1.018
1.007
0.988
0.955
0.901
0.812
O. 663
0.430
0.146

1.014
1.015
1.016
1.018
1.020
1.023
1.025
1.026
1.027
1.026
1.023
1.017
1.005
0.984
0.949
0.890
0.791
0.627
0.374
0.096

1.014
1.015
1,016
1.018
1.020
1.Q23

1.025
1.026
1.027
1.026
1.023
l.017
1.005
0.984
0.949
0.890
0.791
0.627
0.374
0.096

TABLE VI. Smearing ratios for carbon ( C) (for W&2 GeV).

' I(GeV/c)') 1.0
S2

5.0
S2 Sg

10.0
$2 Sf

20.0
S2

100.0
Sg

1000.0
S2

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
O. 60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.026
1.029
1.033
1.038
1.044
1,051

1.024
l.019
1.017
1.018
1.023
1.030

1.025
1.026
1.029
1.032
1.034
1.037
1.040
1.041
1.042
1.042
l.039
1.031
l.012

1.025
1.024
l.025
1.027
1.029
1.031
l.033
l.035
1.036
l.036
l.033
1.025
l.007

1.025
1.026
1.028
1.031
1.033
1.035
1.037
1~ 037
1.035
1.031
1.023
1.009
0.988
0.954
0.905
0.833

1.025
1.025
1.026
1.028
1.030
1.032
1.034
l.034
1.032
l.027
1.019
1.006
0.984
0.951
0.902
Q. 831

1.025
1.026
1.028
1.030
1.033
1.034
1.035
l.034
1.031
1.024
1.012
0.992
0.962
0.918
0.854
0.766
0.649
0.501

1.025
1.025
1.027
1.029
1.031
1.033
1.034
1.033
1.029
1.022
1.010
0.990
0.960
0.916
0.853
0.765
0.648
0.501

1.025
1.026
1.027
1.030
1.032
1.033
1o 034
1.032
1.027
1.018
l.002
0.976
Q. 937
0.879
0.797
0.685
0,540
0.368
0.191
0.053

l.025
1.025
1.027
1.030
1.032
1.033
l.033
l.032
1.027
1.017
1.001
0.975
0.936
0.879
0.797
0.685
0.540
0.368
0.191
0.053

l.Q25

1.026
l.027
1.Q30
l.032
1.033
l.033
l.032
1.026
1.016
O. 999
0.972
0.930
0.869
0.782
0.664
0.512
0.335
0.159
0.033

1.025
1.026
1.027
1.030
1.032
1.033
l.033
1.032
1.026
1.016
0.999
0.972
0.930
0.869
0.782
0.664
0.512
0.335
0.159
0.033
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TABLE VII. Smearing ratios for silicon (~ Si) (for S'& 2 GeV).

[( !)] 1.0
Sg Sg

5.0
Sg Sg

10.0
Sg Sg

20.0
Sg Sg

100.0
Sg Sg

1000.0
Sg

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.85
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.031
1.085
1.041
1.047
1.053
1.059

1.029
1.023
1.020
1.023
1.028
1.034

1.030
1.082
1.085
1.038
1.042
1.045
1.047
1.049
1.050
1.049
1.046
1.035
1.014

1.030
1.030
1.031
1.038
1.085
1.038
1.040
1.041
1.042
1.042
1.088
1.028
1.007

1.030
1.032
1.084
1.08V
1.040
1.042
1.044
1.044
1.041
1.086
1.026
1.009
0.983
0.944
0.889
0.810

1.080
1.030
1.032
1.034
1.037
1.039
1.040
1.040
1.087
1.031
1.021
1.005
0.979
0.941
0.885
0.807

1.030
1.031
1.034
1.037
1.039
1.041
1.042
1.041
1.036
1.027
1.012
0.989
0.953
0.902
0.831
0.735
0.612
0.462

1.030
1.031
1.033
1.035
1.038
1.089
1.040
1.038
1.034
1.025
1.010
0.986
0.951
0.900
0.829
0.784
0.611
0.461

1.030
1.031
1.033
1.036
1.039
1.040
1.040
1.038
1.031
1.020
1.000
0.969
0.924
0.858
O.V68
0.649
0.500
0.881
0.166
0.044

1.030
1.031
1.038
1.036
1.038
1.040
1.040
1.037
1.031
1.019
0.999
0.969
0.928
0.858
0.768
0.648
0.500
0.331
0.166
0.044

1.030
1.031
1.083
1.086
1.038
1.040
1.040
1.08V
1.080
1.018
0.99V
0.964
0.916
0.847
0.752
0.626
0.472
0.299
0.186
0.027

1.080
1.031
1.033
1.086.
1.088
1.040
1.040
1.087
1.080
1.018
0.997
0.964
0.916
0.847
0.752

' 0.626
0.472
0.299
0.136
0.027

TABLE UIII. Smearing ratios for steel (+Fe) (for W& 2 GeU).

Q~ [(GeU/g)~] 1.0 5.0
Sp Sg

10.0
Sg

20.0
Sg

100.0
Sg

1000.0

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.4$
0.50
0.65
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.039
1.044
1.050
1.057
1.066
1.071

1.035
1.029
1.026
1.028
1.035
1.041

1.037
1.037
1.038
1.040
1.043
1.045
1.048
1.049
1.050
1.049
1.044
1.032
1.008

1.023
1.034
1.045
1.053
1.060
1..065
1.069
1.072
1.072
1.070
1.064
1.060
1.023

1.03V
1.039
1.042
1.046
1.049
1.051
1.052
1.052
1.049
1.041
1.029
1.009
0.979
0.935
0.874
0.788

1.037
1.038
1.040
1.042
1.045
1.047
1.048
1.047
1.043
1.036
1.024
1.004
0.975
0.931
0.870
0.786

