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Abstract
With high electron energies a kinematic regime can be reached where it will be possible

to separate quasielastic and deep inelastic scattering. We present a short description of
these processes which dominate the inclusive spectrum. Using the highest momentum
transfer data available to guide our estimates, we give the kinematic requirements and
the cross sections expected. These results indicate that inclusive scattering at high q has
a yet unfilled potential.

1 Introduction

At high momentum transfers it is possible to describe the inclusive electron scattering
spectrum in terms of two distinct processes. The first (See Figure la) is the absorption
of a virtual photon by an off-shell nucleon in the nucleus (quasielastic scattering); with

Figure 1: The Feynman diagrams of the dominant processes at large momentum transfer:
a) Quasielastic knockout of single nucleons and b) deep inelastic scattering from nucleons.
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Figure 2: Inclusive data [2] on 3He at 8° and six different energies.

the transfer of momentum q and energy u> the nucleon is ejected from the nucleus with
the constraint that f£ = M2, i-e. the final knocked out nucleon is on it's mass shell.
This mechanism is responsible for the broad quasielastic peak seen in the spectrum of
final electron energies and is a source of information about the momentum and energy
distributions of the bound nucleons [I]. Quasielastic scattering is characterized by the
momentum dependence of the elastic nucleon form factor - the cross section falls like 1/Q8.
The second process (Figure lb) is inelastic scattering from bound off-shell nucleons in the
nucleus with an indeterminate final state. This process includes resonance production
and non-resonant pion production from nucleons; it is dominated by the deep inelastic
scattering from the nucleon constituents (quarks). At large Q2 and w data exhibit Bjorken
scaling with only a QCD logarithmic dependence on Q2 and can be expressed in terms of
the distribution function of the quarks inside the nucleus directly.

The two processes share the same initial state nuclear structure as can be seen from
the Feynman diagrams. In the impulse approximation, they can both be expressed as
a convolution of the nuclear spectral function with the appropriate elastic and inelastic
electron-nucleon structure, constrained only by energy and momentum balance. Unfortu-
nately the transition from one process to the other is a smooth one and it is impossible
to use the dependence on energy transfer to separate them experimentally. However it is
possible to exploit the momentum dependence as a vernier to control the relative domi-
nance of the two processes. In Figure 2 we show inclusive data [2] from 3He as an example
of the gradual transition from the dominance of quasielastic scattering to deep inelastic
scattering. At 'low' momentum transfers the spectrum is dominated by a large quasi-
free peak centered at approximately at w = Q2/2mn. As the incident energy increases
(these data were taken at a fixed electron scattering angle so that the momentum trans-
fer increases with incident electron energy) we see the gradual growth of deep inelastic



contribution that eventually obscures the quasielastic peak. By measuring the inclusive
spectra at different momentum transfers we observe the transition from the quasielastic
case (la) to the inelastic case (lb).

There is obvious interest in studying these processes. The interaction of the virtual
photon with a moving nucleon inside the nucleus can provide an indirect measure of the
nucleon momentum and energy distribution. Of particular interest are the high-A: compo-
nents which can only be described by going beyond a single particle mean field description
of the nucleus. The high momentum strength is directly related to the existence of NN
correlations. Second, the interaction exposes the fundamental electron-nucleon vertex. In
quasielastic scattering this is the elastic (off-shell) electron-nucleon interaction. When the
spectrum is dominated by deep inelastic scattering the vertex is described by scatterings
from the individual quarks and the x behavior (in the scaling region) is an direct measure
of the parton momentum distribution. The extensive experimental and theoretical studies
of the role of the nuclear medium on the inelastic structure functions (the EMC effect)
have been limited to the x < 1. It will be possible with high incident energies to extend
the experimental studies into the region of large x(> 1).

The rest of this paper is organized as follows. In section 2 we will give a brief in-
troduction to y scaling, which with certain assumptions, can provide a direct measure of
the nucleon momentum distribution. Examples will be discussed. In section 3 the deep
inelastic contribution to the inclusive spectra will be presented in terms of conventionaJ
nuclear physics. Calculations of DIS are compared to data so as to gain some confidence
about our understanding of this region.- Finally in the Section 4 we will give the kine-
matics necessary to explore the transition region between quasielastic and deep inelastic
scattering at x > 1. Count rates based on a conventional calculation will be also given.

