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Abstract

A first measurement of v, + 0 e + °F cross section from 45 MeV to 125 MeV
was performed using the atmospheric neutrinos incident to the Super-Kamiokande
detector over 24 years. This corresponds to an exposure of 485 k'Ton years, and 125
(after cuts) expected ve - O events between 45 and 125 MeV. An event genera-
tor to simulate v, - °0 interactions, a multivariate method to separate events with
de-excitation gammas, and an unbinned likelihood fitter to extract the flux-weighted

cross section are developed. Using these tools, a scaling factor of 1.87 ggggzg 8;212323

to the Haxton prediction was measured, corresponding to 233 22 observed events and
an atmospheric v flux-weighted cross section of 10.8 35 10 *®cm?. This is 1.70
larger than the Haxton prediction of 5.8 10 *°cm?, and 3.60 away from the null
hypothesis. The measured ratio can be used to rescale the ve - O cross section
in supernova burst studies and diffuse supernova neutrino background searches. Fi-
nally, atmospheric neutrinos at this energy range will be a background for the future
WIMP dark matter searches via coherent elastic neutrino-nucleus scattering. Com-
bined with an independent re - O cross section measurement, this measurement
can be used to constrain the uncertainties in the low energy atmospheric neutrino

flux, which is relevant for the estimation of the WIMP neutrino floor.
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Introduction

Neutrinos are elementary particles that only interact via weak interactions, resulting
in their elusive nature. Since their discovery in 1956, ever more complicated exper-
iments are ongoing to unravel their mysteries. The mysteries include the ability of
neutrinos to change flavors proving they have mass despite the Standard Model pre-
diction, whether the properties of neutrinos can explain matter-antimatter asymme-
try of the universe, or even whether the neutrino is its own anti-particle or not. Fur-
thermore, their ability to traverse astronomical distances without interacting makes
them excellent messengers, carrying information from the core of the sun, blazars,
or from supernova bursts, to the neutrino detectors at Earth.

The detection of neutrinos, either to study their properties or their sources, re-
quire them to interact with a target material. Therefore, having an understanding of
the relevant interaction cross sections is crucial for conducting any of the aforemen-
tioned research. To contribute to this understanding, this thesis presents the first

measurement of the charged-current ve - O cross-section for neutrino energies from

45 MeV to 125 MeV.



1.1 Contribution of the Author

The construction of the Super-Kamiokande detector, which collected the data for this
measurement, did start before the author was born. By the time the author started
this analysis, 21 years of data were already collected, calibrations were performed,
reconstruction and simulation tools were developed. Without any one of these, this
analysis would not be possible. Therefore, parts of this thesis inevitably chronicle
the work performed by many diligent collaborators, in addition to the author.

As a counter-point, the author has contributed to the Super-Kamiokande experi-
ment beyond the main analysis presented in this thesis. These contributions include:
participating in the detector refurbishment efforts, calibrating the outer detector
PMTs, and estimating the uncertainty in reconstructed energy scale for all atmo-
spheric neutrino analyses. Whenever relevant, these contributions are explained in
detail. The next section summarizes the topics described in each chapter and high-

lights the works of the author among them.
1.2 Organization of This Thesis

This thesis is divided into five chapters. This first chapter provides a short intro-
duction to neutrinos by discussing their history and sources. Then it explains the
motivation behind the analysis performed by the author.

The second chapter is all about the Super-Kamiokande (SK) detector, its working
principle, and the calibrations required to make the simulation and reconstruction
tools described in the following chapters extremely accurate. Among the described
calibrations, the outer-detector-related ones are performed by the author for SK-V,
SK-VT and part of SK-VIIL.

The third chapter focuses on simulation of neutrino events. Charged-current v -

80 , 7 - 0 and inverse beta decay events are simulated by an event generator



developed by the author. All other interactions, posing backgrounds to this analysis
are estimated with NEUT, the default generator for SK analyses. Both of these
generators, and the interactions they simulate, are described in this chapter. In
addition, the detector simulation and event weighting for Monte Carlo are discussed.