1.037
1.039
1.042
1.045
1.048
1.050
1.050
1.048
1.042
1.031
1.013
0.986
0.945
0.888
0.810
O.VOV

0.579
0.429

1.087
1.038
1.040
1.048
1.046
1.047
1.047
1.045
1.039
1.029
1.011
0.988
0.943
0.886
0.808
0.706
0.578
0.429

1.08V
1.038
1.041
1.044
1.047

' 1.048
1.048

. 1.044
1.086
1.022
0.999
0.963
0.912
0.839
0.741
0.616
0.465
0.301
0.147
0.038

1.037
1.038
1.041
1.044
1.046
1.048
1.047
1.044
1.036
1.021
0.998
0.963
0.911
0.839
0.741
0.616
0.465
0.301
0.147
0.038

1.087
1.038
1.041
1.044
1.046
1.048
1.047
1.043
1.086
1.020
0.995
0.968
0.908
0.827
0.724
0.593
0.437
0.270
0.120
0.023

1.087
1.038
1.041
1.044
1.046
1.048
1.047
1.048
1.035
1.020
0.995
0.958
0.903
0.827
0.724
0.593
0.437
0.270
0.120
0.023
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TABI E IX. Smearing ratios for lead (2~ Pb) (for W&2 GeV).

2 [(GeV/c)2l 1.0
Sg

5.0 10.0 20.0
S2 Sg

100.0
S2 Sg

1000.0
S2

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.76
0.80
0.85
0.90
0.95

1.044
1.049
1.056
1.065
1.073
1.079

1.040
1.033
1.029
1.033
1.040
1.047

1.042
1.045
1.049
1.053
1.056
1.059
1.062
1.063
1.063
1.060
1.054
1.040
1.014

1.042
1.041
1.043
1.045
1.048
1.050
1.052
1.053
1.058
1.050
1.044
1.031
1.006

1.042
1.044
1.047
1.051
1.054
1.056
1.056
1.055
1.051
1.042
1.028
1.006
0.974
0.927
0.862
0.774

1.042
1.042
1.047
1.047
1.049
1.051
1.051
1.049
1.045
1.086
1.022
1.001
0.969
0.922
0.858
0.771

1.042
1.044
1.047
1.050
1.058
1.054
1.053
1.050
1.043
1.031
1.011
0.981
0.937
0.877
0.795
0.690
0.561
0.412

1.042
1.043
1.045
1.048
1.050
1.051
1.051
1.047
1.040
1.028
1.008
0.978
0.934
0.874
0.793
0.688
0.560
0.411

1.042
1.043
1.046
1.G49

1.051
1.052
1.051
1.046
1.037
1.021
0.995
0.957
0.901
0.825
0.725
0.597
0.447
0.286
0.138
0.035

1.042
1.043
1.046
1.049
1.051
1.052
1.050
1.046
1.036
1.020
0.994
0.966
0.901
0.825
0.724
0.597
0.447
0.286
0.138
0'.035

1.042
1.043
1.046
1.049
1.051
1.052
1.050
1.045
1.035
1.018
0.991
0.951
0.893
0.818
0.707
0.574
0.419
0.256
0.112
0.022

1.042
1.048
1.046
1.049
1.051
1.052
1.050
1.045
1.G35

1.018
0.991
0.950
0.893
0.813
0.707
0.574
0.419
0.256
0.112
0.022

from the table, the addition of the high-momentum
components changes the corrections considerably.
The effect of the high-momentum components is

TABLE X. Sensitivity of the smearing ratios to vari-
ous effects for 58Fe at Q =100 (GeV/t.-) . Column A:
nominal ratio for 8'2. Column B: ratio calculated assum-
ing heavy-nucleus-recoil kinematics for all moments
{including

~
P

~

& Zz). Column C: ratio calculated with no
high-momentum components in the wave function above

reduced when a single nucleon rather than the
whole nucleus is balancing the momentum.

Results for the Fermi-motion corrections in the
structure function W3 are shown in Figs. 8 and S
and are discussed in detail in Sec. IX.

VIII. DISCUSSION OF V) AND 8'2

Ne have applied the smearing technique of At-
wood and Nest' to the case of a general heavy
nucleus. Ne find that the Fermi-momentum ef-
fects in heavy nuclei are similar to those in the
deuteron, but are larger. These are most im-

0.01
0.05
0.10
0.15
0.20
Q.25
0.30
0.35
0.40
0.45
0.50
Q.55
0.60
0.65
0.70
Q.75
0.80
0.85
0.90
0.95

1.037
1.038
1.040
1.044
1.046
1.048
1.047
1.044
1.036
1.021
0.998
0.963
0.911
0.839
0.741
0.616
0.465
0.301
0.147
0.038

0.997
0.997
0.998
0.998
0.996
0.992
0.985
0.974
0.956
0.929
0.891
0.837
0.764
0.667
0.550
0.412
0.269
0.141
0.052
0.009

1.000
1.001
1.001
1.002
1.003
1.003
1.001
0.998
0.992
0.982
0.964
0.936
0.895
0.836
0.754
0.644
0.506
0.845
0.183
0.053

i

1.2— 58
Fe

——Deuterium )
1.0

S~
Q = lOO(G

0.4—

( )+
W4

I i

0 O.2 0.4 0.6 O.e 1.0
X

FIG. 8. Smearing ratios for S'3 for the deuteron and
56Fe for Q =100 GeV .
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I.O=

I

58F--- Deuterium

0.8—
S

0.6—
'Q =I

04—

0.2 -Sg=

portant for large x where the difference between
the effects in the various nuclei are also large.
However, that is the region where most experi-
ments have little data. At large values of g
(x&0.5) the effects are such as to reduce the
scaling deviation for heavy nucl'ei (see the tables).
This means that Fermi-motion corrections must
be applied to the structure functions before QCD
tests are done.

We suggest that experimental results be pub-
lished without the application of Fermi-motion
corrections as mell as with the application of such
corrections in order to facilitate more direct
comparisons between experiments which use the
same and different nuclear targets. The smear-
ing ratios are provided in tables in a form which
can be readily used by various experiments.