2 Quasielastic Scattering and Scaling
At high q and m the interaction of the virtual photon with the nucleus can be described by
the impulse approximation in which the nucleons are considered 'free' particles. By that
we mean the final state includes only the free nucleon which has been knocked out, and
the recoiling (.4 — 1) system. We do not consider excitation of the nucleon or interaction
of the virtual photon with charge and current carrying pions in the nucleus. In addition
we assume that the knocked out nucleon has no interaction with the residual nucleus. In
inclusive measurements, one has no control over these processes and they do contribute
to the measured cross sections in various amounts depending on the kinematics.

In the PWIA [3] the quasielastic cross section can be written

^ = ±Jd£jdE<,<Si(E,k)

x8{u>-E + MA - (A/2 + 9 2)lf* - {M2
A_X + fc2)1'2), (i)

where fc and k' = k + fare the initial and final momenta of the struck nucleon. Si(E,k),
the spectral function, is the combined probability to find a nucleon (i — proton or neutron)
of momentum k and energy E in the nucleus. MA is the mass of the nucleus, M^-i the



mass of the residual nucleus, and E the separation energy. (Removal of a nucleon from the
nucleus requires an energy E which may leave the residual nucleus in an excited state.)
crei is the relativistic (off-shell) electron-nucleon cross section for a moving nucleon [4] and
is a function of q, u>, k and E.

From the energy momentum balance it should not be too difficult to convince oneself
that inclusive measurements receive contributions from a range of momenta and separation
energies of the spectral function, S(E,,k). However, the cross section in the maximum
is dominated by 5(E,k = 0), the small energy loss side of the peak by high k, small E
components in the spectral function.

2.1 Y Scaling

In 1975 G. West [5] suggested that at high momentum transfer, quasielastic electron
scattering would become the function of a single variable, y, the component of the initial
nucleon momentum parallel to q . At high momentum transfer, West suggested, one could
measure directly the momentum distribution of nucleons inside the nucleus. Since 1975,
a significant effort has gone into refining the understanding of y scaling. Here we will
simply use the results of these studies and refer the reader to some recent reviews [6, 7].

In the PWIA the quasielastic electron-nucleus cross section can be reduced to product
of a scaling function, F(y), which is directly related to the momentum distribution n(k),
and the elementary electron-nucleon cross section which is known from elastic scattering.
Briefly, the PWIA (with some additional assumptions about isospin independence of the
spectral function and the dependence of the elementary cross section on (k, E)), allows
Eq. 1 to be written as

_ e _ ') (2)

where

F(q,y) = 2n kdk dES(k,E). (3)
J-y JBm™

if is a kinematic factor coming from the integration over the angle between q and k. The
definition of y comes from the solution of the delta function in Eq. 1 for the minimum
value of E and for a given q and u> can be found from

u, = v(q,y) = y/M* + (q + yf + y/Ml^+y* - M

y is negative for energy loss UJ < ^ r . For q sufficiently large, Y —* oo and Emax becomes
independent of q and goes tc E%j ^ oo. Thus F(q,y) —>• F(co,y) = F{y) and the
right hand side of Eq. 2 divided by the elementary electron-nucleon cross section and
a kinematic factor becomes a function independent of q. Recalling that the momentum
distribution is just

n(k) = r dES{k,E)

we immediately see the relation of the scaling function F(q,y) to the momentum distri-
bution:

F(q,y) = 2ir \ kdkn{q,y;k)
J - y
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dE S[k,E) < h(oo.y,k) < n{k).

Since the kinematics of electron scattering forbid us from doing the complete integral
(Eq. 3) we can not conclude that n(q, y, k) is the nucieon momentum distribution without
some model for the energy distribution of the spectral function. Only in the special case
of the deuteron where S(k, E) has all the strength located at a single value of E or when
the strength is localized at small values of E can we be confident that the scaling analysis
at large q would return the nucieon momentum distribution. For nuclei with A > 2 we
expect the saturation of this integral at moderate values of y, while at very large initial
momenta the residual system should be highly excited. This would imply that momentum
distribution extracted from large q data would be a lower limit on the nucieon momentum
distribution. This point is emphasized through Figures 3a and 3b where we show the T
= 0 piece of the 3He spectral function [8] (the solid line at E = 0 is the two-body breakup
divided by 10) along with the integration limits of Eq. 3 shown in (k, E) plane. The
top part of Figure 3 is for y — -0.2 GeV/c for momentum transfer q = 0,5, 1.0, 1.5,
2.0, and 100 GeV/c. At y = —0.2 GeV/c the integration region grows very quickly with
momentum transfer and at finite values of q we can expect that the dominant piece of
the spectral function has been integrated. Figure 3 (bottom) shows that at larger values
of initial nucieon momenta, y = -0.5 GeV/c, even at large values of q it is not possible
to integrate over the entire piece of the spectral function that contributes to n(k). This
constitutes a serious drawback for the model independent interpretation of the scaling
function in terms of n(k). Attempts have been made by the Rome group [9, 7] to account
for these so called "binding corrections". Fortunately, as they have shown, it is possible
to circumvent this problem at the risk of introducing some small model dependence.

