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| discuss the theoretical treatment of the electroweak nuatar response
based on nonrelativistic nuclear many-body theory. This agproach allows
for a uni ed parameter-free description of a variety of kinematical regions
relevant to many neutrino experiments. Selected applicatbns to electron-
and neutrino nucleus scattering in the impulse approximation regime are
analyzed.
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1. Introduction

In view of the rapid development of neutrino physics, leadig to signif-
icant improvements in the experimental accuracy, the treaiment of nuclear
e ects in data analysis is now regarded as one of the main sotes of sys-
tematic uncertainty [1,2].

Theoretical descriptions of the nuclear response to eleaweak probes
necessarily imply two di erent sources of uncertainty. First, due to the
complexity of the fundamental theory of strong interactions, one has to rely
on dynamical models, based on nucleon and meson degrees eefiiom and
e ective interactions. Second, the calculation of transiion matrix elements
between nuclear states necessarily involves approximatis for targets having
nuclear mass numberA > 4.

In Nuclear Many-Body Theory (NMBT) the nucleus is viewed as a ct
lection of pointlike protons and neutrons, whose dynamics i@ described by
the nonrelativistic Hamiltonian

X p? X X
= %"' Vij + Vi (1.1)

i j>i k>j>i

H
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where p; and m denote the momentum of thei-th nucleon and the nucleon
mass, respectively. The two body potentialv; is determined by tting
deuteron properties and 4000 precisely measured nucleon nucleorN(N )
scattering phase shitfs [3], while inclusion of the three-ncleon interaction
Vijk vjj is required to account for the binding energy of the three-naleon
systems [4].

The many body Schrodinger equation associated with the Hantibnian
of Eq. (1.1) can be solved exactly, using stochastic method$or nuclei with
mass number up to 10. The resulting energies of the ground andw-lying
excited states are in excellent agreement with experimentadata [5].

It is very important to realize that in NMBT the dynamics is ful ly de-
termined by the properties of exactly solvable system, and des not su er
from the uncertainties involved in many-body calculations Once the nuclear
Hamiltonian is xed, calculations of nuclear observables ér a variety of sys-
tems, ranging from deuteron to neutron stars, can be carriedut without
making use of any adjustable parameters.

The theoretical description of the electroweak nuclear rgzonse based on
NMBT is outlined in Section 2, whereas Section 3 focuses on theegion
of high momentum transfer, where the impulse approximation(IA) scheme
becomes applicable. Sections 4 and 5 are devoted to the ansily of se-
lected applications to electron and neutrino nucleus scatering processes,
respectively, while conclusions and prospects are stated iSection 6.

2. The nuclear electroweak response

The scattering cross section of the process
T+ Al %X (2.1)

where" and “%denote either a charged lepton or a neutrino ancK represents
the undetected hadronic nal state, can be written in the form

dal/ L W, : 2.2)

In the above equation, the tensoil  is determined by the lepton kinematics,
whereas all the information on nuclear dynamics is containg in the response
tensor

X
Wy (@= M3, (ainihnjda (@0l @ (po+a  pn); (2.3)

n

whose calculation requires the knowledge of the target growl and excited
states, jOi and jni, as well as of the nuclear electroweak currend , .
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At moderate momentum transfer (jgj < 500 MeV) exact calculations of
W, can be carried out forA 4 using integral transform techniques [6, 7].
Accurate results can also be obtained intheA ! 1 limit using Correlated
Basis Function (CBF) perturbation theory [8, 9].

The CFB approach is based on the use of the complete set obrrelated
states

jni = Finygi; (2.4)

where jnyri is a state obtained from the mean- eld approximation, e.g. a
nuclear shell-model wave function, while the operator=, which takes into
account NN correlations induced by the strong nuclear forces, is genaity
written in the form %
F=S fij . (2.5)
j>i
The structure of the two-nucleon correlation operatorfj; re ects the com-
plexity of the NN potential, which is known to be non spherically symmet-
ric and strongly spin isospin dependent. The symmetrizaton operator S is
needed to preserve the symmetry of the statgni, as in general[f;; ;fjx]6 0.
The Hamiltonian of Eg. (1.1) can be split according to

H=Ho+H; (2.6)

whereH and H, denote its diagonal and non diagonal part in the correlated

basis, respectively,i.e.
hmjHgjni
hmjH | jni

mn MMjH jni ; (2.7)
(1 mn)h’ﬂjHjﬂi . (2.8)

If the correlated states have large overlaps with the eigenates of H, the
matrix elements (2.8) are small and the perturbative expan®n in powers of
H, is rapidly convergent.