Our Fermi-motion corrections for nuclei are
very similar to those for the deuteron for x&0.5.
The corrections (shown in Figs. 5 and 6) are
equal to unity at around x of 0.5 for high-A. nuclei
(0.6. for deuterium). At large x (x&0.5) the de-
viations from unity change sign. This is in con-
trast to a recent calculation for carbon by Savin
and Zacek, ' who have applied the Atwood-West
technique to the case of a carbon nucleus. They
obtain larger corrections (for x&0.5) which never
equal unity (see Fig. 6). Although they used a
different form for the ' C wave functions, we
think that the major difference is that they used
on-shell kinematics in their calculation and did
not conserve energy in the scattering process.
We believe that care must be taken in conserving
energy in the scattering process by taking the
nucleon off the mass shell.

We recognize that, although we have used off-
shell relativistic kinematics, our approach is
inherently nonrelativistic in that we make use

I f i I

0 0.2 0.4 0.6 0.8 I.O
X

FIG. 9. Smearing ratios for the antiquark distributions
for the deuteron and MFe for Q2 =100 GeV2.

of nonrelativistic nuclear wave functions. There
have been studies of deuteron-binding effects
using relativistic vertex functions for the deu-
teron. "'" However, numerical results for the
smearing ratio for deuteron in the deep-inelastic-
scattering case using relativistic vertex functions
have not been published yet, but are expected
soon. ~ Frmkfh. rt and Strikman" have studied
deuteron binding effects using a light-cone ap-
proach. Their calculations yield smearing ratios
which are about 2$~ smaller than those calculated
using the Atwood-West technique used here. The
case of the nucleus is more complicated. Prank-
furt and Strikman, ' using a light-cone approach,
also find that the high-momentum components
from nucleon-nucleon and other correlations are
important. They only present results for a heavy
nucleus in the Q'-~ liniit. These results com-
pare well with our Q' =100 (GeV/c}' calculation
for 'Pb (see Fig. 10). However, detailed cal-
culations for finite x and Q' have not been done.
W'e hope that detailed numerical results from other
approaches to the problem of nuclear-binding cor-
rections will be presented in the futux'e at finite
x and Q' in a form which can be directly compared
to our tables.

%'e note that experiments" which have data using
hydrogen as well as heavy targets can directly
rule out Fermi-motion calculations which yield
extremely large corrections. This can be done

by trying to extract the neutron structure function"
from the data according to

W", (measured) —ZWt (measured}/82~"
2N ~pe2

(16}

I I

Bodek ond Ritchie
(this cole.)

---Frankfurt and Strikmon

1.0— Qef 25)

Q =IO

0.4—

0 0.2 0.4 0.6 0.8 I.O
X

FIG. 10. The smearing ratio S2 calculated by us for
lead (208pb) at Q2 100 GeV2 (solid line) and as calcu-
lated by Frankfurt and Strikman (Ref. 24) for a heavy
nucleus in the Q —~ scaling limit using a light-cone
approach.
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TABLE XI. Smearing ratios for the protons and neutrons in deuterium (for vR'2).

2 I(Gev/p)2) 1.0
gn

5.0
Sn

2
gn

2

20.0
Sn2

100.0
Sn

1000.0
sf s",

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.4o
0.45
0.50
0.55
0.6O

0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.014
1.011
1.009
1.009
1.012
1.017

1.014
1.012
1.011
1.012
1.014
1.020

1.014
1.014
1.014
1.016
1.018
1.020
1.023
1.025
1.028
1.031
1.033
1.034
1.031
1.019

1.014
1.015
1.016
1.017
1.019
1.021
1.024
1.026
1.028
1.030
1.031
1.031
1.026
1.012

1.014
1.014
1.015
1.016
1.019
1.021
1.024
1.026
1.028
1.030
1,030
1.029
1.025
1.018
1.005
0.977
0.922

1.014
1.015
1.016
1.018
1.020
1.022
1.024
1.026
1.027
1.028
1.027
1.024
1.017
1.006
0.986
0.951
0.886

1.014
1.014
1.015
1.017
1.019
1.022
1.024
1.026
1.028
1.029
1.028
1.025
1.018
1.007
0.987
0.953
0.897
0.797

1.014
1.015
1.017
1.018
1.020
1.023
1.025
1.026
1.027
1.026
1,024
1.018
1.008
0.990
0.962
0.917
0.844
0.725

1.014
1.014
1.015
1.017
1.020
1.022
1.025
1.027
1.028
1.028
1.026
1.021
1.011
0.994
0.964
0.915
0.830
0.686
0.453
0.157

1.015
1.015
1.017
3..019
1.021
1.023
1.025
1.026
1.026
1.025
1.020
1.012
0.998
Q.S73
0.933
0.868
0.761
0.595
0.359
0.112

1.014
1.014
1.015
1.017
1.020
1.022
1.025
1.027
1.028
1.028
1.025
1.020
1.009
0.990
0.958
0.904
0.810
0.650
0.396
0.104

1.015
1.015
1.017
1.019
1.021
1.023
1.025
1.026
1.026
1.024
1.020
1.011
0.995
0.969
0.925
0.854
0.738
0.557
0.30.7
0.072

TABLE XII. Smearing ratios for the protons and neutrons in carbon (for vW2).

2 t(GeV/c)2] 1.0 5.0
gn

2

10.0
gn

20.0
gn

100.0
gP gn

1000.0
s', s"

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.023
1.018
1.015
1.016
1.021
1.029

1.024
1.020
1.018
1.020
1.025
1.032

1.025
1.024
1.024
1.026
1.029
1.032
1.034
1.037
1.039
1.039
1.038
1.031
1.014

1.025
1.025
1.026
1.028
1.029
1.031
1.032
1.032
1.032
1.030
1.025
1.014
0.992

1.025
1.025
1.026
1.028
1.031
1.033
1.035
1.036
1.036
1.032
1.026
1.014
0.995-
0.965
0.919
0.852

1.025
1.025
1.027
1.029
1.030
1.031
1.031
1.029
1.026
1.019
1.008
0.990
0.964
0.924
0.865
0.784

1.025
1.025
1.026
1.029
1.031
1.034
1.036
1.036
1.034
1.028
1.017
1.000
0.973
0.932
0.873
0.789
0.675 .

