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Abstract. We evaluate quasielastic double-differential antineutrino cross sec-
tions obtained in a phenomenological model based on the superscdiiagdre

of electron scattering data and estimate the contribution of the vector meson-
exchange currents in the 2p-2h sector. We show that the impact ofnmeso
exchange currents for charge-changing antineutrino reactions ik racger

than in the neutrino case. On the other hand, superscaling-base@etppre-
dictions to neutrino-induced charged-current charged pion produictithe A-
resonance region are explored under MiniBooNE experimental conslitithe
results obtained are compared with the corresponding MiniBooNE exgetain
data.

1 Introduction

The properties of neutrinos are being studied with increasiterest as these
may carry important information about the limits of the S$tard Model. In
most neutrino experiments, the interactions of the neagrioccur with nucle-
ons bound in nuclei. The influence of nucleon-nucleon irtévas on the re-
sponse of nuclei to neutrino probes must then be considétedel predictions
for these reactions involve many different effects suchwadaar correlations,
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interactions in the final state, possible modification of thueeleon properties
inside the nuclear medium, that presently cannot be cordpatan unambigu-
ous and precise way. One way of avoiding model-dependeigi@suse the
nuclear response to other leptonic probes, such as elsctiader similar con-
ditions to the neutrino experiments. The extensive analgdescaling [1-3]
and superscaling [4-9] phenomena observed in electroleusiscattering lead
to the use of the scaling function directly extracted fr(ame’) data to predict
neutrino (antineutrino)-nucleus cross sections [10], nebting on a particular
nuclear structure model. Within the Superscaling Appro@uSA) a“super-
scaling function”f (v) is built by factoring-out the single-nucleon content off
the double-differential cross section and plotting theairimg nuclear response
versus a scaling variablé(q, w). Approximate scaling of the first kind.e., no
explicit dependence of(¢) on the momentum transfer can be seen at trans-
fer energies below the quasielastic (QE) peak. Scaling ajrsgkind,i.e., no
dependence of (¢’) on the mass number, turns out to be excellent in the same
region. When scaling of both first and second types occur, aye that super-
scaling takes place.

The analyses of the world data on inclusive electron-nisctamattering [6]
confirmed the observation of superscaling and thus justifiecextraction of a
universal nuclear response to be also used for weak integagtobes. How-
ever, while there is a number of theoretical models thathaikuperscaling,
such as for instance the relativistic Fermi gas (RFG) [4tfg,nuclear response
departs from the one derived from the experimental datas Shdwed the ne-
cessity to consider more complex dynamical pictures ofdfiniiclear systems
— beyond the RFG — in order to describe the nuclear resporiséeamnediate
energies. The model has been applied to neutral curreriesogt[11] and it
has also been extended to theresonance region [10] where the response of
the nuclear system proceeds through excitation of intemaeleonic degrees of
freedom. This procedure has been possible due to the largerdrof available
high-quality data of inelastic electron scattering crassisns on'2C, including
also separate information on the longitudinal and trarseveegsponses, the lat-
ter containing important contributions introduced by effebeyond the impulse
approximation (non-nucleonic).

2 Meson Exchange Currents and Quasielastic Neutrino
(Antineutrino) Cross Sections

The recent MiniBooNE data on muon neutrino charged-curtprasielastic
(CCQE) scattering [12] have raised an important debate endle played by
both nuclear and nucleonic ingredients in the descriptiothe reaction. Un-
expectedly, the cross section turns out to be substantiatigrestimated by the
Relativistic Fermi Gas (RFG) model, unless an unusuallgdad hoc value

of the axial mass\/4 ~ 1.35 GeV/& (as compared with the standard value
M4 ~ 1 GeV/@) is employed.
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Figure 1. Flux-integrated double-differential cross section per tamgeeon for thev,,
CCQE process oh’C displayed versus thg™ kinetic energyT,, for various bins of
cos@,. The lower curves in each panel (red) show the SuSA QE results, whilepier
curves (green) show those results plus the contributions from 2p2h MEC

At the level of the impulse approximation (IA), a number of n@gophisti-
cated descriptions of the nuclear dynamics other than ti& &8o underpredict
the measured CCQE cross section (sa, [13—18]). Possible explanations of
this puzzle have been proposed, based either on multinukleackout [14, 19]

99



O N = O o

T
ar, GeV
S N = O

d?o
dcost,

Figure 2. As for Figure 1, but far,, scattering versug™ kinetic energyl,,. The data
are from Ref. [12].

or on particular treatments of final-state interactionstigh phenomenological
optical potentials [20], indicating that contributionsybed the naive starting
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point play an important role in QE neutrino reactions.