Note that in PWIA, the scaling function, F(q,y) at fixed y and variable q , reaches
it's large q limit from below; as q increases, the upper limits of the momentum and energy
integral grow. Any other behavior indicates a violation of PWIA (which in fact we see in
the experimental data).

2.2 Examples

Application of this scaling hypothesis to the avaliabie data forces a strong impression of
its general validity. For example, a set of high q data on 4He [10, 11, 12] is presented in
terms of the scaling function F(q,y) in Figure 4. The cross sections (not shown) range
over 5 orders of magnitude and the position of the quasielastic peak varies from 0.2 to 1.5
GeV in energy loss. For values of y less than zero the data sets describe a narrow band
in the scaling function. At positive y, the presence of inelastic contributions to the cross
section destroys the scaling. This should be expected since those processes (e.q. real and
virtual pion production) are not described by Eq. 1. The positive y region is shown in
detail in Figure 5 in order to emphasize this point. This region includes the <A whose
position is not fixed in y as the momentum transfer changes. The insert in Figure 4 gives
the convergence of the scaling function as a function of momentum transfer. Note that it
approaches the asymptotic values from above, in contradiction to the expectation of the
PWIA.

The source of this violation is strongly hinted to by the behavior of heavy nuclei which



Figure 3: 3He spectral function (T =0 piece). The left a;ds is the momentum from 0 to
1200 MeV/c and the right axis is energy from 0 to 250 MeV. In the (k,E) plane are shown
the integration region of Eq. 3 for y = —.2 GeV/c (top) and y = —0.5 GeV/c (bottom)
for several momentum transfers. The solid line is q — 100 GeV/c. Covering less of the
(k,E) plane, in order, are the dashed lines indicating q = 2, 1.5, 1., and 0.5 GeV/c (for
y = -0.2 GeV/c only).
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also exhibit scaling but to a lesser degree. The role of FSI, which have been ignored up to
this point, should be more important in heavy nuclei, and the increased fermi momentum
has the effect of sweeping some of the inelastic contributions into the negative y region.
Iron is shown as an example in Figuie 6.

The role of FSI between the knocked out nucleon and the (A — 1) residual system can
be significant and may be the source of the longstanding disagreement between the 3He
PWIA results generated from Faddeev spectral functions and the data at high q [13]. It
is difficult to include the role of FSI in calculations and it would be surely preferable to
avoid them. We show in Figure 7 for 3He at 8° [2] the relative energy of the knocked out
nucleon and {A — I) system in the center of mass as a function of momentum transfer
assuming no internal excitation of the (A — 1) system. The solid lines indicate constant
values of y and the letters correspond to the existing 3He data. If we assume that the FSI
depend on the nucleon-nucleus total cross section which is a function of the relative CM
energy, there is an advantage to go to large q. Note that none of the data from SLAC
at large values of | y |> 0.5 GeV/c yield large CM energies, indicating that they may
be strongly influenced by FSI. In a recent publication Ciofi delgi Atti and coworkers [7]
find that an expansion of F{q,y) in inverse powers of q allow an an asymptotic value of
F{oo,y) to extrapolated from finite q data, avoiding FSI which they suggest should go
as i. Consequently they would argue that it is important, for a scaling analysis, to have
high quality data up to moderate values of q, say 3 - 4 GeV/c, avoiding the experimental
difficulties associated with asymptotic values of q.

We conclude that large initial nucleon momenta may probed through quasielastic scat-
tering. A scaling analysis allows the extraction of the longitudinal momentum distribution
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once the momentum transfer is large enough that the piece of the spectral function which
is not accessible becomes negligible and the CM energies are large enough to minimize
the effects of final state interactions.

3 Deep Inelastic Scattering
We now turn our attention to the piece of the inclusive spectrum that is due to process
other than elastic scattering from a moving nucleon. We have shown, in Figure 2, the
contribution of inelastic nucleon processes to the spectrum of scattered electrons, and we
can see in Figures 4, 5 and 6 that they fail to scale as the quasielastic piece. The reactions
contributing to the inclusive spectrum are those seen in inelastic scattering from the free
nucleon - real and virtual pion production, resonance production (including the A and
the N*) and scattering from quarks inside the nucleon. Our goal in this section is simply
to convince the reader that to a good approximation we can understand the DIS in terms
of a conventional nuclear physics approach. Together with the y scaling description of the
previous section we can make some estimates for the relative contributions of quasielastic
and deep inelastic scattering at high energies.