0.529

1.025
1.026
1.028
1.030
1.031
1.031
1.030
1.028
1.022
1.012
0.997
0.972
0.935
0.883
0.808
0.708
0.579
.0.427

1.025
1.025
1.027
1.029
1.032
1.035
1.036
1.035
1.032
1.024
1.010
0.986
0.950
0.897.
0.819
0.712
0.569
0.394
0.207
0.057

1.025
1.026
1.028
1.030
1.031
1.031
1.030
1.026
1.019
1.006
'0.986
0.954
0.907
0.840
0.745
0.620
0.467
0.299
0.145
0.040

1.025
1.025
1.027
1.029
1.032
1.035
1.036
1.035
1.031
1.023
1.008
0.983
0.945
0.888
0.805
0.691
0.541
0.359
0.172
0.036

1.025
1.026
1.028
1.030
1.031
1.031
1.030
1.026
1.018
1.005
0.983
0.950
0.900
0.829
0.729
0.598
0.438
0.268
0.119
0.026
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TABLE XIII. Smearing ratios for the protons and neutrons in steel (for vS'2).

2 f(oeV/e)2] 1.0
SN

5.0
Sn SP

2

10.0
SN

2

20.0
S~2

100.0
Sn

2 2

1000.0
Sn

2 2

0.01
0.05
0.10
0.15
0.20
0,25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.033
1.026
1.021
1.023
1.030
1.036

1.088
1.032
1.030
1.033
1.040
1.046

1.084
1.033
1.034
1.087
1.040
1.043
1.047
1.050
1.051
1.052
1.049
1.039
1.019

1.039
1.040
1.042
1.044
1.046
1.048
1.049
1.049
1.048
1.044
1.036
1.020
0.991

1.034
1.034
1.036
1.089
1.042
1.045
1.048
1.049
1.047
1.042
1.032
1.016
0.990
0.952
0.896
0.817

1.040
1.041
1.043
1.046
1.048
1.048
1.047
1.044
1.038
1.028
1.011
0.985
0.948
0.894
0.821
0.724

1.084
1.035
1.036
1.040
1.043
1.046
1.048
1.048
1.044
1.036 ~

1.021
0.997
0.962
0.911
0.839
0.743
0.618
0.467

1.040
1.041
1.044
1.047
1.048
1.048
1,046
1.042
1.038
1.018
0.994
0.959
0.909
0.841
0.749
0.634
0.496
0.347

1.034
1.035
1.037
1.040
1.044
1.047
1.048
1.047
1.041
1.030
1.010
0.980
0.934
0.868
0.776
0.656
0.506
0.335
0.166
0.043

1.040
1.041
1.045
1.047
1.049
1.048
1.046
1.039
1.028
1.008
0.979
0.935
0.872
0.786
0.674
0.537
0.382
0.229
0.103
0.026

1.034
1.085
1.037
1.040
1.044
1.047
1.048
1.047
1.041
1.029
1.008
0.975
0.926
0.857
0.760
0.634
0.477
0.802
0.136
0.026

1.040
1.041
1.045
1.048
1.049
1.048
1.045
1.088
1.026
1.006
0.975
0.929
0.863
0.778
0.656
0.513
0.355
0.202
0.083
0.016

where S, and S"," are the smearing ratios for
the proton and neutron structure functions in a
nucleus A. . In the large x region, one might ex-
tract unphysical negative neutron structure func-

'tions if the Fermi-motion corrections are not
properly calculated. The resulting ratio of neu-
tron and proton structure functions can be com-
pared to the SLAC results" "which indicate that
W,„/W» approaches —', as x-1. The calculated
smearing ratios for the proton and neutron 82 and
S ~2 are presented in Tables XI, XII, and XIII for
deuterium, carbon ("C), and steel ('6Fe), re-
spectively. Note that we have only smeared the
inelastic structure functions, including contribu-
tions from the resonance region. We have not in-
cluded the small contribution of the elastic scat-
tering (which leads to a quasielastic peak). This
is because the contribution of the quasielastic
tail including the radiative effects is typically
subtracted from all deep-inelastic electron-scat-
tering'" and muon-scattering data. The subtrac-
tion of the quasielastic radiative tail, including
Fermi-motion effects for the case of the deuteron,
is described in detail in Ref. 11.

IX. DEEP-INELASTIC NEUTRINO SCATTERING

The general W„, tensor for the scattering of
neutrinos from a target A. can be written in terms
of three structure functions, "

W" (q P~) = —(g„„—"i"~W,

(~„P"~
qq„&i P qq„W

q'
&

&" q' 1IP„

. C„„gp Qg

2M'
A

(19)

For an incident neutrino energy E„afinal-state
muon energy E', and a laboratory scattering
angle 8, we obtain

d2gv, i G2@n g) (
, cos 2(W,„(Q,q ~ P )

6)'lj

+ 2 tan' —pA (Q' q P")ly

IWPA(Q2 q Pk)
~

E +E~ el

M~ 2)

(20)

We can rewrite the last term for 8', with the
proton mass in the denominator by defining

WA WtA f"
'I, M~

(21)

We write a tensor for the W"„equation analogous
to Eq. (12). Equating the xx and 00 components
of the tensor leads to Eqs. (13) and (14) for W,
and 8',. Equating the off-diagonal elements leads
to an equation for W„
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ZS'~3„+NS 3„

3v

(23)

The structure functions W„S'„and W, satisfy
the inequality

S'A =Z - 2d3P ~- 3 8'P3„. 22
A3

We define the smearing ratio for W3 to be

Q„(x,Q') =(—,) 2(1-x )'B(W, Q')g(0) —,(28)

where B and g are defined in Eq. 1V, and

x vW, „=vW,„—2Q. (29)
18

We take v W„= —, vS', . These structure functions
are plotted in Fig. V. These structure-function
fits yield (at large Q ')

