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Superscaling analyses of inclusive electron scattering and
their extension to charge-changing neutrino cross sections in
nuclei
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Abstract. Superscaling analyses of inclusive electron scattering from nuclei are extended from the quasielastic processes to
the delta excitation region. The calculations of (e,e’) cross sections for the target nucleus '2C at various incident electron
energies are performed using scaling functions f(y’) obtained in approaches going beyond the mean-field approximation,
such as the coherent density fluctuation model (CDFM) and the one based on the light-front dynamics (LFD) method.
The superscaling properties of the electron scattering are used to predict charge-changing neutrino-nucleus cross sections
at energies from 1 to 2 GeV. The analyses make it possible to gain information about the nucleon correlation effects on both

local density and nucleon momentum distributions.
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INTRODUCTION

An important task of the nuclear theory is to develop
methods to study quantities which cannot be explained
within the mean-field approximation (MFA) due to the
effects of the nucleon correlations. One of quantities
which are sensitive to these effects is the nucleon mo-
mentum distribution (NMD) in nuclei. In recent years in-
formation about NMD has been obtained from the stud-
ies of the scaling phenomenon. The concepts of scaling
[1, 2] and superscaling [3, 4, 5, 6] have been explored
in [4, 7] for extensive analyses of the (e,e’) world data.
Scaling of the first kind (no dependence on the momen-
tum transfer) is reasonably good as expected, at excita-
tion energies below the quasielastic (QE) peak, whereas
scaling of second kind (no dependence on the mass num-
ber) is excellent in the same region. When both types of
scaling behavior occur one says that superscaling takes
place. The superscaling analyses of inclusive electron
scattering from nuclei for relatively high energies (sev-
eral hundred MeV to a few GeV) have recently been ex-
tended to include not only quasielastic processes, but also
the region where A-excitation dominates [8].

The superscaling analyses and the present knowledge
of inclusive electron scattering allowed one to start stud-

ies of neutrino scattering off nuclei on the same basis
([8. 9, 10, 11, 12]).

In this article we follow our method presented in [5]
to calculate the scaling function in finite nuclei firstly
within the coherent density fluctuation model (e.g., [13])
and also in the light-front dynamics method [14, 15].
The two methods are used to describe both y- and y'-
scaling data (also in the A-region) and their applications
to analyses of electron and neutrino scattering off nuclei.

SCALING FUNCTION IN THE
QUASIELASTIC AND DELTA REGION

The superscaling behavior of the scaling function was
firstly considered within the framework of the relativis-
tic Fermi gas (RFG) model [3, 6, 7, 16] where a prop-
erly defined function of the y’-variable was introduced.
It was observed that the experimental data have a super-
scaling behavior in the low- side (@ being the transfer
energy) of the quasielastic peak for large negative values
of v (up to ' = —2), while the predictions of the RFG
model are f(y’) =0 for y' < —1. This imposes the con-
sideration of the superscaling in realistic finite systems.

CP899, Sixth International Conference of the Balkan Physical Union, edited by S. A. Cetin and I. Hikmet
© 2007 American Institute of Physics 978-0-7354-0404-5/07/$23.00

3


25.30.-c
http://dx.doi.org/10.1063/1.2733028

One of the approaches to do this was developed [5] in the
CDFM [13]. It was shown in [5] that the superscaling in
nuclei can be explained quantitatively on the basis of the
similar behavior of the high-momentum components of
the nucleon momentum distribution in light, medium and
heavy nuclei which is due to the effects of the short-range
and tensor NN correlations in nuclei (see, e.g. [13]).

In the CDFM, the total QE scaling function is ex-
pressed by the sum of the proton prE (y’) and neutron

155 (') scaling functions which are determined by the
proton and neutron densities p,(r) and p,(r). respec-
tively [5]:

i /0 )

[ arFRPER ).
0

f,?(f)(ll/) =

In Eq. (1) the proton and neutron weight functions are
obtained from the corresponding proton and neutron den-
sities (normalized to Z or N)

2 AmR3 de(n)(”)
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and 0, = [9TZ(N) /4] 173 The RFG proton and neutron

scaling functions fﬁ}’g (R, ') have the form given in [5].
Then the total normalized to unity scaling function can
be expressed by

W) = LW N WL @

The same consideration can be performed equivalently
on the basis of the nucleon momentum distributions for
protons »?(k) and neutrons »"(k) [5] and this is done
using NMD from the LFD [5, 14, 15].

