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Abstract. We use our model for neutrino pion production on the nucleostiidy pion production on a nucleus. The model
is conveniently modified to include in-medium correctiomsl ats validity is extended up to 2 GeV neutrino energies by
the inclusion of new resonant contributions in the producprocess. Our results are compared with recent MiniBooatg d
measured in mineral oil. Our total cross sections are bela fibr neutrino energies aboxel GeV. As with other theoretical
calculations, the agreement with data improves if we néglien final state interaction. This is also the case for déffeial
cross sections convoluted over the neutrino flux.
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INTRODUCTION

The MiniBooNE Collaboration has recently published onenppmroduction cross sections on mineral dilHp)

by vu/vu neutrinos with energies below 2GeV [1, 2, 3]. These are tha fiion production cross sections to
be measured since the old bubble chamber experimentsctauteat Argonne National Laboratory (ANL) [4, 5]
and Brookhaven National Laboratory (BNL) [6]. The latterrvgneasured in deuterium where nuclear effects are
small [7, 8]. MiniBooNE data poses an extra problem to theomemodels due to the expected relevance of in-
medium modifications and final state interaction (FSI) irboar. In Ref. [9], the use of a formation time/zone, that
reduces the impact of FSI, leads to a good agreement withhtiqgesof different neutral currendC) 7° production
differential cross sections. Charged curré®€) single pion production off°C for neutrino energies up to 1 GeV is
analyzed in Ref. [10]. Their results for total cross sectiane below MiniBooNE data in the high neutrino energy
region (08 — 1GeV) and the agreement improves if FSI is neglected. A mdiffeapproach valid only in the low
Q? region is presented in Ref. [11]. There the authors evalpi@te production by neutrinos in the 1o®? region

and for neutrinos in the energy rang&06- 2 GeV. The model is based on partial conservation of the a&xiakent
(PCAC) hypothesis, the conserved vector current (CVC) tygris and the use of experimental cross section data at
the nucleon level. The agreement found with MiniBooNE datgdod forQ? values up to 0.2 Ge¥ In Ref. [12] the
authors use the Giessen Boltzmann-Uehling-Uhlenbeckld@)Bmnodel finding that total cross sections measured by
MiniBooNE are higher than theoretical ones for neutrinorgies above B ~ 0.9 GeV. As in Ref. [10], the agreement
with data for total and different flux averaged differentiabss sections is better if pion FSI is neglected. However,
as also shown in Ref. [12], the same FSI model applied to pimrtgproduction is able to give a fair reproduction of
experiment in that case.

In this contribution we address the problem of pion prodarctin a nucleus starting from our pion production model
at the nucleon level taken from Refs. [13, 8]. In order todretbmpare to MiniBooNE data we extend the model up
to 2 GeV neutrino energies, well above theesonance region for which it was originally developed. ¥bthe Delta
region also théd;3(1520 resonance plays a role [14] and in the present calculatiomelede its contribution. We
also take into account in-medium corrections to the prddugirocess. Those are Pauli-blocking and Fermi motion
and the important corrections that originate frAmesonance modification inside the nuclear medium. Anotserd
is pion FSI for which we use a simulation program that folldles work done in Ref. [15] where a general simulation
code for inclusive pion nucleus reactions was developedome of the channels coherent pion production is also
possible and to evaluate its contribution we shall take esults in Ref. [16] that uses the model we derived in
Ref. [17].
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PION PRODUCTION MODEL

Our full model for one pion production on the nucleon is de&gddn Fig. 1. It contains the dominafitpole resonance
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FIGURE 1. Model for theW*N — N’7t reaction. We have Direct and cross&l232— and nucleon pole terms, contact and
pion pole contribution, and the pion-in-flight term [13].thiis case we also include direct and crosBeg-pole terms.