2M~W, Mpxv W,, 24
(] +Q2/v2) (1 +Q2/v2)~12 '

In terms of the variables x and y the cross section
is

l 1

( vW,' +v W;")dx =0.276,
0

vW' (x =0)+vW'"(x =0) =0 743

and our choice of antiquark distribution yields
(at large Q')

(30)

d'g"'~ O'M 2

(1-y)vW, + —(2M&x W, )

+(y'-y'i2)xvW, ), (26)

(26)v W', =2M&xS', .
Within the quark-parton model, the structure
functions can be written in terms of quark and
antiquark distr ibutions

vW, =Q+Q,

x vWS=Q -Q.
In our calculations we use

where y =v/&, .
For light spin-~ quarks we have R =a~ /&r& =Q'/v'

and therefore

jq (x)ux

x + x x

=0.1V .

We define the smearing ratio for the antiquark
distribution S ,

ZQ ~+NQ"

Tables XIV, V, XVI, XVII and XVIII give the
smearing ratios S, and S for the deuteron, "C,
2'si, '6Fe, and ' 'Pb, respectively. The smearing
ratios S, for the deuteron and steel are shown
in Fig. 8 for Q' =100 (Gev/c)'. The antiquark
smearing ratios S~ are shown in Fig. 9.

TABLE XIV. Smearing ratios for 8'3 and the antiquark structure functions for deuterium.

Q [(Geg/c) 2] 1.0 5.G 10.0
S3

20.0 100.0 1000.0

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.003
1.008
1.014
1.020
1.026
1.034

1.015
1.013
1.006
0.992
0.975
0,956

1.003
1.007
1.012
1.016
1.020
1.024
1.028
1.031
1.035
1.037
1.039
1.040
1.035

1.015
1.017
1.018
1.017
1.012
1.005
0.993
0.977
0.957
0.931
0.901
0.866
0.828

1.003
1.007
1.012
1.016
1.020
1.024
1.027
1.030
1.032
1.033
1.033
1.032
1.027
1.018
1.002
0.971

1.015
1.018
1.019
1,019
1.017
1.012
1.004
0.992
0.975
0.952
0.923
0.886
0.843
0.796
0.752
0.726

1A)03

1.007
1.012
1.016
1.020
1.023
1.027
1.029
1.031
1.031
1.030
1.026
1.018
1.005
0.982
0.944
0.883
0.778

1.015
1.018
1.020
1.021
1.019
1.016
1.010
1.000
0.986
0.965
0.937
0.899
0.850
0.789
0.719
0.647
0.604
0.604

1.003
1.007
1.011
1.016
1.020
1.023
1;026
1.028
1.030
1.029
1.027
1.021
1.009
0.990
0.957
0.903
0.'813
0.664
0.431
0.146

1.015
1.018
1.020
1.022
1.021
1.019
1.015
1.007
0.995
0.977
0.950
0.912
0.857
0.779
0.67G

0.524
0.345
0.164
0.041
0.002

1.003
1.007
1.011
1.016
1.020
1.023
1.026
1.028
1.029
1.029
1.026
1.019
1.007
0.986
0.951
0.892
0.793
0.628
0.375
0.096

1.015
1.018
1.020
1.022
1.022
1.020
1.016
1.009
0.997
0.980
0.954
0.915
0.859
0.775
0.655
0.490
0.290
0.110
0.017
0.000
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TABLE XV. Smearing ratios for S'3 and the antiquark structure functions for '2C.

2 I(QeV/c)2] 1.0
.Sg S3

5.0 10.0
S3

20.0 100.0 1000.0
S3 Sq

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.015
1.024
1.034
1.043
1.053
1.064

1.024
1.016
0.993
0.962
0.924
0.885

1.014
1.022
1.029
1.035
1.040
1.045
1.048
1.050
1.052
1.051
1.048
1.038
1,017

1.025
1.026
1.021
1.010
0.991
0.966
0.982
0.890
0.841
0.787
0.732
0.679
0.631

1.014
1.021
1.029
.1.085
1.039
1.043
1.045
1.045
1.044
1.039
1.030
1.015
0.993
0.958
0.906
0.883

1.026
1.027
1.024
1.016
1.001
0.981
0.952
0.915
0.868
0.812
0.749
0.682
0.615
0.557
0.524
0.524

1.014
1.021
1.029
1.084
1.039
1.042
1.043
1.042
1.089
1.032
1.01S
0.998
0.967
0.922
0.857
0.767
0.649
0.501

1.026
1.027
1.025
1.018
1.006
0.989
0.963
0.930
0.886
0.831
0.764
0.687
0.603
0.516
0.482
0.364
0.841
0.841

1.014
1.021
1.028
1.084
1.088
1.041
1.041
1.040
1.035
1.025
1.008
0.982
0.942
0.888
0.800
0.688
0.542
0.369
0.192
0.053

1.026
1.027
1.026
1.021
1.010
0.995
0.973
0.943
0.903
0.850
0.782
0.699
0.598
0.482
0.358
0.233
0.124
0.045
0.008
0.000

1.014
1.021
1.028
1.034
1.038
1.040
1.041
1.039
1.034
1.023
1.006
0.978
0.935
0.874
0.786
0.667
0.514
0.336
0.1&9
0.033

1.026
1.027
1.026
1.021
1.011
0.996
0.975
0.946
0.907
0.855
0.788
0.702
0.598
0.477
0.843
0.212
0.102
0.032
0.004
0.000

TABLE XVI. Smearing ratios for 8'3 and the antiquark structure functions for Si.

