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Abstract:

We test a 3+1 model with the MicroBooNE data using a 1ulp selection developed using
Deep-Learning-based reconstruction. In order to test this model we apply a muon neutrino
disappearance effect to the selection, and search across a grid of oscillation model parame-
ters using a Feldman Cousins technique. We determine MicroBooNE’s sensitivity across this
model parameter space, and perform several validation studies to test this study’s robust-
ness. Finally, we examine the allowed and excluded regions per MicroBooNE’s data at 90%
confidence, using a data set corresponding to 6.67 x 10%° protons on target. The null model
remains allowed, and several of the high-disappearance models are excluded.

Contents

1 Introduction 2
2 Disappearance Search Window 3
3 Negative Log Likelihood Ratio as a Test Statistic 6
4 Analysis Uncertainty 7
5 Determining a Sensitivity 8

6 Results: Muon Neutrino Disappearance Search using MicroBooNE Data 15
7 Conclusions 17

References 17



1 Introduction

Under the short-baseline assumption, the survival probability for muon neutrinos in a 3+1
sterile neutrino model is

P v ,=1-sin*20 sin*(1.27Am3,L/E). (1)

"

Where Am?, is the mass splitting associated with the additional mass state, and sin® 20
is the term associated with the extension to the PMNS matrix under the 341 model. L
is the length of the baseline the neutrino has traveled in km, and E its energy in GeV.
This formula dictates the effects of muon neutrino disappearance, whereby muon neutrinos
oscillate through their connection to v4 to some other flavor state. In particular this modeling
follows the ”short baseline approximation” where Am3, ~ Am3, ~ 0 when considering the
new mass states’ splitting from the standard model neutrinos Am3,, as described in [1].
When used to model our expected spectrum of neutrino interactions based on simulated
data, both L and E are the true values for a given simulated neutrino event.

A 3+1 sterile neutrino model can be used to explain the ve-like low-energy excess (LEE)
observed in MiniBooNE [2] and LSND [3] via v, appearance phenomena [1]. This phe-
nomenology can be explained as muon neutrinos disappearing via oscillations then yielding
proportionally more ve,. However, presently, muon neutrino disappearance via a 3+1 model
search has not been observed.

Within this note we search for muon neutrino disappearance in the MicroBooNE Liquid
Argon Time Projection Chamber (LArTPC) [4] using a selection of 1ulp events produced
using a Deep Learning reconstruction for MicroBooNE’s first LEE search [5]. The recon-
struction and selection of these events is the first to utilize calorimetric energy reconstruction
via direct measurement of both the proton and muon, and the kinematics surrounding the
neutrino interaction in order to perform a sterile-neutrino-based disappearance oscillation
measurement. The resulting energy resolutions are 2.5 & 0.1% for protons and 3.4 £ 0.1%
for muons [6]. In both cases the energies are calculated based on the length of the recon-
structed track length according to the stopping power of protons and muons. We note that
this analysis builds up from the work demonstrated in [7]. This analysis uses the 1ulp event
selection described in [5], and the event simulation includes sophisticated modeling of meson
exchange current (MEC) interactions and other nuclear effects [5, 8]. This 1ulp selection
is expected to be ~ 98% pure in muon neutrino interactions, of which ~ 75.2% are well-
reconstructed charged-current quasi-elastic v interactions. This selection is shown in Figure
1. The remaining ~ 2% of events are primarily misreconstructed cosmic ray muon interac-
tions, with only ~ 2 1, events out of ~ 4480 total events predicted in a data set containing
6.67 x 10%° POT. As such, most of the spectrum is free to disappear. Using this selection and
Equation 1 we can oscillate the expectation across a variety of model parameters to acquire
the expectation under various 3+1 models.
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Figure 1: Stacked histogram of expectation binned in reconstructed  energy after nal selection
and overlaid with data from Runs 1-3, corresponding to 6:67 x 102° POT [5].

2 Disappearance Search Window

Throughout this v disappearance search we will test the consistency of many different 3+1
sterile neutrino models with MicroBooNE data. We perform a 25 x 25 grid search over the two
parameters sin?20 and Am?,, with points logarithmically spaced with sin®20 € [0.01, 1]
and Am3, € [0.01,100] eV?. Table 1 shows the 25 bin center values of sin*20 and Am?
used in this grid search.

The sin?20  term in the disappearance formula controls the amplitude of the effect, while
the Am?, eV? parameter effects the frequency of the oscillation. Figure 2 shows a cartoon
of this disappearance effect. The black curve shows the original expectation, the red curve
shows the portion of events that disappear, or P y multiplied by the original flux, and the
blue curve shows the modified spectrum after disappearance beneath the original spectrum.
Note that the flux shown is not the Fermilab Booster Neutrino Beam (BNB) flux seen at
MicroBooNE and is instead designed for illustrative purposes.

Similarly, Figure 3 shows the same cartoon, with the only difference being that the bin
width is set to 50 MeV, this analysis’ histogram bin width. This width was chosen based on
the energy resolution demonstrated in [5]. Therefore this version of the cartoon demonstrates
the change in coarseness of the disappearance effect placed on the spectrum.

We create the "maximally disappeared” spectrum for each of these 25 values of Am3,
eV2, by setting sin?20  to the greatest bin value searched in this analysis, 0.912, to see the
greatest change possible within our search. These 25 spectra in blue, plotted against the null



Bin Index | Am3?, eV? sin?20
1 0.012 0.011
2 0.017 0.013
3 0.025 0.016
4 0.036 0.019
5) 0.052 0.023
6 0.076 0.028
7 0.110 0.033
8 0.158 0.040
9 0.229 0.048
10 0.331 0.058
11 0.479 0.069
12 0.692 0.083
13 1.000 0.100
14 1.445 0.120
15 2.089 0.145
16 3.020 0.174
17 4.365 0.209
18 6.310 0.251
19 9.120 0.302
20 13.183 0.363
21 19.055 0.437
22 27.542 0.525
23 39.811 0.631
24 57.544 0.759
25 83.176 0.912

Table 1: Bin centers for the two parameters in the t m3, eV? and sin?2
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Figure 2: A cartoon of the method by which one buildsa  disappearance spectrum from an initial
prediction under the 3 hypothesis. Note the ux shown is a cartoon, and not the BNB
UX.
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Figure 3: Another cartoon of  disappearance, however now using 50-MeV-wide bins as will be
used in the data analysis. Note the ux shown is a cartoon, and not the BNB ux.

oscillation spectrum in black, are shown in Figure 4.
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