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Abstract

It is shown that superscaling is due to the high-momentuhotdhe nucleon
momentum distributiom (k) which is similar for all nuclei and is caused by
the short-range and tensor nucleon-nucleon correlatibmspointed out also
that superscaling gives information about the general ptave asymptotics
of n(k) and the nucleon-nucleon forces in the nuclear medium. Tle@ot
Density Fluctuation Model (CDFM) is used to calculate th@ltdongitudinal
and transverse scaling functions on the basis of the hadtensor and the
corresponding response functions in the RFG model. Thédtseshow a good
agreement with the data and superscaling of the scalingifum£(v’) for neg-
ativet)’ including the region)’ < —1, where the RFG model fails. The CDFM
scaling functions are used to calculate the cross sectibttseoquasielastic
(QE) electron scattering on nuclei in the mass redidn< A < 208, as well
as charge-changing and neutral current neutrino (antinelitscattering on
12C in the QE and thé\-resonance regions at energies from 1 to 2 GeV.

1 Introduction

Over the past four decades electron scattering has proindeartant information on nuclear structure
and dynamics. Form factors and charge distributions haee b&tracted from elastic scattering data,
whereas inelastic measurements have been allowed forensytit study of the dynamic response over a
broad range of momentum)(and energyy) transfer. The scaling analyses of inclusive electrontscat
ing from a large variety of nuclei (see e.qg. [1,2] ipscaling and [3—8] for)’ -scaling and superscaling)
showed the evidence for the existence of high-momentum oasmgs of the nucleon momentum distri-
butionn (k) at momenta > 2 fm~1. It has been shown that it is due to the presence of nucleciean
(NN) correlations in nuclei (for reviews, see e.g. [9]). #stbeen pointed out that this specific feature of
n(k)/A is similar for all nuclei, and that it is a physical reasontioe scaling and superscaling phenom-
ena in nuclei. The latter is related to the independenceeofdduced cross section on the momentum
transferq (scaling of first kind) and the mass numbéi(scaling of second kind). As known, the mean-
field approximation (MFA) is unable to describe simultargpuhe two important characteristics of the
nuclear ground state, the density and momentum distribufiterefore, a consistent and simultaneous
analyses of the role of the NN correlations on both quastiserequired using theoretical methods be-
yond the MFA in the description of relevant phenomena, &ugsé of the scaling ones. Such a possibility
appears in the Coherent Density Fluctuation Model (CDFML(Y and this will be considered in the
present work.



2 Superscaling and general properties of the nucleon momentum distribution and the
NN forcesin medium

The scaling variable)’ has been introduced and superscaling considered in [3, fiibasis of the
relativistic Fermi gas (RFG) model. However, the scalingcfion in this model isf(¢’) = 0 for

1)’ < —1, whereas the experimental scaling function extracted ferri) data extends up t¢’ ~ —2,
where the effects beyond the MFA become important. Even nibhas been shown in [11] that the
behavior of the scaling functioyi(¢’) for ¢/ < —1 depends on the particular form of the power-law
asymptotic ofn(k) at largek related to a corresponding behavior of the in-medium NNdsraround
the core [12]:
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where Vin (k) is the Fourier transform of the NN interactidfyy(r). In principle, it is shown in the

hard-sphere dilute Fermi gas [13, 14] thdf) decrease like- 1/k**™ [14], wherem > 0. Using this,
in [11] we obtained the following expression for the scalingction
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that thus exhibits superscaling. Fitting the valuerofrom (2) to the experimental data fgi(y)') (see

Fig. 1) one can see that the agreement with the scaling miiachieved when the valuewfis in the

. . . ~ . 1

interval4 < m < 5. The inverse Fourier transform & (k) givesVan(r) ~ — andVyn(r) ~ 7 for
T T

m = 4 andm = 5, respectively. Thus, the result obtained in [11] impliegt thclusive quasielastic (QE)
electron scattering from nuclei provides important infation about the particular power-law form of
the asymptotic ofi(k) and on the NN forces in the nuclear medium.

Fig. 1. The scaling function in a dilute Fermi gas calculated usigqg(E) for different values ofn in the asymp-
totics of the momentum distribution(k) ~ 1/k**™ given in comparison with the RFG result. The grey area
shows experimental data taken from [6].

3 CDFM approach (I)

The drawback of the RFG model to describe the scaling funetig’ < —1 and the more general results
from [11] have shown the necessity of considering the sgpérg on the basis of a more complex dy-
namical picture of realistic finite nuclear systems beydm@RFG and MFA. So, as a particular example,
in the first version of the CDFM approach (which is a naturdééegion of the Fermi gas model based on
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the generator coordinate method [15] and includes longeaorrelations (LRC) of collective type) the
scaling function is obtained [7] on the basis of the RFG agdlunction:

o/ (krly'])
3 kraly')\”
feorm (¥') = / |F(2)]? frra(v', z)dx, where frra(¢/, z) ~ 1 [1 - ( F@W ’) ] )
0
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p(7) andn (k) being normalized to4, and| F'(z)|? to unity.