Q2 [(GeV/c)2] 1.0
S3

5.0 10.0
S3

20.0 100.0 1000.0
S3 SQ

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90

. 0.95

1.019
1.080
1.042
1.053
1.065
1.075

1.030
1.019
0.992
0.955
0.912
0.866

1.018
1.027
1.036
1.043
1.049
1.054
1.058
1.060
1.061
1.060
1.056
1.044
1.020

1.031
1.031
1.025
1.011
0.989
0.958
0.919
0.871
0.817
0.758
0.698
0.641
0.592

1.018
1.027
1.086
1.042
1.048
1.051
1.054
1.054
1.051
1.045
1.034
1.016
0.989
0.948
0.890
0.810

1.031
1.032
1.028
1.018
1.001
0.976
0.943
0.900
0.847
0.784
0.715
0.642
0.571
0.507
0.466
0.466

1.018
1.027
1.035
1.042
1.047
1.050 .

1.051
1.050
1.046
1.036
1.021
0.996
0.959
0.907
0.834
0.737
0.612
0.462

1.081
1.033
1.030
1.021
1.007
0.985
0.956
0.916
0.866
0.804.
0.731
0.648
0.558
0.466
0.379
0.304
0.256
0.256

1.018
1.027
1.085
1.042
1.046
1.049
1.049
1.047
1.040
1.028
1.008
0.976
0.930
0.863
0.772
0.651
0.502
0.332
0.166
0.044

1.031
1.033
1.031
1.024
1.012
0.998
0.967
0.931
0.885
0.825
0.751
0.660
0.554
0.437
0.315
0.198
0.100
0.035
0.006
0.000

1.018
1.027
1.035
1.041
1.046
1.049
1.049
1.046
1.089
1.026
1.005
0.972
0.922
0.852
0.756
0.629
0.474
0.800
0.187
0.028

1.081
1.083
1.031
1.025
1.013
0.995
0.969
0.935
0.890
0.831
0.757
0.665
0.556
0.432
0.303
0.181
0.084
0.025
0.008
0.000
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TABLE XVII. Smearing ratios for W3 and the antiquark structure functions for ~ Pe.

Q2 [(GeV/c)'l
S3

1.0 5.p 10.0
S3

20.0
S3

100.0 1000.0
S3 Sg

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.024
1.038
1.052
1.065
1.079
1.090

1.037
1.024
0.991
0.948
0.900
0.848

1.023
1.034
1.045
1.053
1.060
1.065
1.069
1.072
1.072
1.070
1.064
1.050
1.023

1.038
1.038
1.030
1.014
0.988
0.952
0.907
0.854
0.794
0.730
0.666
0.606
0.555

1.023
1.034
1.044
1.052
1.058
1.062
1.064
1.064
1.060
1.052
1.039
1.018
0.986
0.940
0.876
0.788

1.038
1.039
1.034
1.022
1.002
0.972
0.934
0.885
0.826
0.758
0.683
0 .605
0 .530
0.462
0.414
0.409

1.023
1.033
1.044
1.051
1.057
1.060
1.061
1.059
1.053
1.042
1.023
0.994
0.952
0.893
0.813
0.709
0.580
0.429

1.038
: 1.040
1.037
1.026
1.009
0.983
0.949
0.904
0.847
0.779
0.700
0.611
0.518
0.423
0.334
0.256
0.197
0.186

1,023
1.P33
1.043
1.051
1.056
1.059
1.059
1.055 .

1.047
1.032
1.008
0.971
0.918
0.845
0.746
0.619
0.467
0.302
0.147
0.038

1.038
1.041
1.038
1.029
1.014
0.992
0.961
0.921
0.869
0;803
0.722
0.626
0.516
0.398
0.280
0.170
0.083
0.028
0.005
0.000

1.023
1.033
1.043
1.051
1.056
1.058
1.058
1.054
1.045
1.030
1.004
0.966
0.910
0.833
0 .729
0.596
0 .439
0 .271
0.120
0.023

1 rJ

1.041
1.038
1.030
1.015
0.994
0.964
0.925
0.874
0.809
0.728
0.631
0.519
0.396
0.271
0.158
0.071
0.021
0.003
0.000

TABLE XVIII. Smearing ratios for 8'3 and the antiquark structure functions for Pb.

Q t(Ge V/g) 2] 1.0
S3

5.0
S3

10.0
S3

20.0 100.0 1000.0
S3 Sq

0.01
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90
0.95

1.028
1.043
1.059
1.074
1.088
1.099

1.041
1.027
0.991
0.944
0.894
0.841

1.026
1.039
1.051
1.060
1.067
1.072
1.075
1.077
1.077
1.074
1.066
1.050
1.022

1.043
1.043
1.034
1.015
0.986
0.948
0.900
0.844-

0.782
0.717
0.652
0.591
0.539

1.026
1.038
1.050
1.059
1.064
1.068
1.069
1.068
1.063
1.054
1.039
1.015
0.981
0.932
0.864
0.775

1.043
1.044
1.038
1.024
1.001
0.969
0.928
0.876
0.814
0.743
0.667
0.588
0.512
0.443
0.391
0.380

1.026
1.038
1.050
1.058
1.063
1.066
1.066
1.063
1.055
1.042
1.021
0.989
P 944
0.882
0.799
0.692
0.562
0.412

1.043
1.045
1.041
1.029
1.009
0.981
0.943
0.895
0.836
0.765
0.683
0.593
0.498
0.403
0.314
0.235
0.173
0.144

1.026
1.038
1.049
1.057
1.062
1.064
1.063
1.058
1.048
1.031
1.005
0.965
0.909
0.831
0.729
0.601
0.449
0.287
0.138
0.035

1.043
1.046
1.042
1.032
1.015
0.990
0.956
0.913
0.858
0.789
0.705
0.607
0.497
0.380
0.263
0.158
0.076
0.025
0.004
0.000

1.026
1.038
1.049
1.057
1.062
1.064
1.062
1.057
1.047
1.029
1.001
0.959
0.900
0.819
0.712
0.578
0.421
0.257
0.113
0.022

1.043
1.046
1.043
1.033
1.016
0.992
0.960
0.917
0.863
0.795
0.712
0.613
0.500
0.377
0.255
0.147
0.065
0.019
0.002
0.000
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We find that the smearing ratios for S', are
similar to those for W, and S',. However, the
Fermi-motion effects on the antiquark distribu-
tions are significant for values of g& 0.3. This is
because the antiquark distributions have a very
steep x dependence.

