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1. Introduction

Between 90s to nowadays a number of short-baseline neutrino experiments have yielded
intriguing observations, commonly referred to as anomalies, in the context of the standard neutrino
oscillations. These anomalies were observed as a v, excess in a v, beam (by LSND experiment
at a baseline of 30 m [1] and more recently by MiniBoone [2] at a baseline of 540 m) or as deficit
of v, or ¥, from reactor experiments. Furthermore, on 2019 an oscillation signature was observed
by the Neutrino-4 experiment [3]. All these anomalies can be explained by the sterile neutrino
hypothesis, which could drive a short-baseline oscillations with Am? ~ 1eV? and a small mixing
angle (sinf,, < 0.01). The Short Baseline Neutrino Program aims to clarify the sterile neutrino
puzzle by means of two Liquid Argon Time Projection Chamber (LAr-TPC) detectors: SBND (270
tons), a near detector placed at 110 m from the proton target and ICARUS T600 (760 tons), a far
detector placed at 600 m from the proton target. The ICARUS T600 detector can collect data from
two beams: Booster Neutrino Beam peaked at 0.8 GeV and Neutrinos at the Main Injector (NuMI,
an off-axis beam), in the 0-3 GeV energy range, with an enriched component of electron neutrinos.
The goal of the SBN is to perform a sensitive search to the sterile neutrino with Am? in the order
of 1 eV2, by studying at the same time the v, disappearance channels, the v, appearance channels
and finally the v, disappearance channels. This is possible thanks to the two functionally identical
detectors which will allow to reduce flux and cross section uncertainties, while exploiting a very high
statistics: O(200k) CC events/year in FD and O(2M) in the ND. In addition the SBN program aims
to perform high statistic measurements of v-Argon cross section and search for Beyond Standard
Model Physics.

2. The ICARUS T600 detector

ICARUS T600 is the first large scale LAr-TPC ever built, composed by 2 identical cryostats
(3.6 x 3.9 x 19.6 m?) with a total active mass of 470 tons. The inner detector includes 4 Time
Projection Chambers (2 for each cryostat), made by 3 wire planes per anode (0° and +60° with
respect to the horizontal), and a Photon Detection System, fundamental for event triggering and
timing, composed by 360 8” Photon Multipliers Tubes (PMT). The PMTs are placed just behind
the anode wire planes and coated with the tetra-phenyl butadiene (TPB) wavelength shifter. Finally
a cosmic Ray Tagger, made by many panels of plastic scintillators and Silicon Photon Multipliers,
is located on the top and on the side of the two cryostats allowing the cosmic ray veto. The whole
detector is shielded by a ~3 m thick concrete overburden for cosmic y and neutron suppression.
The installation was completed in December 2021 and the physics runs started in 2022. During the
data taking, the liquid argon was kept at an high purity level reaching in the Run 3 an electron lifetime
longer than 6 ms as shown in Fig.1. The ICARUS T600 trigger system exploits the coincidence
of beam spill with the prompt scintillation light detected by the PMTs. Each event is triggered if
at least 4 pmt pairs are fired inside a 6 m longitudinal length within the beam spill, which last 1.6
us for BNB and 9.6 us for NuMI beam. In each trigger, a 1.5 ms and 30 us window is acquired
from the TPC and PMT, respectively. In addition PMT waveforms are collected inside a 2 ms time
window around the beam spill for recording cosmic muons crossing the cryostat during the 1 ms
electron drift lifetime. On average 1 muon neutrino interaction is expected in about 180 BNB beam
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Figure 1: Trend of the drift electron lifetime in the two ICARUS cryostats during the commissioning phase
and the data taking periods. The sharp decreases of the lifetime are due to programmed interventions on the
LAr recirculation pumps or on the cryogenic system.

spills. During each TPC acquisition window, the tracks of the charged particle emitted from the
neutrino interactions are over imposed on 11 cosmic rays on average.

Up to now more than 3 - 10%° proton (pot) on target were collected from the two beams in the
positive focusing (FHC) ( 3.8 - 10%° pot from BNB and 3.42 - 10%° from NUMI), and 2.28 - 10% pot
were collected only from NUMI in the opposite configuration (RHC). The data taking efficiency
exceeded 91% during the normal operations.[5].

