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Nuclear effects in neutrino scattering interactions are one of the major sources of systematic
uncertainties in current and future neutrino-beam oscillation experiments. In this work, we
compare the calorimetric and kinematic method of energy reconstruction of the incoming neutrino
energy, both at the near and far detector of the NOνA experiment, and study the role of multi-
nucleon (MN) effects, mainly 2p-2h and RPA on the sensitivity measurement of various neutrino
oscillation parameters in the disappearance channel to estimate the size of the systematic error
associated with theoretical models. Both short-range and long-range nucleon-nucleon correlations
along with Transverse Enhancement are taken into consideration.
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1. Introduction

NUMI Off-Axis νe Appearance Experiment (NOνA) [1] is a 2-detector long-baseline neutrino
oscillation experiment which is designed to measure νe(ν̄e) appearance probability and νµ(ν̄µ)

disappearance probability at Fermilab’s NUMI (Neutrinos at the Main Injector) beam. The 290 ton
Near Detector (ND) is located 100 m underground and 1 km from the production target and 14 kton
liquid scintillator Far Detector (FD) is placed at a distance of 810 km near Ash river, Minnesota.

In this paper, we study the multi-nucleon effects due to long-range Random Phase Approxima-
tion (RPA) and 2-particle-2-hole (2p-2h) interactions with Transverse Enhancement (TE) [2] in the
sensitivity analysis of neutrino oscillation parameters in NOνA. In our recent work we analysed the
role of MN without TE using only kinematic method [3]. There are several major processes which
produce two (or more) nucleons along with two (or more) holes in the final state - two nucleon cor-
relations in the initial state are referred as the short range correlations (SRC), final state interactions
(FSIs) and TE. The transverse enhancement in the QE cross section has been attributed to meson
exchange currents (MEC) in a nucleus. If there are no pions in the final state, it is considered as an
enhancement of QE cross section and if one or more pions are created, the process enhances the
inelastic cross section.

2. Simulation and Experimental Details

Neutrino interactions are simulated using a model configuration of GENIE 3.0.6 [4]. In
this custom configuration we use Nieves model [5] for charged current (CC) quasi-elastic (QE)
scattering which includes long-range nucleon correlations calculated as per RPA and for 2p-2h
interactions. Another model by Llewellyn-Smith [6] is also considered for QE scattering. The
Relativistic Fermi Gas (RFG) model represents the initial nuclear states to account for short-range
nucleon correlations. Baryon resonance (RES) and Deep Inelastic Scattering (DIS) effects are
simulated using Berger-Sehgal and Bodek-Yang model respectively. GENIE hN semi-classical
intranuclear cascade model is used to simulate FSI. For incoming neutrino energy reconstruction,
both calorimetric and kinematic method are considered. Calorimetric method [7] is more effective
than kinematic method [8] as it is applicable to all types of interactions while kinematic method
is exact only for QE interaction as it is based on outgoing lepton kinematics. We have generated
1 million MC events for both ND and FD in the energy range 0-5 GeV using NOνA νµ flux in
the Carbon target. The νµ CC signal spectra in FD is predicted using the νµ CC event spectra in
ND, known as extrapolation technique. We have also activated the Transverse Enhancement model
(TEM) in GENIE. In sensitivity analysis, the allowed confidence level regions in parameter spaces
are obtained using the Feldman-Cousins method [9].

3. Results and Discussion

In Figs. 1 and 2, we have shown the comparison of ND and extrapolated FD event distributions
with TE as a function of calorimetric and kinematic reconstruction energy for three interactions-
QE without RPA, QE with RPA and 2p-2h. The comparison of sensitivity contours using both
reconstruction methods is shown in Fig. 3. From Figs. 1 and 2, we observe that the MN effects
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have a significant contribution to the event distribution as a function of energy reconstructed by
both the methods. Suppression in the distribution in both ND and FD due to RPA effect is also
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Figure 1: Comparison of ND events as a function of reconstructed νµ energy using both calorimetric (Cal)
and kinematic method (Kine). Events are shown for three different interactions: QE without RPA (black
line), QE with RPA (red line), and 2p-2h (blue line).
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Figure 2: Left and right panel shows comparison of extrapolated FD events as a function of reconstructed
νµ energy for both NH and IH using both calorimetric and kinematic method. Events are shown for three
different interactions: QE without RPA (black line), QE with RPA (red line), and 2p-2h (blue line).

seen. FromFig. 3, we observe that the area of the sensitivity contour deceases with calorimetric
method for different interactions. This indicates that the calorimetric method enhances precision in
oscillation parameter measurements, as compared to kinematic method.

4. Summary

To summarise, in this work, we studied and compared the event distributions at ND and FD,
and sensitivity analysis of light neutrino oscillation parameters at disappearance channel of NOνA
experiment of Fermilab, USA, using kinematic and calorimetric methods of incoming neutrino en-
ergy reconstruction. We also investigated the role of multi-nucleon effects namely 2p-2h and RPA,
with short-range and long range nucleon-nucleon correlations, as well as the TE enhancement con-
tributions. It was found that these contributions have significant effect on sensitivity measurements,
and that calorimetric method increases the precision (decreases uncertainties). Hence, these effects
should be taken care of and demand a careful inclusion in future measurements at such neutrino
oscillation experiments. The results presented here can act as a guidance to include corresponding
corrections in the neutrino event generators.
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Figure 3: Comparison of 1σ, 2σ and 3σ contours for ∆m2
32 vs sin2 θ23 for three different interactions QE

without RPA (black solid line), QE with RPA suppression (red solid line) and 2p-2h (blue solid line) for NH
(left panel) and IH (right panel) for neutrino using both calorimetric and kinematic method.
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