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Abstract. Recent progresses on the relativistic modeling of neutnincleus
reactions are presented and the results are compared witlprécision exper-
imental data in a wide energy range.

1 Introduction

Experimental knowledge of neutrino-nucleus cross sestiois reached un-
precedented precision in recent years, offering new oppii¢s to test models
for the weak nuclear response. Several ongoing experingietitiBooNE [1],
MINERvA [2], T2K [B], ArgoNeuT [4]) aim at the precise measuremefit o
neutrino properties: masses and hierarchy, CP violatioarpaters and mixing
angles. In order to get significant statistics, these erparts use complex nu-
clear targets - typically Carbon, Oxygen and Argon - andrthealyses strongly
rely on the modeling of nuclear effects, which are one of tte@nnsources of
uncertainty.

Ideally, neutrino scattering could provide richer infotina about the lepton-
hadron reaction mechanism and the nuclear dynamics thatraiescattering,
giving access not only to the vector but also to the axialaasp. However,
monochromatic neutrino beams are not available and allreéskes have to be
folded with the experimental neutrino flux, which makes &tats more efficient
probes of the vector nuclear response than neutrinos. Ronge, in inclusive
electron scattering - where only the outgoing electronisated in the final state
- itis possible to disentangle the quasielastic (QE) cbatidn, corresponding to
single-nucleon knockout, from processes involving two oremucleon knock-
out, since they occur at different transferred energieschSeparation is not
possible in inclusive neutrino scattering, as the energystier is not precisely
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known. Therefore a reliable modeling of different nucleevgesses becomes
essential for a proper analysis of the experimental data.

All the above mentioned experiments involve neutrinos eitlergy around
1 GeV or more. At these kinematics the dominant contribtitorthe cross sec-
tion are quasielastic scattering and pion production, attedl occurring mainly
throughA-resonance excitation. In this regime models based on antoo®-
variant nuclear tensor, involving relativistic hadronigi@nt operators and wave
functions, are preferable to traditional non-relatidstpproaches.

The simplest relativistic nuclear model is the Relatigisiermi Gas (RFG),
where relativistic effects can be treated exactly, but@wmics are considered free
and correlated only by the Pauli principle. It is well-knofrom electron scat-
tering that effects which go beyond the RFG, such as nuchemfeon (NN)
correlations and final state interactions (FSI), signifilyaaffect the nuclear re-
sponse. These can be accountedday, in the Relativistic Mean Field (RMF)
model, based on the solution of the Dirac equation in presefstrong scalar
and vector potentials for both the initial and final state {B]in the Relativistic
Green'’s Function (RGF) model, based on the use of a compliabpotential
to describe FSIJ6.,/7]. The predictions of the two models hHasen compared
and shown to give very similar results for electron scattpbiut non-negligible
differences for neutrino scattering, depending on therkiatics [8].

An alternative method of accounting for nuclear effectsantnino scattering
in a model-independent way consists in extracting inforomabn the many-
body dynamics from electron scattering data. This appréeatis to the so-
calledsuperscaling approximation (“SuSA"), which will be briefly reviewed in
Section 2, together with the latest improvements to the ddeSection 3 the
contribution of relativistic two-body currents, which geywnd superscaling,
will be discussed. In Section 4 we shall summarize and augiome future
developments.

2 Superscaling

The SuSA model is a phenomenological approach based on gegssaling
analysis of inclusive electron scattering data performeBdnnelly and Sick in
Ref. [9] for the quasielastic region and extended to norsilastic scattering
in Refs. [10 11].

In Ref. [12], Amaroet al. proposed to use superscaling in order to predict
charged-current (CC) neutrino scattering cross sectionkea quasielastic and
A resonance regions. The approach was later extended tosheotaeutral-
current (NC) scattering [13].

The basic assumption of the SuSA model is that the crossosefdr in-
clusive lepton (electron or neutrino) scattering off a eusl can be factorized
into a single-nucleon function, which contains the appiaprkinematic factors
and the elementary verteB{ NN for QE scattering,B* N A for resonantr-
production, and so on for higher excitation®3* being the virtual bosony,
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W+ or Z9), times a function, thecaling function F'(x/), depending on one sin-
gle scaling variable 1 (¢, w) instead ofg (momentum transfer) and (energy
transfer) separately. The exact definition of the scalingalde and dividing
factors can be foundg. in Ref. [14]. This is a good approximation as long as
the probe interacts with the complex system (the nucleugdmgferring energy
and momentum to the individual constituents (the nuclecoHs idea is concep-
tually similar to the well-known Bjorken scaling, where tb@mplex system is
the nucleon and the constituents are the partons, with tpertant differences
that nucleons, unlike partons, are not pointlike nor asytigslly free.

