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1. Introduction

The Diffuse Supernova Neutrino Background (DSNB) formed by the accumulation of neutrinos
from distant supernovae, carries invaluable information about the aggregate properties of supernovae
and the history of the Universe. The associated signal is however particularly difficult to detect
at neutrino experiments, and upper bounds on the DSNB rate have been set by a wide array of
experiments. Most of these experiments target the Inverse Beta Decays (IBDs) of O(10) MeV
electron antineutrinos. An IBD produces a positron, associated with a prompt, easily identifiable
signature, and a neutron, that can be detected through the 2.2 MeV photon produced by its capture on
aproton. To date, the most stringent limits on the DSNB flux have been set by the Super-Kamiokande
experiment (SK), a water Cherenkov detector in the Kamioka mine (Japan).

In these proceedings, we describe a new DSNB search at Super-Kamiokande, that takes
advantage of the 22.5 x 2970 kton.day of data taken between 2008 and 2018. During this data-
taking phase, dubbed SK-IV, the trigger system has been adapted to allow for neutron capture
identification. Hence, we present two analyses, covering the 9.3 to 81.3 MeV neutrino energy
range. In 9.3-31.3 MeV, we derive differential upper limits on the v, flux independently from the
DSNB model, following the strategy outlined in Ref. [1] using the 22.5 x 2970 kton.days of SK-IV
data. Conversely, in 17.3—81.3 MeV, we constrain DSNB models using spectral fits and combine
our constraints with the ones from Ref. [2], derived at the previous SK phases, thus using almost 20
years of data. In what follows, we describe the modeling of the signal and background processes,
the different reduction steps, and the specificities of the final analyses.

2. Signal and background modeling

At SK, an IBD of a DSNB antineutrino will be associated with the prompt emission of
Cherenkov light by the positron, followed by a weak delayed signal from the subsequent neutron
capture. In this analysis, we consider positron spectra predicted by various discrete DSNB models,
as well as the continuous parameterizations of the DSNB flux described in Ref. [4], that assumes
a blackbody neutrino emission spectrum. We simulate the corresponding IBD signatures in the
detector using a simulation that reproduces the properties of the water in SK, as well as models
the PMT properties and electronic response as a function of time. To model the background
associated with the weak neutron capture signal —noise from photomultipliers (PMTs) and low
energy radioactive decays— we collect noise samples using a random trigger and add them to the
simulated neutron capture events.

In addition to the signal we also need to model a wide variety of background sources. Elastic
interactions of solar neutrinos with electrons will provide a sizable background up to 20 MeV,
that will however be easily suppressed using neutron tagging. Electron antineutrinos produced in
nearby reactors will lead to an irreducible background that will dominate over the DSNB signal up
to reconstructed positron energies of about 10 MeV. We model them using the simulation described
above, as well as the SKReact code!, developed for the SK reactor neutrino analysis. In most of
the analysis window, the dominant backgrounds will arise from the spallation of cosmic ray muons

thttps://github.com/Goldie643/SKReact
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and from atmospheric neutrino interactions. We model spallation backgrounds using data-driven
techniques, as discussed in Ref. [2], and atmospheric backgrounds using a MC simulation.

3. Data reduction

We apply reduction cuts to the data taken by the Super High Energy (SHE) trigger in SK-
IV, whose threshold lies around 7.5 and 9.5 MeV electron-equivalent kinetic energy? for most of
the SK-IV period3. After applying event reconstruction on the prompt signal, followed by mild
noise reduction and event quality cuts, we process the data using three reduction steps: spallation
reduction, positron candidate selection, and neutron tagging.

Spallation reduction: Cosmic muons traveling through water can interact with oxygen and induce
the production of radioactive isotopes, whose decays can mimic signal events. Moreover, while
most isotope decays do not lead to neutron emission, a few isotopes, in particular °Li, undergo a
B +n decay that closely resembles an IBD. For this analysis, we therefore developed a set of cuts that
allow to reduce spallation backgrounds without relying on neutron identification. We notably follow
the data-driven strategies developed in Ref. [2] and Ref. [1], that investigated correlations between
DSNB event candidates and preceding muons using a likelihood analysis. Here, we improved these
strategies in two ways. First, we introduced preselection cuts that allow to remove about half of
the spallation backgrounds while only losing about 2% of the signal. These cuts remove isotope
decays clustered in time and space, and events that are observed close to neutrons associated with
muon-induced hadronic showers. Second, we refine the likelihood analysis described in Ref. [2] by
accounting for possible correlations between observables. These techniques allow for an up to 60%
increase in signal efficiency compared to the reduction steps used for the previous SK-IV DSNB
analysis [1].