If we make the (probably correct) assumption that there are no exotic multiquarks
states in nuclei we can calculate the nuclear deep inelastic scattering. There have been
some recent reviews, Ref. [14] for example, and some new work [15] which provide all the
necessary details which I omit here.



The deep inelastic inclusive electron scattering cross section is written as

We can write, following the work of Bodek and Ritchie [16] and ignoring the ambigu-
ities of the off-shell character of the struck nucleon,

W* = Z Jd3P\ ftp) |2 (Wf + ^(P2 - Pi)) (5)

p

and

(6)

where | ftP) |2 is the nucleon momentum distribution, P3 is the momentum component
along <f and v' = ^ 2 . VVfi2 are the free proton inelastic structure functions. To Wf2 in Eqs.
5 and 6 we must add similar terms for the neutron. With this formalization, it is possible,
using a realistic nucleon momentum distribution to smear the nucleon inelastic structure
functions so as to obtain the nuclear inelastic response. Despite its failure to properly
estimate binding effects, the Bodek and Ritchie method remains, for our purposes, quite
useful. It is possible to improve upon the Bodek and Ritchie approach by using a spectral
function instead of a single particle momentum distribution. Other improvements have
been considered [14, 15]. We give some results below for 3He which were calculated using
the spectral function of [8].

In Figure 8, 9 and 10 we have reproduced the calculations of the full inclusive response
using the spectral function of [8] along with the experimental data [2] at three different
energies; 7.257 GeV, 10.954 GeV, and 14.696 GeV, all at 8°. The dotted line is the
quasielastic piece (Eq. 1), the dashed line is the inelastic nuclear response calculated using
the parameterized inelastic nucleon responses found in [17]. The solid line is the sum of
the two pieces. The agreement with the data is quite good, though not perfect. At low
u> which is completely dominated by the quasielastic scattering, we see the longstanding
discrepancy for 3He which may be due to FSI These calculations are useful in that they
indicate that deep inelastic processes would have to be many orders of magnitude greater
before we could attribute any excess strength in the cross section at small w to nucleon
inelastic processes.

The region at x > 1 is very sensitive to the nucleon momentum distribution since in
this region the struck quark is carrying a momentum fraction greater than that available
to the free nucleon. Any strength in the structure function at x > 1 must be due to the
nucleon momentum in the nucleus. Several workers have begun to study this region and
have found that the nuclear structure function at large values of x is greatly enhanced due
to short range correlations as compared to mean field momentum distribution, e.g. Fermi
gas. As an example we show in Figure 11 the work of [18] who have calculated the deep
inelastic structure function for 56Fe and find inclusion of correlations have a significant
effect.
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Figure 12: Kinematics, cross sections, arid ratio of quasielastic scattering to total inclusive
scattering for iron at y — —0.5 GeV/c. See text for explanation.

4 Kinematics and Cross Sections
With the basic formalism presented we can calculate cross sections for the inclusive scat-
tering at high momentum transfer. We present the results of some calculations which
can be used to determine at what momentum transfers it will be possible to measure the
quasielastic and deep inelastic processes with a minimum of interference between the two.
Recall that as the momentum transfer increases the quasielastic process dies out very
quickly, at least as fast as the elastic form factor. At the same time the deep inelastic
processes grow and at x = 1 they are dominate. Since the DIS cross section is a convolu-
tion of the inelastic structure functions which show little q dependence, the limitation in
going to larger values of x is determined by the amount of high momentum components
in the initial state.

The cross sections presented below have been calculated using, not a spectral function
but a momentum distribution extracted from a scaling analysis of the quasielastic data at
the highest momentum transfer. This was done for two reasons. The most obvious is that
for heavy nuclei, spectral functions are not widely available and also our studies with 3He
indicate that all sensitivity to the energy integration discussed in Section 2 is removed
by the necessarily large energy transfer in DIS. We make no attempt to treat the binding
energy properly; nevertheless we believe these results are good to the 20% level. The
same momentum distribution was used for the quasielastic and DIS parts of the response.
We present results for iron although other nuclei could also have been chosen.

