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Abstract. In this article, we report an approach used to constrain the
impact of cross-section systematic parameters in the future sterile neu-
trino analysis at the NOvA experiment. NOvA is a long-baseline neu-
trino experiment built to investigate the intricate properties of neutrinos,
with the principal emphasis on active three-flavor neutrino mixing phe-
nomena. Besides that, NOvA also explores exotic oscillations, including
sterile neutrino search. Uncertainties on the neutrino flux, cross-section,
and detector systematic parameters significantly contribute, complicat-
ing the disentanglement of genuine physics events from background noise.
We present the impact of systematic reduction via near detector neutral
current sample splitting and its implications on oscillation parameters,
leveraging results primarily from Monte Carlo simulations.

1 Introduction

While NOvA focuses on the standard three-flavor neutrino oscillation, results
from some short-baseline experiments, such as LSND [1] and MiniBooNE [2],
suggest possible deviations from this model. These anomalies hint at physics be-
yond the Standard Model, particularly the potential existence of sterile neutri-
nos. NOvA explores this possibility by using the 3+1 model, which posits mixing
the three known active neutrino flavors with a hypothetical fourth, sterile neu-
trino. In this framework, the neutrino mixing matrix (PMNS) dimension extends
from a 3×3 to a 4×4 matrix, parameterized as described in [3]. The 4x4 neutrino
mixing matrix U introduces three new mixing angles, θ14, θ24, and θ34 alongside
two CP-violating phases, δ14 and δ24, and one additional mass-splitting, ∆m2

41.
The neutral current disappearance probability in the 3+1 model, under the long-
baseline approximation and first-order expansion in small mixing angles, can be
expressed as [3]

1− P (νµ → νs) ≈ 1− cos4 θ14 cos
2 θ34 sin

2 2θ24 sin
2 ∆41

− sin2 θ34 sin
2 θ23 sin

2 ∆31

+
1

2
sin δ24 sin θ24 sin 2θ23 sin∆31.
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For the short-baseline approximation, relevant at the Near Detector, the oscil-
lation probability simplifies to

1− P (νµ → νs) ≈ 1− cos4 θ14 cos
2 θ34 sin

2 2θ24 sin
2 ∆41. (1)

The neutral current (NC) disappearance channel is particularly valuable for
sterile neutrino searches, as it is independent of standard three-flavor oscillations.
Therefore, any observed deficit in NC events would provide direct evidence for
active-sterile neutrino oscillations.

2 NOvA Experiment

The NOvA experiment employs two functionally identical detectors, with the
Near Detector located 1 km from the neutrino source and 100 meters under-
ground. In contrast, the far detector is positioned 810 km away on the surface.
Both detectors are placed 14 milliradians off-axis of the beam to produce a nar-
row neutrino or antineutrino beam that peaks at 2 GeV. The NuMI beam is
generated by accelerating protons (H+ ions) to about 120 GeV using Fermilab’s
main injector and directing them onto a graphite target [4]. This process pro-
duces hadrons, primarily pions and kaons, which are then focused by magnetic
horns. The focused hadrons decay in a dedicated decay pipe, yielding either a
νµ or ν̄µ beam, depending on the charge of the hadrons.

3 Motivation and Analysis Strategy

1a shows the dual-baseline sterile neutrino search results at the NOvA experi-
ment. This analysis exploits the νµ and NC disappearance channels to look for
the active-sterile neutrino mixing. Due to high frequency oscillations at high
∆m2

41, the limits are driven by the ND, and we have very high statistics there,
so the systematic parameters are more important. On the other hand, the low
∆m2

41 region is driven by the FD, which is statistically limited, and to improve
the results, we need more data. 1b shows the breakdown of NOvA results into
different subgroups, indicating the dominant effects of the cross-section and flux
systematic parameters. Large datasets like Near Detector have enough statistics
and a variety of neutrino interaction events ranging from quasi-lastic to Deep
Inelastic Scattering. We divide the ND NC sample into various subsamples based
on interaction types. The rationale is that if an event deficit is due to the ster-
ile oscillation signal, it should consistently affect all subsamples. Conversely, if
the deficit is due to a cross-section effect, it will be visible in the particular
subsample. By analyzing the behaviour of different subsamples, we gain better
control over cross-section systematic parameters, thereby improving our ability
to constrain these uncertainties.