term (direct and crossed) and background terms requiredhibgl symmetry. On top of that we add now the direct
and crossedi3-pole terms. The background terms are the leading conmitsitof a SU(2) nonlinearc model
supplemented with well known form factors in a way that respboth conservation of vector current and the partial
conservation of axial current hypotheses. All the detailsheeA and background terms can be found in Refs. [13, 8].
In Ref. [8] we followed the work in Ref. [18] and we made a comdd fit of the dominant nucleon-to-Delta axial
form factor to ANL and BNL data including both full deuteroffieets and flux normalization uncertainties. In Fig. 2
we show the results of that fit compared to experimental ddta.axial nucleon-to-Delta form factors obtained in
Ref. [8] are the ones we use in the present calculation. Agh#lD,3 resonance contribution, all details will be given
elsewhere [19]. Note however that as g has isospin 1/2 it does not contribute in ™ channel and thus it does
not affect the fit of the axial nucleon to Delta form factorsrzad out in Ref. [8].

For incoherent production on a nucleus we sum the nucless@ection over all nucleons in the nucleus. For a
charged currentdC) process, using the local density approximation, we afav@itial pion production (prior to any

pion FSI) induced by a neutrino of momentum/endfmat

do

dkarr2drdcosf,dE; ¢(|k|)Nzn‘p2/

dé(vN — I-N'm)
dcosfdE,;

3
s OEN) ~EO(EN+ 0~ En—EX (1)

with EN(r) = /M2 4 (k¥(r))2, beingkl(r) = (3rpn(r))*2 andpn (r) the local Fermi momentum and local density

for nucleons of typeN. Besidesd(|K|) is the neutrino fluxd(vN — | ~N’m) is the cross section at the nucleon level
modified by medium effects as discussed below. The aboverdiffial cross section is used in a simulation code to
generate, at a given pointinside the nucleus and by neutrinos of a given energy, pidtis avcertain energy and
momentum direction.

TheA properties are strongly modified in the nuclear medium [D7 22, 22, 23, 24, 25, 26, 27] and since the direct
A-pole contribution is the dominant one a more correct treatris needed for production inside a nucleus. Following

1 T T
o v d pTCN )
I
% 0.8 Fl - HPp + =
O
“E 06 ]
(&)
S 04
o
g 02 x ANL )
k) = BNL (noTiN cut)
L L L L

(=]

1
025 05 075 1 125 15
E (GeV)

FIGURE 2. Comparison of our model results (solid line) to ANL [5] and B[$] experimental data. Theoretical 68% confidence
level bands are also shown. Data include a systematic @066 for ANL and 10% for BNL data) that has been added in quadzat
to the statistical published errors. Our theoretical fssahd ANL data include W < 1.4 GeV cut in the finaltN invariant mass.



Ref. [23], we modify the\ propagator in thé-pole term as

1 1 1
- — : : )
PE—MZ+iMals  V/S+Ma /S—Ma+i(TRaul/2 —Im3,)

with s= pi, FZa”” the freeA width corrected by Pauli blocking of the final nucleon, forigthwe take the expression
in Eq.(15) of Ref. [27], and I, the imaginary part of thA self-energy in the medium. The evaluatiorbgfis done
in Ref. [21] where the imaginary part is parameterized as

a B y
(8 v (2) v (2)

with pg = 0.17fm 3. The terms irCa, andCa, are related to the two-body absorpttdiNN— NN and three-body
absorptionW NNN— NNN channels respectively. On the other hand @aeterm gives rise to a neWWN — Nt
contribution inside the nuclear medium and thus it has toakert into account beyond its role in modifying the

propagator. This new contribution has to be added incoligrand we implement it in a approximate way by taking

as amplitude square for this process the amplitude squatedfirectA-pole contribution multiplied byc%/gwa.

When coherent production diC is possible we evaluate its contribution using our model éf. [RL7] but with the
nucleon-to-Delta form factors as extracted in Ref [8].

As already mentioned, to evaluate FSI effects we follow [RES] and we take into accoui- and S-wave pion
absorption, andP-wave quasielastic scattering on a single nucleon. Fheave interaction is mediated by the
resonance excitation. The different contributions to theginary part of its self-energy account for pion two- and
three-nucleon absorption and quasielastic processespiabilities for the different processes are evaluated in
nuclear matter as a function of the density and then the tbeasity approximation prescription is used for its use in
finite nuclei. After a quasielastic event, pions change nmdoma and may change its electric charge. The probability
for charge exchange and the final momentum distribution aftguasielastic interaction are given in Ref. [15]. That
information is used in the simulation program to generagtgpibn resulting from such a collision. Besides, in between
collisions we assume the pions propagate in straight lizkkghe details can be found in Ref. [15].