Frankfurt and Strikman, '4 using a light-cone
approach, calculate the smearing .correction to the
antiquark distribution for a heavy nucleus in the
Q'- ~ scaling limit. They also find large effects
at g & 0.3 which are similar to what we obtain for
"'Pb at Q' =100 (Gev/c)' (see Fig. 11}.

X. CONCLUSIONS

We find that the. Fermi-motion corrections for
W~, 8'2, and 8", affect the pattern of the scaling
violation in heavy nuclei for x& 0.5. They are
such as to reduce the magnitude of the scaling
violations. Therefore, these corrections must
be applied before QCD tests are performed.

The corrections for S'„8"„and W, are similar.
For W, and W', the corrections are almost the
same and therefore the Fermi-motion effects
change 8 =oz /or by less than 0.01.

The corrections for the antiquark distribution
are important for z& 0.3. They are such as to
make the antiquark distributions in heavy nuclei
fall less steeply with x than the corresponding
distr ibutions for free nucleons.

We expect that the correction can be used in the
region where smearing ratios are close to j..0
(e.g. ,S„S,& 0.75). At very large values of x, the
corrections are very large and are therefore
subject to theoretical uncertainties. However,
currently there is little experimental data at such
large values of x.

I

Bodek and Ritchie
(this cele.)-- -Frankfurt and Strikman
IPef 24)

0

0.8—
S~ 0.6—

0.4—

0.2—

0 0.2 0.4 0.6 0.8 l.0
X

FIG. 11. The smearing ratio calculated by us for lead
(~+Pb) at Q2 =100 GeV2 (solid line) and as calculated by
Frankfurt and Strikman (Ref. 24) for a heavy nucleus in
the Q2-~ limit using a light-cone approach.

A summary of the various undertainties in the
incoherent impulse-approximation calculation is
given in the Appendix. Some of the uncertainties
are also discussed in Sec. VQ and VIII.
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APPENDIX: SOURCES OF UNCERTAINTY IN
FERMI-MOTION CORRECTIONS

As discussed in Secs. VII and VIII, the approach
undertaken here is inherently nonrelativistic and
therefore approximate. We have used relativistic
kinematics in the process of taking the interacting
particle off the mass shell, but nonrelativistic
nuclear momentum distributions are used. In
genera1. , nonrelativistic calculations which make
use of phenomenological wave functions work
better than expected because the wave functions
are derived from fits to experimental data, . This
is true in the case of the deuteron for which the
wave functions are constrained to fit the deuteron
form factor, magnetic moment, binding energy,
and other properties. The fits force the wave
function to include relativistic effects in a pheno-
menological manner. However, in the case of
heavy nuclei, nonrelativistic wave functions were
not studied in as much detail as in the deuteron
case. This Appendix includes a brief summary
of corrections to the incoherent impulse approxi-
mation.

(a} Off-sheLL corrections and uncertainties
as to the choice of off sheLL structure -functions.
We have used what we consider the most correct
correspondence between off-shell and on-shell
structure functions (see Sec. II). However, as
discussed in Refs. 9-11, the investigation of the
formalism near Q' =0 leads to possible forms of
necessary off-shell corrections. For the deuteron
it has been estimated' that off-shell corrections
lead to an uncertainty of 2/o in the smearing cor-
rection for Q' =18 (Gev/c)' and ~ =1/~ =1.25.
Such corrections tend to become much smaller'
at larger values of Q'.

(5) Sensitivity to input structure functions
The smearing corrections are larger if the struc-
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ture functions have a steeper variation with X.
Therefore, the procedure must be used iteratively
and structure functions that fit the data must be
used. We have used fits that represent the SLAC
data from Q' =0 to Q' =20 (GeV/c)'. In those fits,
the scaling violations were fit by low-Q' mass
terms such that the scaling violations vanish at
infinite Q'. In general, scaling violations include
both low-Q' mass terms and high-Q' logarithmic
@CD effects." We are currently investigating
Fermi-motion corrections using structure-func-
tion fits that include quantum-chromodynamic
effects." We expect to present the results of
those studies in a future publication. "

(c) Nuclear &save functions. Our choice of
nuclear wave functions is discussed in Sec. III.
The term single-particle momentum distributions
is a more appropriate description. What we use
is the probability for a nucleon to have momentum
P and energy E, averaged over all the nucleons
in the nucleus. As discussed in Sec. III, the re-
lationship between P and E is uniquely determined
for the deuteron (in the off-shell impulse ap-
proximation). For the nucleus the relation be-
tween P and E is more complicated and as seen
in Table X, the corrections are sensitive to that
relation. Our choice of momentum distributions
utilized distributions from fits to quasielastic
electron-nucleus scattering. More exper imental
data on single-particle momentum distributions
in va.rious nuclei will be very helpful.

(d) Corrections to imPulse aPproximation
Effects such as Glauber-type shadowing" cor-

rections have been calculated"'" to be less than
0.1% in high-Q' lepton scattering from the deu-
teron. Similarly, estimates'"" of final-state-
interaction effects and interference effects yieM
small values for large values of Q'.

(e) Relativistic eff ects. It is hard to study
such effects, especially if some of these effects
get incorporated in a phenomenological manner
in the nuclear wave function. For example, ex-
periments in which the spectator -momentum dis-
tr ibutions in deuteron quasielastic hadronic pro-
cesses is mea, sured' can account for the observed
distributions within models based on conventional
wave functions (including Glauber and final-state-
interaction corrections). One basic question is the
normalization of the momentum distribution. We
have used the normalization

However, within the off-shell impulse approxi-
Ination, some high-momentum components of the
distribution are too much off the mass shell and
cannot contribute to the scattering. This leads to
a 2/o decrease in the cross section for the scat-
tering from a deuteron (it is called the West P
correction' ). There has been some controversy
as to whether this 2% decrease is correct" ~4 and
therefore there is presently a 2% uncertainty in
the smearing ratio due to this problem. A dis-
cussion of relativistic effects can be found in
Befs. 21-24.