4 CDFM approach (I1)

In contrast to the CDFM in this work and in [16] a more general CDFM approach (ChFMas
developed starting not from the scaling function, but fréra hadronic tensor, the response functions
and related quantities in the RFG model with a dengitly-) and a Fermi momenturb (), weighting
the RFG model ones by the functiof(z)|? (Eq. (4)) [16]:
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where Wigeo () and RF7 (z, ) are those for the RFG [3] with a densipy(z), np(z) = k;;(;c)
er(z) = y/1+n%(x) and the scaling variable is: ) = ! AT , where
Ve N7 my/T )
€ = J(A+n2) — 1L, A= —— k= — 7 = k2 — A2, Then the total, longitudinaL, and
2mpy 2my
transversd’ scaling functions are obtained by:
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is the single-nucleor N elastic cross section [17] with the single-nucleon funwdi¢';, andGr being
expressed by the proton and neutron electric and magnetits$arm factors [3,16] antr is calculated
using Eqg. (5).
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5 Results of calculationson scaling functions and electron- and neutrino-nuclel
scattering cross sections

We present firstly our results of longitudinal [Fig. 2(a)]damansverse [Fig. 2(b)] scaling functions at
fixed values of momentum transfer= 0.3, 0.5, 0.8 and 1.0 GeV/c calculated within the CDFM
approach compared with results of the relativistic plameevimpulse approximation (RPWIA) with
Lorentz gauge [18]. In contrast with our previous resultaere the CDFNMscaling functions are equal,
COFM () = f2PPMI () = fCPFMi(4h), and do not depend on the momentum trangfém the CDFM
the scaling functions depend on the momentum transfdira sufficiently highg. As can be seen from
Fig. 2, scaling of first kind is clearly violated for logwvalues § < 0.5 GeV/c) in the negative) region,
whereas forg of the order of0.5 GeV/c, scaling violation slowly disappears @sncreases and the
CDFM;, and RPWIA scaling functions reach their asymptotic vald® result for the total quasielastic
scaling function can be seen in the next Fig. 3, where we ptese results of calculations gfQE())
[Eq. (8)] for 12C within the CDFM, model forg = 0.3 — 1.0 GeV/c with a step 0.1 GeV/c. Note that
the asymmetry in the scaling function, clearly observeddarq values, tends to disappearggoes up.

CDFM, "~ RPWIA CDFM, " RPWIA
08— q=10GeVlc .. ——q=1.0GeV/c 08/ .q=10GeVlc . —q=10GeV/]|
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Fig. 2: The longitudinal scaling functiong, (v/) (a) and the transverse scaling functigig) (b) for 12C cal-
culated in the CDFM for ¢ = 0.3, 0.5, 0.8, and1.0 GeV/c and RPWIA (Lorentz gauge) fgr= 0.5, 0.8, and
1.0 GeV/c.

In Fig. 4 we present results for the ratfg (v))/fr(¢) for 2C calculated in the CDFlyl and
RPWIA (Lorentz gauge) at fixed values of momentum trangfet 0.3, 0.5, 0.8, and1.0 GeV/c. In
the CDFM; calculations we observe violation of the scaling of the #efand [f7. () # fr(¥)], at
variance with the CDFMone. The behavior of the ratify,(v)/ fr (1) in our model is similar to that in
the RPWIA for positivey) values where the response is positive except for verygd@gy= 0.3 GeV/c),
while in the negative) region, the ratiof7.(v)/ fr(¢)) becomes negative for RPWIA and positive for
CDFMy,.

The next step in our studies is to examine the scaling of thergkekind in the CDFM. This
requires calculations of the scaling functions for différauclei. In Fig. 5 we give the results for the
quasielastic scaling functions fé¢C, 27Al, 56Fe, and'%’Au calculated in the CDFMand CDFM,,
respectively. The result of the RFG model is also preseride@. can see the essential difference between
the results of the RFG model and those of the CDBNI CDFM, in the region)’ < —1. It can be seen
also from our results that the scaling of the second kind églgo the CDFM. The behavior of the CDRM
and CDFM;, scaling functions can be explained by the long-range diliecorrelations included in the
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Fig. 3: The quasielastic scaling functigi¥E(x) for '2C  Fig. 4: The ratiofr,(v)/ fr () for 12C calculated in the
calculated in the CDFIMfor ¢ = 0.3 — 1.0 GeV/c with CDFM,, for ¢ = 0.3, 0.5, 0.8, and1.0 GeV/c and RP-
step0.1 GeV/c. WIA (Lorentz gauge) for; = 0.5, 0.8, and1.0 GeV/c.