CBF perturbation theory has been used to calculate the elecobmag-
netic response of in nite nuclear matter for momentum tranders up to

500 MeV [9]. The results, obtained including the contributions of one
particle-one hole and two particle two hole intermediate dates in Eq. (2.3),
clearly show that the e ects of short rangeNN correlations are large.

Long range correlations are also known to be important at loamomen-
tum transfer (jgqj < 200 MeV), but their description within CBF involves
severe diculties. However, implementation of e ective interactions ex-
tracted from the CBF results in the standard Random Phase Appobximation
scheme [10] may provide a computationally viable approachllawing for a
consistent treatment of short and long range correlations.
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3. The impulse approximation regime

At large momentum transfer the nonrelativistic approximation breaks
down. However, when the space resolution of the beam parte] 15qj,
becomes much smaller than the average distance between neichs in the
target, the IA regime sets in. Under these conditions, the nalear cross
section reduces to the incoherent sum of elementary scatieg processes
involving individual boundnucleons. Neglecting nal state interactions (FSI)
between the struck particle and the spectator nucleons onean then rewrite
Eqg. (2.3) in the simple form

X m
W, (@)= d*k Er Pi(k)w; (k;Q); (3.1)
|
where the spectral functionP;(k) yields the energy and momentum distri-
bution of the i-th nucleon, whose electroweak structure is described by th
tensor &,

Accurate calculations of the spectral function have been gaed out for
light nuclei [11 13] and in nite nuclear matter [14,15]. Th e proton spec-
tral functions of medium-heavy nuclei have also been modafeusing the
Local Density Approximation (LDA) [16,17], in which the experimental in-
formation obtained from electron-induced nucleon knock oumeasurements
is combined with the results of theoretical calculations othe nuclear matter
spectral function carried out at di erent densities.

The tensor &, can be expressed in terms of the proton and neutron
structure functions obtained from lepton proton and lepton deuteron data,
the e ects of nuclear binding being accounted for through a kift of the
energy transfer [18].

The e ect of FSI, neglected in Eg. (3.1), has long been recogred to
be sizable. In inclusive processes it amounts t@) an energy shift of the
cross section, due to the fact that the struck nucleon movesithe average
potential generated by the spectator particles and(ii) a redistribution of
the strength, leading to the quenching of the quasi-elastiqppeak and the
enhancement of the tails, to be ascribed to the occurrence &fN scattering
processes coupling the one particle-one hole nal state to are complexn
particle n hole con gurations.

A theoretical approach to describe FSI, based on NMBT and a gest-
alization of Glauber theory of high energy proton scatterirg [19], has been
proposed in the early 90s [20]. This treatment of FSI, genefly referred
to as Correlated Glauber Approximation (CGA) rests on the premises that
() the struck nucleon moves along a straight trajectory with castant ve-
locity (eikonal approximation), and (ii) the spectator nucleons are seen by
the struck particle as a collection of xed scattering centes (frozen approx-
imation).
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4. Electron nucleus scattering

The approach outlined in Section 3 has been widely and succdslly ap-
plied to the analysis of electron nucleus scattering data for a recent review
see,e.g, Ref. [21]).

In Ref. [22], it has been employed to calculate the inclusivelectron scat-
tering cross sections o oxygen at beam energies ranging be¢en 700 and
1200 MeV and electron scattering angle 32 In this kinematical region, rele-
vant to many neutrino experiments, single nucleon knock outs the dominant
reaction mechanism and both quasi-elastic and inelastic prcesses, leading
to the appearance of hadrons other than protons and neutronsmust be
taken into account.

Comparison between theoretical results and the experimeat data of
Ref. [23] shows that, while the data in the region of the quaselastic peak
are accounted for with an accuracy better than 10 %, theory fails to
explain the measured cross sections at larger electron emggrloss, where
production dominates.