DSNB positron candidate selection: These cuts are aimed at radioactivity events not removed
by noise reduction cuts, as well as at muons, pions, and gamma rays produced by atmospheric
neutrino interactions. Here, we use the same cuts as the ones described in the SK analysis from
Ref. [2]. These cuts are based on the events’ distance to the walls of SK’s inner detector, their
directions, and their Cherenkov light patterns. Overall, these cuts allow to remove about two thirds
of the atmospheric backgrounds while keeping ~ 85% of the signal.

Neutron tagging: Updates in the trigger system performed right before SK-IV allowed to save
most neutrons captures following SHE-triggered events, for the first time at SK. In this analysis we
exploited this new capability to fully characterize IBD processes, using a boosted decision tree to
identify neutron captures in coincidence with O(10) MeV events. A detailed description of the
neutron tagging procedure and the systematic uncertainty evaluation can be found in [cite A. Gi-
ampaolo’s proceedings]. For a 10% signal efficiency, this algorithm allows to reduce neutronless
backgrounds by a factor of 10000, a factor of 7 improvement compared to the algorithm described
in Ref. [3] and an order of magnitude improvement compared to the previous SK analysis from

2This observable is defined as the reconstructed energy minus the electron mass. For an electron or a positron, it thus

corresponds to the reconstructed kinetic energy.
3From 2008 to 2010, the threshold was 9.5 MeV
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Figure 1: Signal efficiencies as a function of energy for the model-independent and spectral analyses. The
effwall, pilike, charge/hit, and Cherenkov angle cuts are part of the DSNB positron candidate selection
procedure described in Ref. [2].

Ref. [1]. For the analyses presented here, we will consider neutron tagging efficiencies and mistag
rates ranging from 17 to 35% and 0.07 to 10% respectively.

As discussed in Section 1, we will present two DSNB analyses: one differential limit on the
DSNB flux for neutrino energies ranging from 9.3 MeV to 31.3 MeV, and a spectral analysis in the
17.3—-81.3 MeV range. To facilitate the interpretation of the data, we will adopt common cuts for
both analyses, maximizing the exclusion significance in different energy bins. The corresponding
efficiencies as a function of energy are shown in figure 1 and vary between 6 and 33%. This low
efficiency is primarily due to neutron tagging. For the spectral analysis, in addition to events with
one neutron in the 15.5-79.5 MeV range, we hence consider events failing the neutron tagging cut
if their energies are larger than 19.5 MeV. Note that previous SK spectral analyses from Ref. [1]
considered all events down to 15.5 MeV; however, in the absence of tight upper bounds on spallation
backgrounds in the 15.5-19.5 MeV region for SK-IV, we decided to leave this energy range for
further study.

4. DSNB Model-independent Analysis

This section describes a model-independent search for DSNB neutrinos, using the 22.5 x 2970
kton.days of SK-IV data. For this analysis we consider a 7.5-29.5 MeV electron-equivalent kinetic
energy window divided into 2 MeV bins, and compare the background prediction to the observations
in each bin. This search draws from a former SK-IV analysis presented in Ref. [1], with significantly
improved background modeling. In addition to so-called “accidental backgrounds”, for which a
prompt SHE event is associated with a fake IBD neutron, we indeed consider 8 + n decays of
spallation-produced °Li, and atmospheric neutrino interactions.

We divide atmospheric neutrino interactions into two categories: neutral current quasi-elastic
(NCQE) interactions, that dominate at low energies, and other types of interactions, that mostly
contribute at higher energies. We evaluate NCQE backgrounds using a MC simulation, and estimate
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the associated systematic uncertainties using T2K measurements from Ref. [6]. Conversely, non-
NCQE backgrounds, mainly composed of electrons from invisible muon and pion decays, are
evaluated using the 29.5-79.5 MeV region as a sideband. Finally, we evaluate the uncertainty on
the °Li rate using samples of muons and DSNB candidate events, reweighted to account for the
°Li half-life. NCQE and °Li backgrounds are the leading source of systematic uncertainty in this
analysis, with uncertainties of around 60%. Since accidental backgrounds can be directly estimated
from data, however, the total systematic uncertainty in the analysis window ranges from 10 to 20%.