CDFM. These correlations are important and they are refldntthe tail of the CDFM scaling functions
at negativa)’. In contrast, the results of mean-field approaches (rédtitivor not) are generally closer to
those of the RFG model. We note that the difference betweDPFM scaling function and that from
the RFG model foiy’| > 1 which can be seen in Fig. 5 is due to the large difference kwék) in

CDFM and that in the RFG model, where the (dimensionless) embam distribution is a step function.

A test of the CDFM superscaling functions is performed (Fpby calculations of the cross
sections of electron scattering in quasielastic Aacegion for nuclei with12 < A < 208 at different
energies and angles using the CDOFMd CDFM, scaling functions. For the scaling function in the
A-region we use our approach from Ref. [7]. As can be seen frign6Rhe results calculated with both
CDFM, and CDFM, scaling functions do not differ too much, agreeing well watkperimental data
in the QE region. Away from the QE anfl-peaks the behavior of the cross sections is due to higher
resonances. We also display the separate longitudinalranshverse contributions to the QE peak.

The features of superscaling in inclusive electron-nugkattering have made it possible to initi-
ate analyses of neutrino and antineutrino scattering afflenon the same basis (e.g. [17,20]). Neutrino-
(antineutrino-) nucleus charge-changing (CC) [20] or redtdurrent (NC) [21] scattering cross sections
for intermediate to high energies can be calculated by pivitig the elementary single-nucleon CC or
NC neutrino (antineutrino) cross sections by the corredpanscaling functions. These assumptions
have been tested within the relativistic mean-field (RMEpginal-state interaction (FSI) model [22]. A
number of other theoretical studies of CC and NC neutrintirfaatrino)-nucleus scattering has been per-
formed in recent years (for references see, e.g. [16, 20—126fhe present work (see also [27] and [16])
we applied the CDFM QE- and-scaling functions to the calculations of charge-changiagtrino-
nucleus scattering following the formalism given in [1 7). Fig. 7 we present the CDFM results for the
cross section of the charge-changing neutring(~) reaction on?C atf,, = 45° ande, = 1 GeV. The
calculations are performed using not only the COHRMt also the CDFM quasielastic scaling func-
tion. In the figure we present also the result (labeled “CpRBsymmetric)”) achieved by introducing,
as done in our previous work [8], a phenomenological asymmttil of the superscaling function at
1 > 0. Our results are compared with those from RFG model, SuSARERYIA approaches. We note
that the result for the CDFMwith asymmetry is closer to that calculated using the pherratogical
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Fig. 5. The quasielastic scaling functigi®(v
RFG. The experimental data are taken from [5, 6] and thedahdicate the mass number for each set of data.
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Fig. 7: The cross section of charge-changing neutring(~) reaction on'>C atf,, = 45° ande, = 1 GeV.

(SuSA) scaling function that is extracted from the experitaedata on inclusive electron scattering.
However, CDFM and CDFM, models lead to very close results, with the maximum of théregéunc-
tion being slightly higher in the latter. The scaling fuocts for both approaches follow closely the
behavior exhibited by the RPWIA one.

The CDFM approach was also applied in this work (see alsg [@3jalculate QE scattering via
the weak neutral current of neutrinos and antineutrinasiinoiclei, using the basic formalism from [21].

6 Conclusions

The results of the present work can be summarized as follows:

¢ A new, more general, approach within the Coherent Densitgtiation Model is proposed (CDRM

We apply it to calculate the totdl(¢), the longitudinalf, (1) and the transversgr(v) scaling functions

by taking as starting point the hadronic tensor and the todgial and transverse response functions in
the RFG model. The approach leads to a slight violation ofzére-kind scaling fz,(v) # fr(¥)]in
contrast with the situation in the RFG and CDFModels. It is found that the ratify, (v)/ f7(¢) in the
CDFM;, has similarities with that from the RPWIA approach (with entz gauge) for positive. It is
shown that the CDFM scaling functions calculated for different values of trensferred momentum
show a saturation of its asymptotic behavior. Scaling of kirsd appears af larger than~ 0.5 GeV/c.

e The CDFM scaling functions are applied to calculate crossi@es of inclusive electron scattering
(and their longitudinal and transverse components) in thesiglastic and\-regions for nuclei with
12 < A < 208 at different energies and angles. The results are in googeawnt with available
experimental data, especially in the QE region.

e The CDFM, approach is applied to calculate charge-changing neuaimineutrino) scattering o#C

at 1 GeV incident energy. The results are compared with thosethe RFG model, as well as from the
SuSA and RPWIA approaches. The CDFM scaling function is afguied to calculate QE scattering
via the weak neutral current of neutrinos (antineutrinosinf nuclei.
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