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Abstract. Determination of the quasi-elastic scattering crossi@eciver a broad range of neutrino
energies, nuclear targets a@f is a primary goal of the MINERVA experiment. We present
preliminary comparisons of data and simulation in a samjale in v,p — p*n events from
approximately one eighth of the totalevents collected by MINERVA to date. We discuss future
plans for quasi-elastic analyses in MINERVA.
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The MINERVA experiment was designed, in part, to study chdugerent quasi-
elastic (CCQE) neutrinoy,n — p~ p) and anti-neutrino W, p — pu*n) scattering of
neutrinos with energy 1 to 10 or more GeV over a broad rang®ofMINERVA
is currently running in the "low energy” (LE) NuMI beam destghfor the MINOS
experiment in which it plans to integratex410°° protons on target (POT) in neutrino
mode and % 10°° POT in anti-neutrino mode. The anti-neutrino exposure i$xure
of data taken with a partially constructed detector and tHd/fINERVA detector. After
a shutdown beginning in 2012, the NuMI beamline will operatine "medium energy"
(ME) tune. Figure 1 shows the predicted neutrino flux in bbthltE and ME beams.

The active elements of the MINERVA detector [1] are polystgrecintillator bars
formed into detector planes. A continuous series of theaagsl forms the “tracker”
region of the MINERVA detector. The analysis reported in gaper used events exclu-
sively from the tracker; however, the MINERVA detector alsmtains a region where
the planes of scintillator are interspersed with passivdeaaun targets. These will allow
study ofA-dependence in the CCQE rates at different energy?oFigure 1 also shows
the expected rate of CCQE interactions in the scintillatarkiea and in the passive nu-
clear targets. Of course, not all of these events will be @teckein the analysis, but
the combination of the significant mass of the MINERVA targetd the high intensity
statistics available in the NuMI beam are very promisingtifiics measurement.

The planned results for CCQE in MINERVA include measurementiseo€ CQE total

cross-sectiong, anddo /dQ? on the scintillator target. At low to modera@?, Q2 ~
1 Ge\?, the primary goal is comparison with results from K2K [2, BliniBoone [4,
5], SciBooNE [6] and NOMAD [7]. In particular, there are openegtions about the
apparent cross-section enhancement at low energy and ate@8rand suppression at

L http://minerva.fnal.gov
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FIGURE 1. (left) The Neutrino Flux in the NuMI Low Energy (LE) and MediuEnergy (ME) beams.
Current MINERVA data is from the LE configuration, and fututaning concurrent with the NOVA
experiment will use a spectrum more similar to the ME beaight) Fiducial CCQE Interactions in the
Low Energy (LE) beam. The fiducial mass is also given in metms for each target.

low Q? in the existing data. MINERVA will repeat these measurementgs multiple
nuclear targets to look for changes with increasfgnd nuclear density. At higher
Q?, MINERVA will be able to make the first measurements of the lafdem factor
and compare the hig@? behavior with vector form factors. MINERVA also plans to
compareve CCQE with the same,, process using the  1.5% of its events fronmve
contamination in the beam. Finally, MINERVA will search fdretanalogous neutral
current processp — v p which is experimentally more challenging due to backgreund
from non-leptonic processes.

The study described in this paper is a preliminary compar@omuon kinematics
in CCQE candidates between data and simulation with a sampdedof 10°° POT
in the LE anti-neutrino beam. These data were taken duriegctmstruction of the
MINERVA detector when only approximately one half of the déde had been installed.
The scintillator tracker fiducial mass for this sample.@ 8f the 64 metric ton fiducial
mass available in the full detector. This sample is 12% ofdked exposure measured as
the product of POT and fiducial mass. The reference simul&iGENIE 2.6.2 [8]. The
CCQE cross-section at nucleon level comes from the derivafidtewellyn-Smith [9]
with vector form factors from the BBBA2005 parametrizatiol®],lthe pseudo-scalar
form factor from PCAC, and the axial form factor in the dipolenfowith ma =
0.99 GeV/@. The nuclear effects when scattering from carbon come franirermi gas
model of Bodek and Ritchie [11], and Pauli blocking is impleteenby a requirement
that the outgoing nucleon has momentum of above the Fermientamm of 221 MeV/c.
Final state interactions of outgoing hadrons from the heatksring process is simulated
by INTRANUKE [8].

