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Ratios of inclusive electron-nucleus cross sections are studied at incoming electron energies of 1
GeV to 25 GeV and (Bjorken) variable xg; > 1 where many of the present theoretical speculations
and the available and forthcoming experimental data are focused on. An alternative analysis which
accounts for nuclear target mass effects is proposed.
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In the past few years inclusive lepton-nucleus scatter-
ing in the region between a few GeV and a few tens of
GeV for the initial lepton energy (the multi-GeV region)
has acquired a growing importance as a means for investi-
gating hadronic systems. The interest in such a kinemat-
ical region is in that it represents an atypical domain for
studying the structure of nucleons and nuclei, where non-
standard nuclear configurations other than meson and
nucleon degrees of freedom (e.g., few-nucleon correlations
or multiquark clusters) should play a relevant role, where
constituent quarks are replaced by current quarks, and
where perturbative QCD makes a transition to nonper-
turbative QCD. In order to clearly identify the contribu-
tion of different degrees of freedom, it is useful to consider
kinematical regions where one hadronic configuration is
supposed to become dominant over the other ones. To
this end in this paper we concentrate on the region of
(Bjorken) xp; > 1 where scattering off a stationary nu-
cleon is forbidden and the contribution of high momen-
tum components in nuclei, such as few-nucleon correla-
tions or other exotic configurations, can be more easily
singled out. A clear understanding of the contribution of
different degrees of freedom at xg; > 1 would help solve
the “puzzle” of the original EMC effect [1]. Available
inclusive data at xp; > 1 have been plotted in the form
of ratios of cross sections for heavy nuclei to the ones for
lighter nuclear systems such as deuteron [2] and “He [3].
In particular, at the kinematics of [3], which corresponds
to average four-momentum squared (Q?) ~ 1 — 3 GeV?,
data seem to exhibit plateaus, i.e., a constant behavior
of the ratios as a function of zgj, for values of xg; > 1.2.
Such a behavior is not found in [2], where data extend
up to zp; ~ 1.3 and (Q?) < 4GeV?. Plateaus in inclu-
sive cross sections ratios have been originally predicted
by Vary et al. [4] within the multiqguark cluster model.
According to [4], ratios of heavier to lighter nuclei should
show a staircase behavior, the width of each step being
n—1 < zpj < n, for integer n > 2, and the height of each
step being proportional to the ratios of probabilities of
the dominant multiquark configuration in the heavier and
in the lighter nucleus, respectively. Similarly, Frankfurt
and Strikman [5] suggested that within the few-nucleon
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correlation model, the height of the plateau which ap-
pears in the data for 1 < zp; < 2 should be related to
the probability for the onset of the dominant few-nucleon
configuration (in this case the two-nucleon correlation).

Our analysis is aimed at clarifying by means of quan-
titative calculations the following points: (1) Correla-
tions are believed to account for the phenomenology of
the short-distance structure of nuclei. High momentum
components cannot be completely isolated at zg; > 1
and Q% < 15GeV? due to a persisting contribution of
the low momentum and energy nuclear structure; (2) nu-
clear target mass effects which are remarkably different,
e.g., in a complex nucleus and in a deuteron are impor-
tant in the evaluation of cross sections ratios for different
nuclei and if not taken into account (as done, e.g., in
[2,3] and [4,5]) they lead one to compare different ranges
of momentum and energy components in the two nuclei.
A clear understanding of possible recurrences of correla-
tions (particularly in the form of plateaus) is therefore
hindered and as a possible remedy, we propose an analy-
sis in terms of alternative scaling variables. Both a care-
ful evaluation of different nuclear components and the
change in scaling variables that we propose define a sub-
stantially different method of analyzing and interpreting
experimental data at zg; > 1 compared with [2,3] and
[4,5], respectively. We show that the extension of such a
method at xg; > 1 and higher Q? (Q?* ~ 20 GeV?) gives
results that largely differ from previous approaches. We
conclude that it would be of primary importance to con-
sider points (1) and (2) in the analysis of the new set of
experiments proposed in [6], with the aim of eventually
singling out in a clear-cut way the contribution of novel
features of the short-distance structure of nuclei.