Scaling in nuclei is expected to be realized at high enougfesafq (larger
than roughly 400 MeV/c), where collective effects are nasent, and in ab-
sence of two-body currents, associated to the interactidheoprobe with a
pair of correlated nucleons. Moreover, if the functiBrscales with the nuclear
species as the inverse Fermi momentuyit.z, the phenomenon is calledper-
scaling and f(v) = kpF(y) is the superscaling function, independent of the
specific nucleus. This property allows to easily apply theleldo any nucleus.

Superscaling in the quasielastic region has been shown tolfilled with
good accuracy by the longitudingd, ¢’) data, while it is violated in the trans-
verse channel, where processes different from singleepactjection, such as
A-resonance and multi-nucleon excitations, come into glagse contributions
have to be added to the SuUSA model to get a full descriptiohefiita.
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Figure 1. Reference scaling functions in the SuSAv2 model.

In its original formulation the SUSA model for neutrino geaing relies on
two hypotheses: 1) the longitudinal superscaling funcisoaqual to the trans-
verse onef;, = fr = f, and 2)f is the same in the isoscalar and isovector
channels.

An improved version of the model (“SuSAv2”) has been regealthborated
by Gonzalezt al. [15] to incorporate different effects arising in the miaropic
RMF model in the longitudinal (L) and transverse (T) nuclesponses, as well
as in the isovector (T=1) and isoscalar (T=0) channels. R&sslead to the con-
struction of three “reference” scaling functions, reprded in Fig. 1 together
with the corresponding functions in Relativistic Plane \&/émnpulse Approxi-
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mation (RPWIA), where there is no difference between theisespin channels.
It appears that the SUSAv2 curves are lower and broader tigaRRWIA ones,
and display large high-energy (high) tails, an effect of the strong final state
interactions (FSI) of the model, as demonstrated in Rej- [16

The SuSAv2 scaling functions give an excellent represiemtaf the quasielas-
tic electron scattering data in a wide range of kinematicsasponding to medium
and high momentum transfers, as extensively illustrateReh [15]. On the
other hand, as expected, they fail to reproduce the datanatlovhere nu-
clear collective modes become important and differentrttézal schemes are
required.
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Figure 2. CCQE2C(v, ™) (left panel) and 7, u™) (right panel) cross section per nu-
cleon presented as a function of the incident (anti)neaiteénergy. Data from Mini-
BooNE [18]19] and NOMAD [[2D0] are compared with SuSA (dashedi-line) and
SuSAv2 (solid-blue line) predictions.

When applied to neutrino and antineutrino scattering, tireement with
the data depends on the kinematic conditions. This is ittt in Fig. 2, where
the SuSAv2 total quasielastic cross section'$@ (and for reference also the
one associated to the simpler model, SuSA, evaluated in[R&j.is displayed
versus the (anti)neutrino energy and compared with theB&ioNE [18,19] and
NOMAD data [20]. The SuSAv2 cross section is significanthgér than SuSA
one, as a consequence of the transverse enhancement ofdle¢ aithough it
still falls below the MiniBooNE data. On the other hand bot/88 and SuSAv2
results are compatible with the NOMAD data, the latter beingeneral, closer
to the center of the bins.

The excess, at relatively low energyft,) ~ 0.7 GeV), observed in Mini-
BooNE cross sections has been interpreted as evidenceahdB processes
may play an important role at that kinematics|[21~23]. It isrtlu pointing
out that in the experimental context of MiniBooNE, “quaagic” events are
defined as those from processes or channels containing mmnmasthe final
state. Thus, in principle, in addition to the purely QE pssewhich in this
framework refers exclusively to processes induced by adtzurrents (1A),
meson exchange current effects (induced by two-body or Abanly currents)
should also be taken into account for a proper interpretatiaata.
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Inthe NOMAD experiment the incident neutrino (antineudlibeam energy
is much larger, with a flux extending fromd,= 3 to 100 GeV. In this case,
one finds that data are in reasonable agreement with praasctiom impulse
approximation models. Notice however that the large eraos bf these data do
not allow for further definitive conclusions.
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Figure 3. CCQE neutrino (left panel) and antineutrino (riphnel) MINER/A data are
compare with SuSA (dashed-red line) and SuSAv2 (solid-bhe predictions. Data
taken from|[[24, 25].