The fourth chapter, longest of all, describes the data reduction and reconstruction
tools for atmospheric neutrino sample in Super-Kamiokande. First, the selection of
neutrino events contained within the detector among backgrounds is explained. This
is followed by methods of vertex, direction and energy reconstruction, as well as par-
ticle identification. The estimation of energy reconstruction uncertainty, which the
author contributed for SK-V, is highlighted. Then, the neutron tagging algorithm,
which is essential to this analysis, is described. This is followed by the description of
gamma tagging, a method developed by the author for this analysis, which is used
to separate a single electron from an electron with a few low energy gamma rays in
SK. Finally, the specific cuts used in the e - *°O analysis, and the expected number
of signal and background events are described.

The fifth chapter explains the extraction of atmospheric flux-weighted ve - 0
cross section with an unbinned maximum likelihood fitter developed by the author.
The chapter also explains the various sources of systematic uncertainties, which are
partly estimated by the author and partly taken based on other SK analyses, how
they are treated in the fit, and their impact on the analysis. Finally, the results of

the data fit are presented.
1.3 A Brief History of Neutrinos

Measurements of the beta emission spectrum in the early 1900s revealed its con-
tinuous nature (Chadwick, 1914). The two known products of the beta decay at
the time, the electron (8 ) and the daughter nucleus, were expected to be emitted

at a single energy due to the conservation of energy and momentum. While even
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the conservation of energy itself was being questioned by some (Bohr, 1932); in his
famous letter (Pauli, 1930), Pauli proposed the existence of an undetected particle,
“neutron”, that shared the available energy with the electron in the beta decay. This
“neutron” had to be neutral, spin-1/2, low mass and hardly interacting with matter,
because if not it would have been detected already. In 1932, today’s neutron was
discovered by Chadwick (Chadwick, 1932), and Pauli’s neutron was renamed into
the “neutrino”, meaning the little neutral one. In 1934, Fermi incorporated the neu-
trino into a successful model of the beta decay process (Fermi, 1934a,b). Gamow
and Teller extended the model to explain the cases where nuclear spin changed by
one (Gamow and Teller, 1936).

Bethe and Peierls considered the inverse process of Fermi’s theory; where a neu-
trino hits the nucleus, changes its charge by one, and creates an electron (Bethe
and Peierls, 1934). They have estimated the cross section of such a process to be
prohibitively low, and concluded: “There is no practically possible way of observing
a neutrino.” Accepting the challenge, Reines and Cowan chose a well shielded loca-
tion 11 meters from the Savannah River Reactor, and placed 200 kg of CdCl, doped
water target, sandwiched between 1400 liters of liquid scintillator tanks (Reines and
Cowan, 1953; Cowan et al., 1956; Reines, 1996). The electron anti-neutrinos (7 )
created by the reactor, interacted in water via vg + p e —+ n reaction. The liquid
scintillator tanks detected a coincidence of gamma rays, first from the annihilation
of the positron, and then from the capture of the neutron on cadmium nuclei, which
provided a unique signature of the neutrino events. After their discovery of the neu-
trino in 1956, Bethe replied to them: “Well, you shouldn’t believe everything you
read in the papers.”

The positive and negative parity decays of two otherwise identical strange mesons,
led Lee and Yang to consider the possibility of parity violation (Lee and Yang, 1956).
Wu discovered the parity violation in weak interactions, by observing the directional
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asymmetry in beta decay of polarized ®°Co (Wu et al., 1957). The strange mesons
are now known to be the same particle, K*. The discovery also suggested that the
neutrino had a fixed helicity, the dot product of momentum and spin vectors. In
1958, Goldhaber et al. measured the helicity of the neutrino to be left-handed, with
opposite momentum and spin vectors, by investigating the electron capture of **Eu
(Goldhaber et al., 1958).

Following the discovery of muon (Street and Stevenson, 1937), Pontecorvo ex-
tended Fermi’s theory of beta decay, to the decay of the muon (Pontecorvo, 1947).
In 1962, the creation of only muons from a beam of neutrinos (Danby et al., 1962)
proved the existence of two distinct type of neutrinos: muon neutrino and electron
neutrino. The third lepton flavor, tau, was discovered in 1975 (Perl et al., 1975);
and its associated neutrino was first observed by the DONUT Collaboration in 2001
(Kodama et al., 2001).