In the (plane wave) impulse approximation (IA) the
inclusive cross section for electron scattering by a nucleus
A is given by

_ d%
74 = Qe dey
= omott (W3 (Q%,v) + 2tan® (/)W (Q2,v)], (1)
where oMot = o2 cos? -g— /4€3 sin* % is the Mott cross sec-

tion, €; and €3 are the incoming and outgoing electron
energies, respectively, Q? is the squared four-momentum
transfer, v = €; — €3 is the energy transfer, and 0 is the
scattering angle. Within IA, the nuclear responses W{?z)
are written in terms as
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Wity (@) = [ &' Z () (Cin WE(@P, (k). )
+D1(2) W;(Qza (kQ)$ kz)]
+( similar terms for neutrons ), (2)

where k = (k, ko) is the struck nucleon’s four-momentum,
Z is the number of protons, W7} ((;)) are the off-shell proton

(neutron) structure functions, S(k) is the covariant ver-
tex function at the A — (A—1)+ N vertex, and Cy(2y and
D (9) are kinematical factors determined by the choice of
the off-shellness extrapolation for the free nucleon struc-
ture functions (see [12] for details). Equations (1) and
(2) describe both quasielastic (qe) nucleon knock-out and
inelastic scattering. One selects either process through
the structure functions le\é‘)’ﬁ, which can be chosen to
represent either the elastic or the inelastic response of
an off-shell nucleon. Such quantities cannot be related
to the free nucleon structure functions in a model in-
dependent way and they appear to be modified in the
nuclear medium (see, e.g., [7] for ge scattering and [8] for
deep inelastic scattering). Although a fully consistent
treatment of off-shell effects can be found, e.g., in [7], in
this paper we adopt the ad hoc prescriptions of [9] and
[10] for ge and inelastic scattering, respectively, in order
to have an unbiased comparison with previous calcula-
tions which used the same prescriptions. We consider
two ranges of Q2 values at zg;j > 1: the intermediate Q?
region (1 < Q? < 8GeV? [2,3]) and the high Q? region
(Q? Z 20GeV?). In the intermediate region qe scatter-
ing dominates over the xg; > 1 tail of the inelastic cross
section as proven, for instance, by the lack of large y-
scaling violations in the experimental data [3]. In the
high @Q? region the nucleon elastic form factors suppress
the ge cross section, allowing for a dominance of inelastic
scattering, which is present at xgj > 1 proportionally to
the amount of high momentum components in the target
nucleus, and has a weak Q? dependence. A quantitative
determination of such a pattern is model dependent, and
there will always exist a range of @2 in which neither pro-
cess dominates. Our calculations indicate that in order
to suppress almost completely qe scattering, one needs
Q2% Z 20 GeV?2.

In order to evaluate Eq.(2), the vertex function S(k) is
approximated [11] by the nonrelativistic spectral function

PY( k|, E)

=(2m)2> | ®s(k) P 6(E — (Bi_, — Ea)), (3)
f

where ®¢(k) is the Fourier transform of the overlap in-
tegral between the target nucleus A and the final A — 1
system wave functions; E is the nucleon removal energy
which is related to ko by: ko = My — E — (k2/2M4_1);
E 4 and Ej;_l are the total energies of the nucleus A and
of the final A — 1 system, respectively. P¥(k, E) rep-
resents the joint probability that, after a nucleon with
momentum k (| k |= k) has been removed from the
target, the (A — 1) system is left with excitation en-
ergy E};“_l = E£_1 — (Ma—1 + My — My) (see [12]
for details). The bulk of the effects of correlations,
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characterizing the short-distance part of the nucleon-
nucleon interaction, is expected to have its largest im-
pact on the high k£ and E components of the spectral
function. This is precisely what different microscopic
calculations show in the case of few-body systems ([12]
and references therein) and nuclear matter [13]. Partic-
ularly, in [13] it was shown that PV (k, E) can be sep-
arated into a single-particle component which describes
two-body breakup processes with the A — 1 system re-
coiling coherently [A — (A — 1) + N], and a back-
ground component entirely generated by nucleon correla-
tions and associated with multibody breakup processes
[A—-(A-2)+ N+N,A— (A-3)+ N +2N,..]. For
complex nuclei the spectral function cannot be calculated
within a rigorous microscopic approach and it is neces-
sary to construct a reasonable dynamical model which
would account also for the high £ and F components. To
this end, we consider the following representation [12,14]