In [16] the predictions of SUSA model including 2p-2h Medexehange
Currents (MEC) were presented and compared with the MiniEalata on
muon neutrino scattering frod?¥C. The inclusion of 2p-2h MEC in the SuSA
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approach yields larger cross sections and accordinglgtagreement with the
data, although theory still lies below the data at largedemwhere the cross
sections are smaller [16].

In this work we apply the same model to antineutrino scatterirhe results
are shown in Figures 1-2. In particular, in Figure 1 antineotCCQE cross
sections integrated over tixg, MiniBooNE flux [21] are shown as functions of
pt kinetic energied, for angular binsos 6, ranging from forward to back-
ward angles. For each panel in the figure two curves are shibwrpwer in
each case (red) being the basic SUSA QE result and the uppenjdeing this
plus the contributions from 2p-2h MEC in the transversemegart of the cross
section. For comparison, in Figure 2 the neutrino crossaecversug:~ ki-
netic energies are shown for the same kinematical conditimgether with the
data from [12].

The effects from 2p-2h MEC for the antineutrino case are @apye strik-
ing: for instance, for the first angular bin showth§ < cosfd, < 0.9) the
MEC contribute about 38% to the total cross section at thé,pedile for
0 < cosf, < 0.1 this rises to about 44% at the peak. In contrast (see Fig-
ure 2) the relative percentage coming from MEC is much smalléhe neutrino
case. The origin of these differences is clear. For newgror@ has three basic
contributions, namely, from the SuSA QE contributions te tlansverse and
longitudinal VV and transverse AA responses together witllscontributions
from the charge-longitudinal AA responses, contributitmsn 2p2h MEC and
the VA interference contribution. In leading order the MERflyoenter in the
transverse VV and in the charge-longitudinal AA sectors.wkler the latter
is extremely small (less than a few %) in the one-body respansl therefore
we neglect the 2p2h corretions to it. For neutrinos the VA&iifg@rence is con-
structive and the MEC effects are to be weighed againstivelatlarge QE
contributions. However, for antineutrinos the VA intedface is destructive; ac-
cordingly the total QE contribution is significantly reddder antineutrinos and
consequently when the MEC are added they play a much moriicént role.

3 Neutrino-Induced Charged-Current Charged Pion Production

The data on neutrino-induced charged-current (CC) chaageldneutral pion
production cross sections on mineral oil recently reledsethe MiniBooNE
collaboration [22] provides an unprecedented opportututgarry out a sys-
tematic study of double differential cross section of thecessesy,p —
pwprt,vyn — pnrt, v,n — ppn°, averaged over the neutrino flux.
We present RFG and SuSA predictions for the double-diftiEakoross section
for CC neutrino-induced™ production on CH averaged over the neutrino flux
®(¢,) as a function of the muon kinetic energy (Figure 3). Each panel corre-
sponds to a bin ofos 6. In Figure 4 are shown the results obtained by integrating
the flux-averaged double-differential cross sections ange.

The total cross section far™ production as a function of the neutrino energy
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Figure 3. (Color online) The double-differential cross section awstayer the neutrino
energy flux as a function of the muon kinetic enefjy obtained by SuSA (solid line)
and RFG (dotted line\-region scaling functions. In each subfigure the results have been
averaged over the corresponding angular biaosfd. The results are compared with the
MiniBooNE data [22].

along with the MiniBooNE data are displayed in Figure 5. Ro@greement
with data than for the flux-averaged cross sections predentEigures 3—4 is
clearly observed. The data seems to follow a more linearrdtgrece with the
energy up t® GeV than the theory. However, before drawing definite conclu
sions, one has to consider that the unfolding procedure tasextract the data
of Figure 5 is to some extent model dependent. Thus theseadatass direct
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Figure 4. Thedo/dT, results obtained by integrating the flux-averaged double-
differential cross sections oveos 6 are compared with the MiniBooNE data [22]. For
vector and axial form-factors two parameterizations, “PR1” [23] &PR2" [24], are
used.
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Figure 5. The total cross section fer” production are compared with the MiniBooNE
data [22]. For vector and axial form-factors two parameterizatioRR1" [23] and
“PR2" [24], are used.

and we consider the comparison with the data of Figures 3-Betof more

significance.
Summarizing, we show that SUSA predictions are in good ageeé with
the MiniBooNE experimental data for pionic cross-sectiothie case of the flux
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averaged data, while some disagreement remains in the cimp#o unfolded
neutrino energy data. Notice that the accordance betweBA 8nd data here is
better than the one for the non-pionic case, where the maaefeund to under-
predict the data unless meson exchange currents were idypiicluded [17].
We conclude that the SuSA approach for theegion and its extension to neu-
trino processes may be very useful to predict highly-madeéépendent cross
sections for neutrino-induced GE" production.
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