In the MINERVA experiment the neutrino energy flux extends from 1.5 to
10 GeV and is peaked &, ~ 3 GeV,i.e, right in between the MiniBooNE
and NOMAD energy ranges. Therefore, its analysis can peovéy useful in-
formation on the role played by meson-exchange currenteinticlear dynam-
ics. In Fig. 3 the muon-neutrino (left) and antineutringlit) single-differential
CCQE cross sectionsiai/dQQQE), measured by MINERA [24]25], are dis-
played as functions of the reconstructed four-momentunsfea squared;)é I
and compared with the SUSA and SuSAv2 results. In spite oéti@ncement
with respect to SUSA, SuSAV2 is not only consistent, butgbamproves the
agreement with MINERA data. Furthermore, as expected, the SuSAv2 model
produces very close results to the RMF predictions, preseimt [26]. Thus,
contrary to the MiniBooNE situation, the comparison of MIREA data and
IA based models, in particular, RMF and SuSAv2, leavelitiom for MEC
contributions.

Before concluding this Section, we would like to comment ba micro-
scopic origin of the superscaling function. As already remed, the scaling
function extracted from the data accounts for nuclear &ffadich go beyond
the RFG, among which NN correlations and FSI. These, howaverdifficult
to be described in an unambiguous and precise way and in rass$ they are
highly model-dependent. In order to shed light on the roéyed by these ef-
fects in inclusive lepton scattering, it is useful to foragl the problem using
the language of spectral functions. The spectral functign E) represents the
probability to find a nucleon of momentuprand energy¥ in the nucleus. The
RFG spectral function [27] is simply given by the product nfemergy conserv-
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ing é-function, indicating that nucleons are free and on-slit] ad-function,
indicating that the nuclear ground state is the filled Fephiese. This yields the
well-known parabolic form of the superscaling functigitrc () = %(1—¢2),
very different from the experimental orie [28].

In Ref. [29] a realistic spectral functiofi(p, £) has been constructed that
is in agreement with the experimental scaling function. thae purpose effects
of a finite energy spread have been included using naturaatsiNO) for the
single-particle wave functions. Short-range NN correlasi are accounted for
within the Jastrow correlation method.The results have lweenpared with the
ones obtained using harmonic oscillator (HO) single plarticave functions.
Moreover FSI are accounted for by using an optical potettial leads to an
asymmetric scaling function, in accordance with the expental analysis, thus
showing the essential role of the FSI in the description ettbn scattering
reactions. The results obtained using the above spectratiins without FSI
are in qualitative good agreement with those of Réfs. [3d][84].
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Figure 4. The data of Fig. 2 are compared with the predictioth@® spectral function
model described in the text, including NN correlations andlfstate interactions.

In Fig.[4 the data already presented in Fig. 2 are comparedthat results
obtained within RFG+FSI, NO+FSI and HO+FSI approaches [B2]observed,
all models give results very close to the SuSAv2 curves of Eithat agree with
the NOMAD data but underpredict the MiniBooNE ones, moréosesty in the
neutrino than in the antineutrino case. It is also worthaingj that for very
high v, (7,) energies the total cross section for neutrinos and arttines is
very similar. This is consistent with the negligible cohtriion given by the
T' (transverse-axial) response in this region. Only fhandT' channels con-
tribute for the higher values explored by NOMAD experimemtére the theory
is in accordance with data). On the contrary, in the regigulaeed by Mini-
BooNE, the main contributions come from the two transvérs&” channels,
being constructive (destructive) in neutrino (antinedjicross sections. As al-
ready mentioned, effects beyond the 14, 2p2h MEC, may have a significant
contribution in the transverse responses leading to ttieare@esults closer to
data. However, note that the enhancement needed to fit dauéddte larger for
neutrinos than for antineutrinos, hence a careful anabfsis2h MEC contribu-
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tions in both transverse responses is needed before mondtidefconclusions
can be drawn.