P"(k,E) = Py(k, E) + P1(k, E), 4)

where Py and P; represent the analogous of the single-
particle and background components of nuclear matter
[13], respectively. Here Py is calculated by approximat-
ing the microscopic calculation of the one-hole excitations
in [13] with Py(k, E) = Y, (Aa/A)ne(k)6(E— | € |),
where ny(k) is the momentum distribution of the single-
particle state « associated with a Hamiltonian mean-field
with single-particle energy €, and nucleon number A,.
Since correlations create states above the Fermi surface,
they affect Py by reducing its overall strength with re-
spect to mean-field descriptions. P; can be calculated
according to the model of [11] where high momentum and
energy components are described by configurations (few-
nucleon correlations) in which two nucleons (or a cluster
of nucleons) are found at a very small relative distance
and are recoiling against each other with high k¥ and E.
Correlations are entirely responsible for the existence of
inclusive scattering at zp; > 1. However, we now show
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FIG. 1. (Left panel) no (dot-dashes) and no + n1 (full) for
12C. Shown for comparison are the results adapted from [15]
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(see text).
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P,. P,(;) are constructed so as to satisfy the sum rules:
[ dEPyay(k, E) = nga)(k), where no(k) and ny(k) are
identified with the hole-state (microscopically calculated)
momentum distribution and with the distribution of nu-
cleons belonging to a correlation, respectively. ng(1)(k)
used in our model are in good agreement with those ob-
tained from highly accurate microscopic calculations for
complex nuclei [15]. In Fig. 1 (left panel) we show the
momentum distributions that we used for 12C and com-
pare them with the ones from Ref. [15] for 180. Notice
that ng < ny, for k > kp = 500 MeV. In Fig. 1 (right
panel) we show the E dependence of P, at different val-
ues of k. We also show the position of the hole states
energies, €, (@ = 1s,1p), where the components of Py
are centered. Similar results are obtained for other nu-
clei. It is evident that in order to have P and P; not
interfering with each other one has to probe the high &
and E region. The question of quantitatively determin-
ing at what values such a region can be found is still
open and model dependent. We find as lower limiting
values kps =~ 500 MeV and Ej; > 100 MeV, for all nu-
clei considered. One hopes [4,5] that a separation as the
one in Eq. (4) can be seen experimentally by studying
that this is not the case at intermediate Q2, by quan-
titatively evaluating the contributions of Py and P; to
inclusive cross sections ratios. Our results are given in
Fig. 2 where we plot the ratios: Ry = 0a/04, of 1He,
12Q, 27Al, and %6Fe to deuteron (d), Rge = 0.4/0He, Of
56Fe to *He, and Rc = 04 /0c, of %Fe to 12C. The most
striking result that we obtain is the presence of a bump in
the ratios Rq and Rye, which shows that Py contributes
substantially even at high zg;. An analogous behavior is
only slightly noticeable in the ratio Rc¢ (Fig. 2, bottom),
because the two-body breakup part of the spectral func-
tion, Py, is similar in the two nuclear systems (56Fe and
12C). Therefore, by plotting ratios at zg; > 1 and Q? of
a few GeV?, one cannot draw any significant conclusion
concerning correlations.

An even more important point is that by taking ratios
at the same zg; one does not match the same regions in k
and E of the two nuclei, thus spoiling previous interpre-
tations in terms of plateaus. A possible remedy to such
a situation is to describe data in terms of the y scaling
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FIG. 2. Ratios of inclusive electron-nucleus cross sections
per nucleon for *He, 12C, 27Al, and 56Fe to deuteron (R4 in
the text); for 5Fe to *He (Rue); and for 56Fe to 2C (Rc).
Results are plotted vs zgj, at 8 = 15° and €1 = 5.5 GeV
(Q%) = 1.75 GeV?) (Ra); at 6 = 25° and & = 3.6 GeV
((Q%) = 1.8 GeV?) (left); and at 6 = 30° and €; = 3.6 GeV
((Q?) = 2.7 GeV?) (right) (Rue and Rc). The short-dashed
line is obtained by setting PN (k, E) = PY¥(k, E) in Eq. (9),
the dot-dashed line corresponds to PN (k, E) = P} (k, E); and
the full line is obtained when the entire spectral function [Eq.
(4)] is considered. Experimental data for ga1/cq are from 2],
data for Ry. and Rc are from [3].