In Figure 1 we give the QE CDFM scaling function
for *He, 12C, ?7Al, ®Kr and 7 Au compared with ex-
perimental data and RFG results [4]. As can be seen our
calculations explain very well the data for v’ < 0 includ-
ing ¥’ < —1 whereas in the RFG model f(y’) =0 for
y < —1.

In the present work we introduce phenomenologically
the asymmetric shape of the scaling function, thus simu-
lating the role of the final-state interactions (FSI), using a
parameter c¢; which gives the correct maximum value of
the scaling function and also an asymmetry in /9 (y')
for ¢ > 0. One can see in Figure 2 the CDFM QE scal-
ing function for different values of ¢ in comparison with
empirical data and other calculations [9].

Our analysis within CDFM and LFD is extended to the
A-peak region weighting the RFG scaling function in the
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FIGURE 1. The quasielastic scaling function f9F (') at

g = 1000 MeV/c for 4He, 12C, 27 Al, 82Kt and '°7 Au calculated
in CDFM. Dotted line: RFG model result. Grey area: experi-
mental data [4].
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FIGURE 2. The quasielastic scaling function f9F(y/') for
12¢ calculated in CDFM in comparison with the experimental
data (black squares) [8]. CDFM results for different values of ¢
are presented by solid lines. Also shown for comparison is the
phenomenological curve which fits the data (dash-two dots), as
well as the curve that fits the (e,e’) results from [9] (dash-dot
line).

A-region by the CDFM weight function. The results of
our work are presented in Figure 3.

SCALING FUNCTIONS AND
INCLUSIVE LEPTON SCATTERING

In the one-photon-exchange approximation, the double-
differential cross section in the laboratory system can
be expressed by the longitudinal R; and transverse Ry
response functions which contain all the information on
the distribution of the nuclear electromagnetic charge



FIGURE 3. The fA(l//g) scaling function for 12C in the A-
region. Dashed line: CDFM result (with Ry = 1.565 fm, by =
0.420 fm, kr = 1.20 fm™1). Solid line: result of modified LFD
approach (8 = 0.80, kr = 1.20 fm™!). The coefficient ¢; =
0.54 in both CDFM and LFD cases. Averaged experimental
values of f2(y}) are taken from [8].

and current densities. These functions can be evaluated
as components of the nuclear tensor Wy. In [3] this
tensor is computed in the framework of the RFG model.
In this framework the nuclear response functions in both
quasielastic (X = QF) and A-resonance (X = A) regions
have the general structure

7¢/VmN

Ry = . [Re]™ fapa(wx), (5)

where ./ = Z or N, [Ry]*" is the single-nucleon re-
sponse function and fipg (W) is the QE- or A- scaling
function. Within the CDFM in the expressions for the
response functions R; ry the RFG scaling functions are
changed by the CDFM QE- and A- scaling functions.

In Figure 4 we give an example of some results of cal-
culations within the CDFM of inclusive electron scatter-
ing on '2C at different incident energies and angles. The
inclusive electron-12C scattering cross section is the sum
of the QE and A-contribution. The results of the CDFM
calculations are presented for two values of the coeffi-
cient ¢1 inthe QE case (noted further by CIQE ), namely for

CIQE ~0.72 and CIQE = 0.63. This is related to two types
of experimental data. In the first one the transferred mo-
mentum in the position of the maximum of the QE peak
extracted from data (a)eQXg ) is q% > 450 MeV/c ~ 2kp
roughly corresponding to the domain where scaling is
fulfilled (this is the case in Figure 4). In this case we
found by fitting to the maximum of the QE peak the value
of CIQE to be 0.73. This leads to a weak asymmetry of the
CDFM scaling function. In the second type of experi-
mental data q%% is not in the region where condition for
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FIGURE 4. Inclusive electron scattering on '2C at £ = 1108

MeV and 8 = 37.5° (4% ~ 675 MeV/c > 2kp). The results

obtained using CIQE = 0.73 in the CDFM scaling function for
the QE cross section and the total result are given by dashed
and thick solid line, respectively. Dotted line: using CDFM
A-scaling function; thin solid line: total CDFM result with