~W. B.Atwood and G. B.West, Phys. Bev. D 7, 773
(1973); G. B.West, Ann. Phys. (N.Y.) 74, 646 (1972).

2For a review of recent results on deep-inelastic struc-
ture-function measurements with neutrino and muon
beams, see the summary talk by F.J. Sciulli, in the
20th International Conference on High Energy Physics,
Madison, July, 1980 (unpublished).
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of the results on structure functions come from neon
fills. The Gargamelle bubble chamber at CERN used
Freon as a liquid. In general, the high-statistics
muon experiments also use steel. For example, the
E203 detector at Fermilab uses a magnetized steel
calorimeter as the target; most of the European Muon
Collaboration CERN data is with a steel target, though

they have some lower statistics data with hydrogen.
The NA4 toroidal spectrometer muon experiment at
CERN used carbon as the target. in their recent run.

4SLAC experiments using hydrogen and deuterium tar-
gets: A -Bodek et a/. , Phys. Bev. Lett. 30, 1087 (1973);
J.S. Pou~her et al. , ibid. 32, 118 (1974); W. B. At-
wood et a/. , Phys. Lett. 64B, 479 (1976).

5W. B.Ditzler et a/. , Phys. Lett. 57B, 201 (1975); see
also S. Stein et a/. , Phys. Bev. D 12, 1884 (jL975);
M. May et al. , Phys. Rev. Lett. 35, 457 (1975);
J. Eickmeyer et al. , ibid. 36, 289 (1975); J.Bailey
et al. , Nucl. Phys. B151, 367 (1979); M. Miller et a/. ,
University of Rochester Report No. UR760, 1980 (un-
published).
E.J. Moniz et a/. , Phys. Bev. Lett. 26, 445 (1971);
E.J. Moniz, Phys. Bev. 184, 1154 (1969); B. A.
Smith and E. J. Moniz, Nucl. Phys. B43, 605 (1972).
E. J. Moniz, private communication.
W. Czyz and K. Gottfried, Nucl. Phys. 21, 676 $961);
W. Czyz and K. Gottfried, Ann. Phys. (N.Y.) 21, 47
(1963); K. Gottfried, ibid. 21, 29 (1963).

9A. Bodek, Phys. Bev. D 8, 2331 (1974).
~ A. Bodek. Ph. D. thesis, Massachusetts Institute of
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Technology, available as MIT Report No. LNS-C00-
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~~A. Bodek et al. , Phys. Rev. D 20, 1471 (1979).
M. Danos and 8. F. Gibson, Phys. Rev. Lett. 26, 473
{1971).

~38. D. Drell and J.D. Walecka, Ann. Phys. {N.Y.) 28,
18 (1964).

~4T. Hamada and J.D. Johnston, Nucl. Phys. 34, 382
(1962).

~~%. B.Atwood, Ph.D. Thesis, Stanford University,
available as SLAG Report No. SLAC-185, 1975 (un-
published).
W. 8.Atwood and S. Stein, private communication;
S. Stein et ag. , SLAG Report No. SLAC-PUB-1528,
1975 (unpublished); Phys. Rev. D 12, 1884 {1975). See
also Ref. 17.

~YA form similar to that used by Atwood and Stein was
first proposed by M. Breidenbach and J. Kuti, Phys.
Lett. 418, 345 {1972).' V. Rittenberg snd H. R. Rubinstein, Phys. Lett. 558,
501 (1972); F.%.Bresse et al. , Nucl. Phys. 839, 421
{1972).

~SI. A. Savin and J, Zacek, JINR Dubna Report No. E1-
12502, 1979 (unpublished).

2 Reference 19 used Gaussian wave functions from
R. Mach, Nucl. Phys. A205, 56 {1973). Gaussian wave
functions are also discussed in D. Zeiler, thesis, Uni-
versity of Karlsruhe, 1973 (unpublished). In addition,

shell-model wave functions are discussed in T. %.
Donnelly, Nucl. Phys. A150, 393 (1970).

+P. V. Landshoff and J. C. Polkinhorne, Phys. Rev. D
18, 153 (1978). See also, I. Schmidt and R. Blanken-
becler, Phys. Rev. D 16, 1318 (1977); I. Schmidt,
Stanford University Ph.D. thesis, available as SLAC
Report No. SLAC-203, 1977 (unpublished).

22D. Kusno and M. J. Moravosik, Report No. IC/80/52,
1980 (unpublished); D. Kusno and M. J. Moravcsik,
Phys. Rev. D 20, 2734 (1979); OITS Report No. 118
(unpublished), University of Oregon. Also, D. Kusno,
OITS Report No. 124, Ph.D. thesis, University of
Oregon, 1979 (unpublished).

23L. L. Frankfurt and M. I. Strikman, Phys. Lett. 648,
433 (1976); 658, 151 (1976); 768, 333 (1978); Nucl.
Phys. 8148, 107 {1979).
L. L. Frankfurt and M. I. Strikman, Phys. Lett. 948,
216 (1980); ibid. 838, 407 {1979).

~~For example, the European Muon CoQaboration.
~6C. H. Llewellyn Smith, Phys. Rep. 3C, 261 {1972).
~A. J.Buras and K. I. F. Gaemers, Nucl. Phys. 8132,
249 (1978).
A. Bodek and J. L. Ritchie, University of Rochester
Report No. UR772, 1981 (unpublished).

9R. J.Glauber, Phys. Rev. 100, 242 {1955);V. France
and R. J. Glauber, Qid. 142, 1195 (1966).
G. Alberi, M. A. Gregorio, and Z. D. Thome, Phys.
Lett. 458, 490 (1973).