of the TA and the assumption that the scattering process
involves only nucleon degrees of freedom. In this paper
we adopt a variable introduced in [17], which differs from
the original one [16] in that it is derived without making

variable [16] instead of z;. The necessary conditions for nonrelativistic extrapolations in the kinematics. For a
y scaling of nuclear structure functions are the validity nucleus with mass M4 it reads
J
va={-lal|[MZ+M;_, - M+ (v+ JV-’A)\/[JVI,’Z2 +Mj_, — MR)? — AMPME_ }/2M2, ()

where M%2 = (v + Ma)? — q?, M4_1 is the mass of the
recoiling A — 1 system, and q is the three-momentum
transfer. In Eq. (5) we use the subscript A in order to
underline the fact that y 4 is different for different nuclear
systems. When M2_, > k?, i.e., when recoil of the A—1
system can be disregarded, such a variable becomes

y=—la|+V(v-Eo)?+2Mn(v — Ey), (6)
Ey being the minimum value of the removal energy.
The relationship between y4 and y is analogous to that

between Nachtmann ¢ and zp;. For | q |- o0, ya
and y are related to the light-cone momentum fraction

-
z = (k*¥/P})(Ma/My) carried by nucleons inside the
nucleus by

_ (M4~ ZMN)2 — Mﬁ-1
YA = ToML - 2My)

y=Mn(1-2z)— Ep.

(7
Equation (7) holds for ge scattering only. In inelastic
scattering y is no longer related to k™ or z [the energy
conservation law from which Eq. (7) was derived becomes
in this case a function of the invariant mass, of the final
hadrons|, but it can be generally related to xp; and Q%
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ya = {—(Q*/2Mnzg;) /1 + 4AMFad; /Q2 M % (z8;, Q%) + ME_, — MY]
+(Q*/2MNzs; + MA)\/[M,ZZ(xij Q2) + M3_, — M%)? — AM32(zg;, Q?) M3 _, }/2M %2 (wB;, Q%), (8)

where M32(zgj, Q%) = M2 + Q? —Aj,}—’f\f; —1). Consequently, one can always write W4 in Eq. (2) as a function of ya

and Q?

Wmax(ya,lal) Emax(W',ya,lal)
Wi s, Q) = 22 [ W@, W) dE
Wmin Emin
kmax(yAa[qlwwlvE)
X / dk J(W',| q|,k, E)Dy k PP(k,E) + (similar terms for neutrons ), 9)
kmin(ya,lal,W’,E)
[
where W/ = 4/(k+¢q)? is the invariant mass at Wmin = Winr, Wmax =| M4 — Ma_1 |, (10a)
the nucleon vertex, J(W',|q|,k,E) = [Ma_1 + (E —
BEumin)l//M3%_, + k2 x (W'/ | q |) is the Jacobian of Emin = My + Ma_1 — Ma, (10b)

the transformation, and C» = 0. A similar expression
holds for W{i. The integration limits in Eq. (9) are

J

Emax = Enin — Ma-1+ I MZ - W |y

Emin(max) = {—(+) | @ |[M32 + Mi_, - W2+ (v + MA)\/[M;;2 +M3_, — W22 —4M*2M%_,}/2M32, (10c)

where M% = M%(v,| q |) and where v = v(ya,| q |) is
obtained by solving Eq. (5). Here, Wih, = My + m, for
inelastic scattering and Wy, = My for ge scattering. It
is clear that at given zp; and Q?, the values of the inte-
gration limits (10a)—(10c) for two nuclei A; and A, dif-
fer from each other because of the explicit dependence of
Egs. (10a)—(10c) on nuclear masses. As a result, at given
zp; and @2, different ranges of the nucleon momentum
and removal energy contribute to W3'* and W;?, respec-
tively. Hence, contrary to what has been done so far, in
order to study the recurrence of a given dynamical com-
ponent in two different nuclei, one should compare the
numerator and denominator of their cross sections ratios
(R4, ...) at values of zg; which differ from each other but
which are chosen so as to give the same values for the inte-
gration limits (10a)—(10c), i.e., the same range in k and F
in PN (k, E) [Eq. (4)]. Quantitatively such a procedure is
accomplished by translating the mass dependence of the
limits (10a)—(10c) into that of the variable y4, in terms
of which one writes the nuclear structure functions [Eq.
(9)]: from the definition of ya, Eq. (8), it follows that
one probes the same dynamical components in A; and
A,, by taking their cross sections ratios at ya, = ya,

TABLE I. The scaling variable y4 in GeV, Eq. (8), at fixed
zp; and Q? = 3 GeV?, for deuteron (d), *He, 12C, 27 Al, and
56Fe. The differences found among all nuclei are numerically
significant in regions where the nuclear structure functions,
Eq. (9), varies rapidly with ya.