3. Neutrino event reconstruction and first results

Rough data from TPC wires are offline processed through a first reconstruction stage aimed

to build hits. Each TPC hit corresponds to a physical wire signal identified by a certain value of
acquired charge and by a reconstructed time. Globally, the efficiency for the hit reconstruction
exceeds 90% [5]. Concerning PMT signals, a threshold of 0.5 photon electron is considered for
creating an OpHit object which is characterized by a start time, a time over threshold, a maximal
amplitude, and an integral of the signal over the baseline. By clustering together all OpHits in
coincidence within 100 ns an OpFlah object is build, which correspond to the total detected light
associated to each interaction, either due to cosmic rays or to a neutrino interaction. Finally CRT
hits are build after clustering signals coming from overlapped planes. Each CRT hit is characterized
by spatial and time information corresponding to a muon track crossing the CRT volume.
The reconstructed hits from TPC, PMT and CRT are processed in two different multi-algorithm
chains (named Pandora and SPINE) for the full reconstruction of the neutrino interaction. Pandora
is a recognition software commonly used in LAr-based detectors and specifically tuned for the
ICARUS data, while SPINE is a machine-learning based reconstruction chain entirely developed
for the ICARUS data. Both the methods were tuned on MC data and were tested on a sample of visu-
ally scanned events, where the neutrino interactions and tracks were completely and unambiguously
reconstructed by observing the TPC images from the event display. This sample allowed to identi-
fying pathologies in the reconstruction algorithm and to validate the reconstruction performances
of both the methods. The simulated detector response was accurately calibrated with cosmic muons
and with protons acquired from neutrino interaction events. The particle identification algorithm
was tuned by considering the dE/dx distribution shown in Fig. 2.
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Figure 2: Scatter plot of dE/dx as a function of the residual range for muons and protons. The expected
values are shown in solid line.

Since the SBND detector is still in the commissioning phase, first analysis can be performed
by considering only the ICARUS data. A first analysis of the v, disappearance channel is currently
on going by considering both the BNB and NUMI data. The goal for BNB data is to perform a fist
single-detector oscillation analysis, while the NUMI data set can be relevant for v,, cross-section
studies. ICARUS established a blinding policy to ensure robust and unbiased interpretation of the
collected data and for this reason first analyses and selection chains are initially validated with a
subset of collected data. The current analysis is still in the blinded phase and it is performed on a
10% of the full data set. Charge current v, interactions were selected by requiring fully contained
events, with a muon track length bigger than 50 cm and at least one proton with a track length bigger
than 2.3 cm. Both the reconstruction chains were considered and they achieved comparable results
in therm of purity (bigger than 80%) and efficiency (bigger than 50%). The plots are shown in Fig.3,
where data are reported as a function of the reconstructed energy or the reconstructed transverse
momentum. A shown in Fig. 3 preliminary evaluations of the systematic uncertainties were also
performed by considering flux and cross-section uncertainties and detector effects. In particular
systematic uncertainties take into account the mismodeling of horn current, the uncertainties on
the proton beam intensity and on the cross-section of the hadron production and were evaluated by
varying parameters within the MC simulations. On the other hands detector effects were evaluated
by considering discrepancy between the data and MC. In the joint SBN analysis the flux and cross-
section uncertainties will be substantially cancelled out, while the detector uncertainties might be
further reduced by improving the tuning of the MC simulations.

4. Conclusions

Before the start of joint operation and in preparation for the SBN oscillation analyses, [ICARUS
is focusing on a standalone physics program. This includes the investigation of v, disappearance
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Figure 3: Selected events as a function of the reconstructed neutrino energy (at left) or of the reconstructed
transverse momentum (at right). On the top the events were selected by the Pandora chain, while on the
bottom the events were selected by SPINE. In all the plots the data are over-imposed on the expected signal
and background channels and the systematics effects are included as well.

with BNB neutrino beam, which will be complemented by the study of v, disappearance with
off-axis NuMI beam,in order to address the Neutrino-4 claim. In this work the first sample of
charge current v, interactions selected by the two reconstruction chains Pandora and SPINEn were
shown. In addition to the sterile neutrino search analysis, [CARUS will perform studies of v,, and
Vmu events from off-axis NuMI beam, to measure neutrino -Argon interaction cross sections in the
energy range of interest for the DUNE experiment and the off-axis NuMI beam data will allow to
investigate sub-GeV Beyond Standard Model signatures.
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