As an example, Fig. 1 shows the results of Ref. [22] at beam egg 700
and 1200 MeV. For reference, the results of the Fermi gas (FGnodel cor-
responding to Fermi momentumpg = 225 MeV and average removal energy

= 25 MeV are also shown. Theoretical calculations have been caed out
using the Hohler Brash parameterization of the nucleon formfactors [24,25]
in the quasi-elastic channel and the Bodek and Ritchie paramedzation of
the proton and neutron structure functions in the inelastic channels [26].
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Fig.1. Cross section of the process®O(e; &) at scattering angle 32 and beam
energy 700 MeV (left panel) and 1200 MeV (right panel). Solidlines: full calcu-
lation, carried out within the approach described in Sectim 3. Dot-dashed lines:
IA calculation, carried out neglecting FSI e ects. Dashed lines: FG model with
pr =225 MeV and =25 MeV. The data are taken from Ref. [23].
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The authors of Ref. [22] argued that the disagreement betweetheory
and data in the  production region is likely to be imputable to de cien-
cies in the description of the nucleon structure functions alow Q2. This
conclusion is supported by the analysis recently carried dun Ref. [27].

The results of Fig. 1 clearly illustrate the inadequacy of tre FG model,
often employed in the analysis of neutrino experiment, to dscribe the data.
Fixing the model parameters to reproduce the quasi-elastipeak at 1200
MeV leads to a 40% discrepancy at 700 MeV. On the other hand, # ap-
proach based in NMBT, involving no adjustable parametes, proides a sat-
isfactory description of the quasi-elastic region for bothkinematics.

5. Charged current neutrino nucleus scattering

The approach based on NMBT can be readily generalized to desbe
charged current neutrino nucleus interactions [22]. It has to be pointed out,
however, that, while including dynamical correlations in the nal state, it
does not take into account statistical correlations, leadng to Pauli blocking
of the phase space available to the knocked out nucleon.

The e ect of Pauli blocking, which can be included through a nodi ca-
tion of the spectral function [22], is hardly visible in the di erential electron
nucleus cross section discussed in Section 4, corresporglio Q2 > 0:2 GeV?
at the quasi-elastic peak. On the other hand, it appears to beery large at
lower values ofQ?2.

Figure 2 shows the calculated di erential cross sectiord =dQ 2 for scat-
tering of 1 GeV electron neutrinos o oxygen. The dashed and dt-dashed

T
15 -
F- v +'%0-e+X

W E,=1 GeV

do/dQ? [107™%® cm?/GeV?]

e b by by b W TS
0
0.00 025 050 07 1.00 125 1.50

Q?® [GeV®]

Fig. 2. Di erential cross section d =dQ ? for scattering of 1 GeV electron neutrinos
0 oxygen. The dot-dashed line shows the IA results, while the solid and dashed
lines have been obtained taking into account Pauli blockingwith and without
inclusion of dynamical FSI, respectively.
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lines correspond to the IA results with and without inclusion of Pauli block-
ing, respectively. The e ect of Fermi statistic in suppressng scattering shows
up at Q2 0:2 GeV? and becomes dominant at lowerQ?. The results of
the full calculation, in which dynamical FSI are also included, are displayed
as a full line. The results of Fig. 2 suggest that Pauli blockag and FSI may
explain the de cit of the measured cross section at lowQ? with respect to
the predictions of Monte Carlo simulations [28].

6. Conclusions and prospects

The approach based on NMBT provides a uni ed parameter-free dscrip-
tion of the electroweak nuclear response in a variety of kineatical regions
relevant to many neutrino experiments.

Thanks to the availability of reliable spectral functions, accurate calcula-
tions of the cross sections in the IA regime can now be carriedut including
the e ects of short range NN correlations. Correlation e ects can also be
consistenly included in the treatment of FSI between the stuck nucleon and
the spectator particles.

Comparison to electron nucleus scattering data shows thatwhile the re-
gion of the quasi-elastic peak is described with an accura@f 10 %, theory
still fails to account for the measured cross sections at lger energy transfer.
Better models of the nucleon structure functions atQ? < 0:5 GeV? appear
to be needed for a fully quantitative understanding of the  production
region. The role of meson exchange currents, which are knowo provide
a signi cant amount of strength in the dip region between the quasi-elastic
and the  production peak, also needs to be carefully investigated.

As a nal remark, it has to be pointed out that the possibility of using
the approach based on NMBT in the analysis of neutrino experirants largely
depends on the ability to implement its elements in Monte Calo simulations.

Assuming, for the sake of simplicity, that the elementary weak interaction
vertex in the nuclear medium be the same as in free space, a tsédc sim-
ulation of neutrino nucleus scattering requires the energ and momentum
probability distribution of the nucleons, needed to speciy the initial state,
as well as their distribution in space and the medium modi ed hadronic
cross section, needed for the description of FSI.

Studies based on NMBT and stochastic methods to solve the many
body Schrédinger equation appear to be capable of providingccess to all
the above quantities for a variety of nuclear targets.
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