CIQE = 0.63. Dot-dashed line: using QE- and A-scaling func-
tions obtained in the LFD approach. The experimental data are
taken from [17].

scaling of the first kind is fulfilled (qg(Ep < 450 MeV/c).
For them we found by fitting to the maximum of the QE
peak the value of CIQE to be 0.63. For these cases the
CDFM scaling function is definitely asymmetric. One
can see that the results for the almost symmetric CDFM
scaling function agree with the electron data in the region
close to the QE peak in cases where q% > 450 MeV/c.
The results with asymmetric CDFM scaling function
agree with the data in cases where q% < 450 MeV/e.
In Figure 4 we present also the calculations of the elec-
tron cross sections using QE- and A- scaling functions
obtained by using the nucleon momentum distributions
obtained in the LFD.

We present applications of the CDFM and LFD
scaling functions to calculations of charge-changing
neutrino-nucleus reaction cross sections. We follow the
description of the formalism given in [8]. The charge-
changing neutrino cross section in the target laboratory
frame is given in the form

d’c
|:dek/:|x—GO 2 (6)
where y = + for neutrino-induced reaction (e.g.,
Vi+n — €+ p, where ¢ =e,u,7) and y = — for
antineutrino-induced reactions (e.g., V; + p — £ +n).
The quantity 9% which depends on the nuclear structure
contains [8] the nuclear response functions which are
expressed in terms of the nuclear tensor WY in both


dQ.dk'

QE and A-regions using its relationships with the RFG
model scaling functions. In our work, instead of the
RFG scaling functions in QE- and A-regions, we use
those obtained in the CDFM and LFD approach. In
Figure 5 we present the results of calculations for cross
sections of QE antineutrino (V,,,u") scattering on 2C
for antineutrino energy & = 1 GeV. The results obtained
by using the almost symmetric CDFM scaling function
are close to the RFG model results, while those obtained
with the use of asymmetric CDFM and LFD scaling
functions are close to the predictions of the ERFG
method [8, 16].
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FIGURE 5. The cross section of quasielastic charge-

changing (Vy, ™) reaction on 2C for &€ = 1 GeV using QE-
scaling functions in CDFM (thin solid line: with ¢; = 0.63;
thin dashed line: with ¢; = 0.72). The results using QE-scaling
functions in LFD (thick solid line: with ¢; = 0.63; thick dashed
line: with ¢y = 0.72) are also presented. The RFG model result
and ERFG result [8, 16] are shown by dotted and dash-dotted
lines, respectively.

CONCLUSIONS

The results of the present work can be summarized as fol-
lows: i) The quasielastic scaling function f{y’) is calcu-
lated in the CDFM equivalently by means of both density
and nucleon momentum distributions for light, medium
and heavy nuclei (including those with Z £ N for which
proton and neutron densities are not similar): “He, 12C,
27 Al 3%Fe, 82Kr, 1188n, 1°7Au. The results explain the
superscaling for ' < 0 including ' < —1 whereas in
the RFG model f(y') = 0 for v/ < —1; ii) Asymmetry
in CDFM QE f(y/) is introduced phenomenologically,
thus simulating the role of FSI which violate the symme-
try for v’ > 0; iii) A realistic QE scaling function f{y)
is obtained also on the basis of NMD’s n(k) calculated
within the modified light-front dynamics method; iv) The
CDFM and LFD approaches are extended successfully to
the A-peak region which is the main contribution to the

inelastic scattering; v) The QE- and A-scaling functions
in CDFM and LFD are applied to description of data on
inclusive electron scattering by '>C at large energies and
transferred momenta. The question of almost symmet-
ric or asymmetric /(') is considered in relation to the
value of qgg in the position of the maximum of the QE

peak extracted from data (wgg) (> 450 MeV/c~ 2kr or
< 450 MeV/c); vi) The CDFM and LFD scaling func-
tions (the same from the (e, ¢’) analysis) are applied to
calculations of charge-changing neutrino- 12C (v, ™)
and (V,, ™) reaction cross sections for energies of the
incident particles from 1 to 2 GeV. The results are com-
pared with those of RFG and ERFG methods.
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