ZBj Yd Y(4He) Yiz2c) Y2741 Y(56Fe)

1 -0.003 -0.023 -0.029 -0.014 -0.014
1.2 -0.131 -0.144 -0.148 -0.125 -0.124
1.4 -0.244 -0.240 -0.239 -0.221 -0.220
1.6 -0.374 -0.333 -0.323 -0.303 -0.301
1.8 -0.528 -0.416 -0.396 -0.373 -0.371

r
(and shifted zg;j). In Table I we demonstrate the numer-
ical relevance of our prescription by comparing values of
ya for different nuclei at the same zg; and Q2. The dif-
ferences shown in Table I are significant if one takes into
account the fact that W3! is a rapidly varying function of
ya [14]. Note also the difference with the variable y, Eq.
(6), which is related in a unique way to zp; [18]. In Fig.
3 we show the ratios Ry = c4(ya = va)/0a(ya = va),
evaluated by fixing the value of zg; in the numerator
and by calculating the denominator at a shifted value,
zpj; — ZBj + T, S0 as to obtain the equality ya = y4. No-
tice that we still find a bump at 1 < zp; < 1.5 because
such a feature mainly reflects the difference in the low
k and E parts of PN for complex nuclei and deuteron,
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FIG. 3. Cross sections ratios for ‘He, 12C, 27Al, and ®¢Fe
to deuteron, plotted vs zp; and calculated by using the pre-
scription y4 = yq explained in the text. Notations are as in
Fig. 2.
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respectively, and it does not depend significantly on the
choice of scaling variables (see row 2 in Table I).

A more detailed study at intermediate Q? values would
involve both final state interaction (FSI) and off-shell ef-
fects [19]. Although such a question is beyond the scope
of this paper, it appears to us that FSI and off-shell ef-
fects would affect scattering from heavier and lighter nu-
clei in different amounts and consequently modify their
cross section ratios. Any feature (including plateaus) in
the high zg; and low Q? region would result from few
concurring mechanisms, and prevent furthermore a di-
rect study of high momentum components in nuclei. At
high Q2 contributions of FSI and nucleon off-shellness
should become less important (see, e.g., [20]). Moreover,
at Q% 2 20 GeV?, where our estimates indicate that
the contribution of qe scattering is highly suppressed,
Egs. (8)—(10) can be extrapolated to the Bjorken limit
(Q?% v — oo, zgj fixed) and an exact relationship be-
tween the values of zg; that yield the same value of y4
in two nuclei of different mass can be worked out. For a
nucleus with A > 12, one obtains y4 ~ y; by substitut-
ing in the deuteron structure function: zgj; — zpj + 1 —
I+ (1 —op; — (E)/Mn)’+((E) — Eq)/ My, (E) being
the average value of the removal energy in the nucleus A
and Ej4 being the binding energy of deuteron. The ratios
o4/0q for %6Fe are shown in Fig. 4, at Q? =~ 25GeV?,
which correpsonds to a value attainable in future experi-
ments [6]. One can see that ratios calculated at the same
zpj both in the numerator and in the denominator are
dramatically different from the ones obtained with Eq.
(11). Such a prescription could be also used to plot ex-
isting experimental data at zg; < 1, in order to better
clarify the role of nucleon binding in such a region (the
original EMC effect).

To summarize, our results on cross section ratios for
heavier to lighter nuclei at zg; > 1 and Q? in the few
GeV? region reflect the behavior of single cross sections
and structure functions in the region of negative y4 (y).
Contrary to what was observed in single cross sections,
the contribution of two-body breakup channels is more
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FIG. 4. Cross section ratios in the deep inelastic region.
Results obtained by using the same zp; both in the numerator
and in the denominator (short-dashed line) are compared with
results obtained by using the prescription in Eq. (11) (full
line).

visible in ratios, in the form of a bump centered around
zj ~ 1.2 — 1.3 for all nuclei, and extending up to
zpj =~ 1.4. Unravelling direct information on few-nucleon
correlations or other mechanisms such as multi-quark
clusters is therefore difficult in such a region. The whole
description of nucleon dynamics effects on inclusive ra-
tios should be anyhow reexamined by properly choosing
variables which would allow the probing of similar com-
ponents of the nucleon spectral function in the heavier
and lighter nuclei, respectively. Such an approach can be
more fruitfully extended at higher Q2 where FSI effects
are most likely to be ignored.
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