3 Two-body currents

Two-body currents correspond to the coupling of the virtu@don with a pair

of interacting nucleons and can excite both one-partide-oole (1plh) and
two-particle-two-hole (2p2h) states. The correspondiegifan diagrams can
be classified into meson-exchange-currents (MEC), wherédison attaches to
the meson exchanged between the two nucleons, and carretatirents, where
it couples to one of the two nucleons. All diagrams must beswtared in order

to preserve current conservation.

In the RFG framework 1p1h excitations only contribute in thmsielastic
peak region-1 < i < 1. Their effect is generally small in the vector sector,
as shown in Ref[[33], and can probably be neglected in firpt@apmation,
whereas a calculation including the axial current is stilsing in the literature.

The 2p2h MEC on the contrary give a sizable contribution ®ititlusive
cross section [21-23]. The exact relativistic calculatmren in the simple RFG
model, is computationally demanding, since it involvesmehsional integrals
and some subtleties related to poles in the integrand fumésee Refs| [34, 35]
for details). For the vector current, it has been performe®é Pacest al. in
Ref. [36] and the connection with scaling has been studiedeh [37]. For
the axial current, however, work is still in progress|[38lrthermore, in order
to compare with neutrino cross section data, all the kinemabmpatible with
the experimental flux must be calculated: therefore it isessary to design an
optimal numerical procedure to reduce the computation.time

To this purpose we followed two different approaches. InsRE1/39] we
used a parametrization of the exact calculation of De aak, which was per-
formed for electron scattering at some kinematics and meigbdrapolated to
all kinematics involved in the neutrino flux folding integgrarhe correspond-
ing neutrino and antineutrino cross sections have been amdpvith the Mini-
BooNE data and shown to be closer to the data than the purbaheresults,
but still underpredicting the experimental point. Beforawiing definitive con-
clusions one should however add the axial MEC to the model.

In parallel we have been revisiting the full exact calcaatiincluding the
axial current, trying to devise reliable approximation®nder to optimize the
numerical integration.

To start with, in Refs[[34, 35] we have performed a carefulgsis of the
phase space. We do not present the full analysis here foofesace, but we
just show one of the interesting outcomes of our study, panb the impor-
tance of a correct treatment of relativistic effects.

In Fig. 5 we show results for the 7-dimensional integral mivthe phase-
space functiorf'(¢, w) at three values of the momentum transfe¥We compare
the exact calculation (green online) with the non-relatigiresult (red online)

7



M.B. Barbaroet al.

0.016 \ \ \
0.014 L ¢ =700 MeV/c

0.012 |
0.01 |
0.008 |
0.006 |
0.004 |
0.002 |

0
0.035
008t )5 aev/e
0.025 | PO
002 L 7
0.015 | i
0.01 |
0.005 |

0
0.07
006t _ 5 Gev/e ]
0.05 | |
0.04 1 7
0.03 7
0.02 L 7
0.01 [ ’

0

no rel

ot
K
ot
o
o

F(q,w) [GeV]?

100 200 300 400 500 600 700

o

F(q,w) [GeV]?

0 300 600 900 1200 1500

F(q,w) [GeV]?

0 @t L I
1000 1500 2000 2500 3000
w [MeV]

Figure 5. The 2p2h phase-space integral. Thick dotted:lirdativistic kinematics only
without the relativistic factorsn ' /E. Thin dashed lines: fully relativistic result.

and a semi-relativistic result (blue online) obtained bpliementing relativity in
the kinematics but not in the current operators, which shsdlude the appro-
priate Lorentz-contraction factors. It clearly emerges th order to “relativize”
a non-relativistic 2p2h model, implementing only relati¢ kinematics is not
only insufficient, but it goes in the wrong direction: theesffs coming solely
from the relativistic kinematics lead to differences evamyér than the discrep-
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ancy between the non-relativistic and the fully relaticis@alculations.
4 Summary and perspectives

We have shown that the recently updated version of the Scglerg model
(SuSAv2), based on the relativistic mean field model to aotfor the enhance-
ment of the transverse response and for isospin effectss gigyood description
of the high energy neutrino-nucleus data (NOMAD and MINBR while it
underpredicts the MiniBooNE data. To possibly explain thiscrepancy it is
necessary to provide a reliable description of the mesohange current con-
tribution in the 2p2h sector. A fully relativistic and exawdlculation of the
associated response functions, involving both the vectditiae axial two-body
current, is under way and will be soon completed. Prelinyimasults point at
the crucial importance of a consistent treatment of raktteffects.
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