Through the works of Glashow, Weinberg and Salam, the electroweak theory was
born (Glashow, 1961; Salam, 1994; Weinberg, 1967). According to this model, weak
interactions are the only Standard Model interaction neutrinos partake in, and are
mediated by W and Z bosons. The exchange of W is called a charged-current
interaction. Fermi’s theory for the beta decay was turned out to be a low energy
approximation for this type of weak interaction. The exchange of Z boson is called
a neutral-current interaction, that does not depend on the flavor of the lepton. Both
W (Banner et al., 1983) and Z (Arnison et al., 1983) were discovered at CERN
in 1983, confirming the electroweak theory. Subsequent precision measurements of
the invisible decay width of the Z (Decamp et al., 1990) showed that there are only
three generations of neutrinos?.

The idea of neutrino oscillations was originally suggested by Pontecorvo, in the

1 Barring the possibility of extra neutrino species being heavier than the Z boson, or not interacting
via standard model weak interactions.



context of neutrino-antineutrino mixing (Pontecorvo, 1957). The possibility of non-
correspondance of neutrino mass eigenstates to weak (flavor) eignestates, which pre-
dicts neutrino flavor oscillations, was first proposed by Maki, Nakagawa and Sakata
(Maki et al., 1962). In 1968, Davis et al. presented a search of solar neutrinos by
measuring ve capture on > Cl (Davis et al., 1968), in which they excluded the flux
range predicted by Bahcall et al. (Bahcall et al., 1963). With further data, it was
clear that only a third of the expected solar v, flux was measured. This deficit lead
to the further development of the idea of neutrino oscillations by Gribov and Pon-
tecorvo (Gribov and Pontecorvo, 1969), as they thought it could be explained by the
oscillation of v, to v . Over time, a deficit in atmospheric muon neutrinos was also
observed (Oyama, 1990; Casper et al., 1991). The conclusive evidence of neutrino
oscillations came from the Super-Kamiokande experiment (Fukuda et al., 1998) for
atmospheric neutrinos, and the SNO (Sudbury Neutrino Observatory) experiment
(SNO Collaboration et al., 2002) for solar neutrinos. Super-Kamiokande showed
that the directional, and distance-over-energy dependence of the missing muon neu-
trinos completely matched the v to v oscillation hypothesis. SNO detected the
expected flux of solar neutrinos via a flavor-blind neutral-current channel, proving
that v, indeed oscillated into v and v . In the case of solar neutrinos, the oscillation
happens within the solar medium with modifications due to neutrino interactions in

matter as predicted by (Wolfenstein, 1978; Mikheev and Smirnov, 1985).
1.4 Neutrino Sources

Neutrinos are the second most numerous particles in the universe after photons. As
seen in Figure 1.1, they are created by a variety of natural or artificial sources, and
across a wide energy range. There are three typical mechanisms of their production.
The first type is the § decay and its rearrangements. For example, in the sun, a
chain of fusion processes happen, with the end result of conversion of protons into
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Figure 1.1: Neutrino sources and the energy dependent flux created by them at
Earth (Vitagliano et al., 2020). The cosmic neutrino background (CNB) spectrum is
shown with three curves corresponding to three possible neutrino masses. BBN refers
to neutrinos from the big bang nucleosynthesis, and DSNB refers to the neutrino
background from the past supernovae: diffuse supernova neutrino background.

neutrons required to make stable elements. This results in creation of 1. Con-
versely, heavy unstable isotopes in reactors and Earth (geoneutrinos) decay via 3
decay, resulting in a 7 flux. The second type is via decay of mesons and muons,
which are created by collisions of protons with nuclei, other protons or even photons.
Atmospheric, accelerator and high energy astrophysical neutrinos are created this
way. The third type is the emission of neutrino pairs in thermal processes, which
happens in extremely hot and dense environments, such as a supernova.

As neutrino sources of interest for this thesis, atmospheric and supernova neutri-

nos are discussed in detail below.



Figure 1.2: Atmospheric neutrino production from primary cosmic rays (Giunti and
Kim, 2007). Note the 1:2 ratio between v and v . At higher energies, neutrinos are
also generated from decay of kaons which are again generated by cosmic ray protons.