RESULTS AND COMPARISON WITH MINIBOONE DATA

Here we show part of the results we have obtained. A more campliscussion of the relevance of the different
contributions will be given in Ref. [19]. In the left panel Big. 3 we compare our results far™ production in aCC
process with MiniBooNE data. We take into account the cbatidn on'2C and the two hydrogens. There is also a
small coherent contribution 0fC. Our total result is below data for neutrino energies abo9&@V. The agreement
imprci)_l\ées if we do not take into account FSI of the pion. A sanilesult (see right panel of Fig. 3) is obtained for a
final .
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FIGURE 3. 1mtotal production cross section fo, CCinteraction in mineral oil. Left Panel: results for a firmaf. Right panel:

Results for a finai®. Solid line: Total contribution. Double-dotted dasheclitviodel prediction without FSI of the outgoing pion.
Experimental data taken from Ref. [1].
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FIGURE 4. Differential g% cross section for charged current'l production byv,, in mineral oil. Captions as in Fig. 3. Data
from Ref. [1].
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FIGURE 5. Differential 4 (Ieft panel) andm (right panel) cross section f@C 11 production byvy in mineral oil.
Captions as in Fig. 3. Data from Ref. [2].

In Fig. 4 we compare the dlﬁerentlé‘% cross section foEC 17" production byv,,. We have taken into account
the neutrino flux in Ref. [1] to produce our results. We undéneate data foll;; above 0.15 GeV. This is an effect of
FSI of the final pion which above those kinetic energies antofor a sizable pion absorption driven by g 232).
Neglecting FSI we get a good agreement with data.

In Fig.5 we show, differential 5= do anddcf(’)‘;e cross sections faEC 17° production. For that we use the neutrino

flux reported in Ref. [2] that extends from 2 GeV down to 0.5G®dtrino energy. Our results f(ﬁﬂ evaluated
without FSI on the final pion agree better with data for pionnmeatum above 0.2 GeV/c. As a result of FSlI, the
agreement improves below 0.2 GeV/c, but our model produameéetv pions in the momentum region from 0.22 to
0.55 GeV/c. The angular distribution shows those missingpmainly go in the forward direction.

In Fig. 6 we show results faC production induced by neutrinos that we compare with datthbyMiniBooNE
Collaboration in Ref. [3]. We use thg, flux reported by MiniBooNE. Our results quplnwithout FSI agree nicely
with data, while our full model results show a depletion ie 25 ~ 0.5 GeV/c momentum region. The agreement
with data is nevertheless better than in €@ case. The d|ﬁerentleﬁ% cross section is shown in the right panel
of Fig. 6. Once again our results without FSI interactionhaf final pion "show a good agreement with experimental
measurements. As for our full results, a clear deficit is seehe forward direction but the agreement, as it was the
case for thec?T"n differential cross section, is better than in the corresiimynCC reaction. We obtain similar results
for NC production induced by antineutrinos, see Ref. [19].

Our results both foEC andNC processes are in good agreement with the calculations i R&f, 12]. As it is the
case there, we also find a better agreement with data if F§htréd. The introduction of a formation time/zone, as
done in Ref. [9], for pion production and its later interaas in the medium will decrease the effect of FSI and the
agreement with data will improve. On the other hand, in RE?] [t is shown that the same FSI model applied to pion
photoproduction on a nucleus is able to give a fair repradoaif experimental data. In Ref. [19] we also show that
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FIGURE 6. Differential E‘,’% (left panel) anda%g; (right panel) cross sections per nucleon K€ 17° production byvy in
mineral oil. Captions as in Fig. 3. Data from Ref. [3].

our FSI model gives a fair reproduction of pion photoprodrcin nuclei so that it is not clear to us what are the cause
for disagreement in the neutrino induced reactions.
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