SELECTION OF CCQE CANDIDATES

There are many possible approaches to the selection of CCQlideses in the MIN-
ERVA detector. We expect, eventually, to have at least thrategies for selection, each
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FIGURE 2. (left) A candidate event in the search fgrp — p™n. The track originates in the scintillator
region and is momentum analyzed in the MINOS near detectw.3D MeV energy deposit away from
the track is consistent with the direction of the recoil ment (right) For simulated events, the recoil
energy away from the vertex v@? derived from the muon energy and angle. The region selentthds
space keeps very high efficiency but lets in significant bemkgd at highQ?.

of which will select different CCQE-rich final states and addifterent backgrounds in
the analysis. First, we can perform a topological track daselysis with a one-track
(muon) lowQ? component and a two-track (muon and nucleon) componengaéh)?
where reconstruction of the nucleon, at least when it is gopras feasible. This style
of analysis can be most easily compared to results usindasiteichniques from Sci-
BooNE [6] and NOMAD [7]. Second, we can perform an inclusivalgsis that selects
only a muon and removes background based on a veto on Mickatt@hs from the
chainrt™ — pv, — e"vevy v, which is most similar to the analysis from the Mini-
BooNE [4, 5] experiment. Finally, one can identify tracks aghe first analysis but
remove events with additional visible recoil energy in tie¢edtor which is far from the
vertex. The latter stipulation is important for keeping mgewith low energy nucleons
in the final state from the remaining nucleus after the CCQEact®n. The analysis
presented here as our first preliminary work towards thisti@a s in the final of these
three styles. As we progress in this analysis, we plan tolagldther techniques.

This analysis first selects events withud originating from the scintillator tracker
whose momentum and charge are measured in the MINOS neatatdtd. From the
™ reconstructed momentum and angle with respect to the neutgam direction we
can reconstruct the neutrino energy

E\Eec _ mﬁ +2Ey (mp —Eg) - (mp - EB)Z - m%l 1)

2 (mp —Es—Eu+ cos@u\/ﬂ
and(Q*)€¢ = ZE\CeC(Eu —cost, m> Ut @)

wherem,, mp andmy, are the neutron, proton and muon masBgsandé,, are the muon
energy and angle, ariek is the target proton binding energy, 34 MeV in our estimation
of the neutrino kinematics.
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FIGURE 3. Distributions of the position at which the muonwpp — p*n originates. (left and middle)
The transverse directions,andy within the hexagonal fiducial volume. (right) The directialong the
beam, including regions outside the fiducial volume setette the analysis such as the more dense
electromagnetic calorimeter (ECAL) region downstreanhefftducial volume and the very dense hadron
calorimeter (HCAL) farther downstream.

A quasi-elastic candidate event passing this selectiohas/s in Fig. 2. The only
other visible energy in the event is the single bar with a 3&/Meposit consistent with
the expected direction of recoil based on the direction aretgy of the muon. The
expected recoil is a neutron with kinetic energy of 150 Meypi¢ally only a small
fraction of the neutron energy is observed calorimetrycalithe MINERVA detector.

For this first analysis, we chose a very conservative cut engboil energy in order
to keep the efficiency of the analysis high. This approackuegver, lets in significant
backgrounds, particularly at high? as shown in Fig. 2. For events originating within
the fiducial volume, the asymptotic efficiency at high enesgs~ 65%. The efficiency
is highest at lowQ? and falls slowly to~ 30% at highQ? not because of the low recoil
selection, but because of the decrease in muon acceptamsgeiothe MINOS near
detector. A hit-level GEANT4-based simulation of the détecs used to evaluate these
efficiencies and correct the neutrino interaction simafafor detector efficiencies and
resolutions. We gain confidence in this simulation by congoar of distributions of
candidate events in the data with the simulation in quastithat are largely independent
of the neutrino flux and the interactions. For example, Figh@ws that the distribution
of candidate vertices in the transverse and longitudimakdisions of the detector agrees
with a relatively normalized simulation.