We have selected two different kinematics to emphasize the two different pieces of the
response. The first is shown in Figure 12 for a fixed value of y = —0.5 GeV/c, where
up to moderate q, quasielastic scattering dominates the response. Figure 13 is for a fixed
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Figure 13: Kinematics, cross sections, and ratio of quasielastic scattering to total inclusive
scattering for iron at i = 1. See text for explanation.

value of x = 1 where the spectrum very quickly becomes dominated by the DIS as q
increases. Some care must be made in explaining these plots as we have tried to put a lot
of information in them. The solid lines which are labeled, from the bottom to the top,
with the (three) momentum transfer (1 to 8), refer to the bottom axis (scattering angle)
and the first left axis (the incident electron energy). From these solid lines one can simply
read off the necessary electron energy to scatter at a fixed momentum transfer over the
angular range indicated. (Keep in mind that for Figure 12, this is at a fixed value of
y — —0.5 GeV/c.) The short dashed lines labeled, from top to bottom, with the (three)
momentum transfer (1 to 8), refer to the scattering angle and the right axis - the total
cross section in nb/sr/MeV. These lines can be used to pick off the cross section at a fixed
momentum transfer over the angular range of 4 to 36 degrees. The single long dashed
line gives the ratio of the quasielastic cross section to the sum of the quasielastic and the
DIS. This ratio is only a function of q and should be read against the top axis and the
far left axis.

These figures can be used to make count rate estimates and to set limits over the range
of q where it might be possible to study the two dominant pieces of the inclusive response.
We can expect for a single arm experiment to handle a luminosity C = 1037cm~2s~1.
Together with a spectrometer of AD, = 5(— 3) msr and a final energy bin of 50 MeV,
these conditions would yield a count rate of 9(6) events per hour for a cross section of 1
nb/sr/MeV. A reasonable lower limit for the count rate is 10 hr"1 implies cross sections
as low as 10~6,r^ev could be measured. Obviously the higher the incident energy the
further out in q we can go.

To make an example, for y — —0.5 GeV/c (from Figure 12), for a = 10 - 6 nb
IT MeV7 we find

that the q = 6 GeV/c short dashed line is intersected at about 0 = 16°. Looking at the



solid line for q = 6 GeV/c at 16° we see that it is necessary to have an incident energy of
about 16 GeV. The scattered electron energy would be about 11.5 GeV. Despite the large
x value of this point, the quasielastic contribution to the total cross section would only
be about 30%. To make a cleaner measurem nt of the quasielastic piece would require
going to lower q and perhaps to larger values of x (more negative y).

A measurement of the DIS contribution at very laxge q (at x = 1) would be much
faster. From Figure 13 we see that even at q = 8 GeV 'c the rates would be quite large
(greater than 900 hr"1), again requiring an incident electron energy of less than 20 GeV
and a scattered electron energy of about 10 GeV. This measurement would be virtually
free of any quasielastic contribution; the elastic nucleon cross section has fallen by many
orders of magnitude. We expect that it will possible to measure nuclear DIS at x > 1 out
q = 10 - 12 GeV/c.

Finally we should note the limitations of the SLAC and CEBAF to study this region.
At SLAC sufficient beam energy is available but the luminosity is about two orders of
magnitude less. At CEBAF the maximum beam energy is • GeV and to reach the large q
we discuss here would reqmre scattering at very backward angles where the cross sections
are immeasurably small.

5 Conclusion
A new electron machine of high current and energies will significantly increase the range
in momentum transfer that can be studied through inclusive electron scattering. In the
region of x > 1 two dissimilar processes compete, quasielastic scattering and deep inelastic
scattering. Despite having very different momentum dependences they both sample the
same initial state nuclear structure. These experiments have the potential to reveal the
short range behavior of the NN interaction by providing a measurement of the high
k components of the nuclear wave function. In addition they allow the study of the
fundamental electron-nucleon interaction. Investigations of this type for a variety of nuclei
will make an important contribution to the understanding the role of nuclear structure in
quasielastic and DIS, thereby setting limits on the role of exotic states in the nucleus.

The main result of this paper is found in Section 4 where we present the results of
calculations for the inclusive cross sections over a wide range of momentum transfer. Using
y scaling for quasielastic scattering and a convolution model for DIS we believe that these
calculations are reliable and can be used to indicate the experimental program that could
be studied with a machine capable of 20 GeV and 200 fiA. These predictions indicate
that a measurement of the inclusive response can be made at very large momentum
transfer in such a way as to isolate the DIS from the quasielastic. It is unlikely that these
measurements will be possible without a new machine. .
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