The observed and predicted background spectra after the different reduction steps are shown in
figure 2, as well as an example of a DSNB spectrum, using the 6 MeV blackbody emission model
described in Ref. [4]. This figure also shows the corresponding expected and observed 90% C.L.
upper limits on the DSNB flux as a function of energy. These limits are the world’s most sensitive
over the whole analysis range.
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Figure 2: Left: Reconstructed energy spectra after data reduction for the background expectation and
observation including the signal window and the side-band region. The shaded bars represent the systematic
uncertainties. The red dashed line represents a DSNB signal expectation from the Horiuchi+09 model [4]
shown only for the signal window. Right: upper limits on the extraterrestrial electron antineutrino flux from
the present work, in comparison with previous published results from SK [1, 2] and KamLAND [7] and
theoretical predictions from Refs [2, 8—13] (in gray).

5. Spectral fitting

For this search, we fit the energy spectra of the DSNB signal and of the atmosheric backgrounds
inthe 15.5-79.5 MeV energy range. This analysis is based on the search performed in Ref. [2], which
constrained atmospheric backgrounds using sidebands for events with low and high Cherenkov
angles. Here, in addition to these sidebands, we exploit the neutron tagging capabilities of SK-IV
by defining separate regions for events with exactly one neutron and for events with zero or >1
neutron and energies larger than 19.5 MeV. Our final analysis thus considers 6 different regions:
two signal regions and four sidebands.

Following the strategy described in Ref. [2], we consider four categories of atmospheric
backgrounds, with distinct spectral shapes. First, electrons from invisible muon and pion decays
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will dominate in the signal regions in the 20—50 MeV range. Their well-characterized Michel
spectrum can be modeled using cosmic muon samples. Above 50 MeV, the main background in
the signal regions will arise from CC interactions of electron neutrinos. Below 20 MeV, NCQE
interactions will contaminate the signal regions at low energies, and will largely dominate in the
high Cherenkov angle sidebands. Finally, charged current (CC) interactions producing muons and
pions will be mostly found at low Cherenkov angles and will be shown to negligibly contribute to
the background in the signal regions. The spectral shapes for these last three background categories
are evaluated using MC simulations.

Once the spectral shapes for the signal and the all background categories are determined, we
find the numbers of signal and background events using an extended maximum likelihood analysis.
Specifically, for Neyents Observed events with energies {Ey, ..., En,,,,,. } We maximize the following

likelihood:
Nevems 4

LN} = e BN [ >~ PoEY (£ (1)

i=1 j=0

where j = 0, ...,4 refers to the signal and the four atmospheric background categories described
above. Then {N,} designates the numbers of events for the signal and the different background types,
across all six Cherenkov angle and neutron regions. For each event, PDF;.r) (E;) is the PDF for the
signal or background category j in the region r. As discusss in Ref. [2], we incorporate systematic
uncertainties on the background spectral shapes and the relative normalization of the PDFs in the
different regions by distorting the likelihood function. Systematic uncertainties, however, impact
the final limits on the DSNB flux by only a few percents.

The observations and best-fit predictions in the six Cherenkov angle and neutron regions are
shown in Fig. 3 for the 6 MeV blackbody model from Ref. [4]. The upper limits on the DSNB
flux for SK-IV alone lie around 3.6 v,.cm?.s for the DSNB models considered here. In the light of
the weak impact of the systematic uncertainties, however, results from this analysis can be readily
combined with the results from Ref. [2], thus taking advantage of almost 20 years of data. The
associated best-fit values, sensitivities, and 90% C.L. flux limits on different DSNB models [2, 4]
are shown in Fig. 4. This analysis is currently improves over the sensitivity from Ref. [2] by close
to 40%. The associated upper limits on the DSNB flux are the tightest to date, around 2.7 v,.cm.s,
up to 20% tighter than in the previous SK analysis.

6. Conclusion

In these proceedings we described two DSNB searches that used the 22.5 x 2970 kton.days
of data taken at SK between 2008 and 2018. One of these analyses, relying on spectral fits, has
notably been combined with results from previous SK phases, allowing to use nearly 20 years of
data-taking, and reach a world leading sensitivity on par with the predictions from several realistic
DSNB models. So far, no evidence for a DSNB signal has been found and upper limits on its flux
have been set in the 9.3—-81.3 MeV neutrino energy range. Finally, by exploiting the neutron tagging
capabilities of SK-IV, these analyses lay the groundwork for future searches at Super-Kamiokande
Gadolinium, whose prospects for a DSNB discovery are particularly promising.
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Figure 3: Observation and best-fit signal and background predictions for the spectral analysis at Super-
Kamiokande IV. Top: events with zero or > 1 tagged neutron(s). Bottom: events with exactly one tagged
neutron. From left to right: low, medium, and high Cherenkov angle region. The DSNB model assumed
here is the 6 MeV blackbody model from Ref. [4].
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