RESULTS

We present the results as comparisons to the simulatioluydimg background events
generated as described above. The simulation also inctustiggediction of the untuned
flux from a beamline simulation which has large uncertagtigat we expect to reduce
in the future [12]. We evaluate these uncertainties inghiori neutrino flux to be
lowest, about 7%, at the peak energy of the flux shown in Figndlségnificantly larger
above this “focusing peak” energy with an asymptotic uraiety at high energy of
16%. These large flux uncertainties must be included in tinepesisons between data
candidates and the simulation. These uncertainties alkgraficant distortion in shape
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FIGURE 4. E, (left) andQ? (right) reconstructed from muon kinematics by Eqns. 1 andshectively,
for vy,p — p'n candidates. Different reactions in the simulated eventpamre shown stacked in the
solid histogram. The flux uncertainty is shown as a band at e simulation prediction.

§ Preliminary § 4.o[Preliminary J J
& | . Data s

12— \ ety
" 0 o T B = Me (M, =13) " j | | : '4'1" tenmaa st 4 ....... l
e TR P A O = Yo ,
- |7\-‘-\--.T-T I MC(M‘EB.YY) i
g R s T
- = ¥, CC Resonant ° 06—
E o5 5, ccois 5 F

0-4} { 7, CC Coherent Pi 04—

C Ne F
O'ZE Area Nor Non, 0'2: Area Normalized
% 0z 04 06 08 1 12 14 % 0z 04 06 08 1 12 14
Reconstructed Q7 (GeV?), E <3 GeV Reconstructed Q2 (GeV?), 3<E, <5 GeV

FIGURE 5. The relatively normalized ratio of data to simulat@él distributions forE, < 3 GeV (left)

and 3< E, < 5 GeV (right). The uncertainties shown are statistical pfiljx uncertainties approximately
cancel in the analysis of the shape of this distributionecketr systematics and background uncertainties
which are not included in the shown uncertainties may nog. dffange in shape expectedif = 1.3 GeV

is also shown.

of the neutrino flux with neutrino energf,. However, since th&? spectrum as a
function of E, is approximately independent &), at least far below the kinematic
limit, Q% < 2mpEy, we do not expect the flux uncertainties to significantly afisthe
predictedQ? distribution.

Figure 4 shows the reconstructed neutrino energy@hdf the reactions for candi-
date events. The comparison shows a disagreement outsided¢lertainty band in the
distribution of neutrino energies just above the focusiegly 3 Ge\k E, < 6 GeV.
However, the shape of th@? distribution, at least in the region where CCQE events
make up the majority of the signal, is in reasonable agreémiémour simulation. Note
that the simulation uses an axial mass &0DGeV. MiniBoonE and SciBooNE, mea-
suring quasi-elastic neutrino and anti-neutrino scattefor 0.3 < E, < 2 GeV, prefer
significantly higher axial masses, consistent with= 1.3 GeV [4, 5, 6], whereas the
NOMAD experiment, measuring quasi-elastic neutrino scitt), 3< E, < 100 GeV,
prefersma consistent with the value of.@9 GeV assumed in our simulation. Figure 5
shows the ratio of data to simulation for the MINERVA analyisithe low and high



neutrino energy portions of the sample. Both appear moreistens with the lowmp
assumed rather than the high, of MiniBooNE and SciBooNE; however, caution is
warranted in drawing this conclusion because the MINERVAlltemly includes sys-
tematic uncertainties from the neutrino flux, and does nbin@ude uncertainties on
the detector reconstruction or the backgrounds to the eglasiic interactions.

CONCLUSIONS

The MINERVA collaboration has performed its first comparisdra quasi-elastic rich
anti-neutrino sample with expectations for a range of agsliaxial masses. The se-
lection requires a muon from a neutrino interaction in thatgtator target and a low
observed recoil away from the vertex in the final state to rodalastic events. MIN-
ERVA possesses an anti-neutrino sample approximately gBighs as large as that in
this analysis on tape, and will be able to improve the baakggaejection of this analy-
sis in the future through a variety of techniques that thebdipies of the detector make
possible.
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