We must rely on reconstructed variables to separate out the true interaction
types. The number of reconstructed prongs is a relatively good proxy for inter-
action types which should also be robust against systematic uncertainties. 1c
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s h o w s t h e n u m b e r of pr o n g s wit h di ff er e nt i nt er a cti o n fr a cti o n s a n d f or m s t h e
b a si s t o d e fi n e s a m pl e c at e g ori e s a s:

– Si n gl e pr o n g S a m pl e: Q E e v e nt s ar e t y pi c all y c h ar a ct eri z e d b y a si n gl e- pr o n g
s a m pl e.

– 2 a n d 3 Pr o n g S a m pl e: T hi s s a m pl e i s hi g hl y e nri c h e d i n R e s b ut h a s a
c o ntri b uti o n fr o m SI S i nt er a cti o n a s w ell.

– 4 Pr o n g S a m pl e: F or 4 Pr o n g s e v e nt s, t h e DI S i nt er a cti o n st art s a p p e ari n g,
b ut SI S e v e nt s d o mi n at e t hi s r e gi o n.

– > 4 Pr o n g S a m pl e: T h e DI S i nt er a cti o n c at e g or y hi g hl y d o mi n at e s t h e e v e nt s
o n c e w e h a v e m or e t h a n f o ur pr o n g s.
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Fi g. 1: ( a) N O v A’ s 9 0 % c o n fi d e n c e li mit s i n si n 2 θ 2 4 v s ∆ m 2
4 1 s p a c e wit h ot h er

all o w e d r e gi o n s a n d e x cl u si o n c o nt o ur s.[ 5]. ( b) Br e a k d o w n of N O v A’ s 9 0 % c o n fi-
d e n c e li mit s f or si n 2 θ 2 4 v s ∆ m 2

4 1 f or di ff er e nt s y st e m ati c gr o u p s. ( c) Di stri b uti o n
of R e c o n str u ct e d n u m b er of pr o n g s a n d t h e i nt e r a cti o n fr a cti o n.

4 R e s ul t s a n d C o n cl u si o n

We l o o k f or t h e e ff e ct of s plitti n g o n t h e cr o s s- s e cti o n s y st e m ati c p ar a m et er s
t hr o u g h t h e c o n diti o n al u n c ert ai nt y di stri b uti o n s. C o n diti o n al u n c ert ai nt y a s-
s e s s e s t h e i m p a ct of i ntr o d u ci n g v ari o u s c o n str ai nt s o n t h e F D e n er g y s p e ctr u m
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by adding different auxiliary samples. We load the systematic uncertainties in
the covariance matrix for the joint two detector fit, where we look at the FD
energy spectrum and add the constraints to it by adding more samples, which
gets reflected as an effect on the FD spectrum. 2 represents the effect of con-
ditional uncertainty distribution for the cross-section systematic parameters for
νµ sample on the right and NC sample on the left, showing a positive impact in
constraining the cross-section systematic parameters.

; ;

Fig. 2: Fractional Uncertainty distribution showing the effect of ND constraint
on the cross-section systematic parameters for NC sample on the left and νµ
sample on the right

5 Acknowledgement

This document was prepared by the NOvA Collaboration using the resources
of the Fermi National Accelerator Laboratory (Fermilab), a U.S. Department of
Energy, Office of Science, HEP User Facility. Fermilab is managed by Fermi Re-
search Alliance, LLC (FRA), acting under Contract No. DE-AC02-07CH11359. I
also want to take this opportunity to thank the Ministry of Education, India, for
providing me with financial support since September 2020. I would also like to
thank “Indian Institutions - Fermilab Collaboration in neutrino Physics,” under
which this work in the NOvA experiment has been done.

References

1. Aguilar A, Auerbach LB, Burman RL, et al. Evidence for neutrino oscillations102
from the observation of νe appearance in a νµ beam. Phys. Rev. D. 64, 112007103
(2001). doi:10.1016/0022-2836(81)90087-5

2. Aguilar-Arevalo AA, Brown BC, Bugel L, et al. Significant Excess of Electronlike105
Events in the MiniBooNE Short-Baseline Neutrino Experiment. Phys. Rev. Lett.106
121, 221801 (2018).

3. Adamson P, Anghel I, Aurisano A, et al. Search for Sterile Neutrinos Mixing with111
Muon Neutrinos in MINOS. Phys. Rev. Lett. 117, 151803 (2016).

4. Adamson P et al. The NuMI Neutrino Beam. Nucl. Instrum. Meth. A. 806, 279-113
306 (2016).

5. Acero M.A. et al. Dual-Baseline Search for Active-to-Sterile Neutrino Oscilla-
tions115 in NOvA. 2024. arxiv:https://arxiv.org/abs/116 2409.04553.