1.4.1 Atmospheric Neutrinos

Cosmic rays, which are 99% protons, with enough energy can reach Earth’s atmo-
sphere without being trapped in Earth’s magnetic field. Their interactions with
atmospheric nuclei produce mesons, which then decay by creating neutrinos, as seen
in Figure 1.2. At lower energies, creation of m mesons is dominant, resulting in a 1:2
ratio of v, and v fluxes. At higher energies, production of K mesons results in a
deviation of the flux from this ratio. Uncertainties in these interaction cross sections,

along with the primary cosmic ray flux, propagate into the neutrino flux.
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Figure 1.3: Atmospheric neutrino flux below 200 MeV (Honda et al., 2011b,a) at
solar minimum at the Super-Kamiokande location. Notice the 2-to-1 ratio between
muon-flavor and electron-flavor neutrinos. This figure does not account for neutrino
oscillations.

This analysis uses low energy atmospheric neutrinos as a source to study charged-
current v, - °0 interactions. The flux used for the simulations in the following
chapters is based on calculations from Honda et al. (Honda et al., 2011b,a), and
can be seen in Figure 1.3 from 0 to 200 MeV range. The predicted normalization
uncertainty at 100 MeV is about 25%.

The cosmic ray flux is affected by the solar magnetic field, and hence modulated
by the solar cycle with an 11-year period (Potgieter, 2013). A more active sun results
in a higher magnetic field, deflecting a larger proportion of incoming cosmic rays and
resulting in a lower atmospheric neutrino flux. Therefore, the modulation is anti-
correlated with solar activity. This has a 5-10% effect in the neutrino flux, and is
accounted for in this analysis as described in Chapter 3.

In Figure 1.4, the directionality of the atmospheric neutrino flux is provided
in terms of azimuth and zenith angles when viewed from the Super-Kamiokande

location. In Figure 1.4a, the difference between upward-going (cos 6 1) and
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downward-going (cos 1) neutrinos is due to variations in Earth's magnetic eld.
The peak in the horizontal direction is due to two factors. First, the mesons and
muons have a longer travel path in the atmosphere to decay. The second and more
important e ect is geometrical; the horizontal direction covers a larger portion of the
sky compared to the downward direction, and is also much closer than the upward
direction. The anisotropy in Figure 1.4b is due to the \east-west e ect", arising
from Earth's magnetic eld. The e ect was predicted by Rossi (Rossi, 1930), and
soon observed in primary cosmic rays (Johnson, 1933). It was also observed by
Super-Kamiokande in neutrinos (Ashie et al., 2005). Earth's magnetic eld bends
the trajectory of positively charged protons clockwise. At any point in Earth, the
bent trajectories enhance the eastward going proton ux, while the corresponding
westward bent protons are blocked by the Earth. This anisotropy translates to the

neutrino ux, and is more pronounced at lower energies.

(a) Cosine of zenith (b) Azimuth

Figure 1.4 : Directionality of atmospheric  neutrinos below 200 MeV in arbitrary
units. Left (a) shows the distribution of cosine of the zenith angle. A value of -1
corresponds to upward going neutrinos, O to horizontal, and 1 to downward going
neutrinos. Right (b) shows the azimuthal distribution, where 0, 90, 180 and 270
degrees correspond to north, west, south and east respectively.

1.4.2 Neutrinos From Core-Collapse Supernovae

Massive stars, with eight or more solar masses, can continue to support themselves

against gravity until they start fusing iron. With the largest binding energy per nu-
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cleon,®®Fe is the most stable nucleus, hence its fusion do not release energy. Without
fusion energy, the iron core starts to collapse into itself, quickly reaching nuclear
densities of order 1&g/cm?®. Protons and electrons rapidly combine into neutrons,
creating electron neutrinos that are trapped in the extremely dense medium. As
the density increases, nuclear forces and neutron degeneracy halt the collapse, and
the core rebounds, releasing a shock wave. As the shock wave propagates outward,
previously trapped . are released in a burst. The energy of the initial shock may be
absorbed by the still-collapsing outer core; however neutrinos propagating outward
also deposit energy to support the shockwateAll avors of neutrinos are emitted

in pairs to cool the newly born neutron star, as no other particles can escape the
dense medium. The shockwave moves on and ejects the outer layers of the star. A
more detailed explanation of the process can be found in (Woosley and Janka, 2005;
Scholberg, 2018).

In a 10-second window, the supernova burst releases on the order o 1bules

of energy in neutrinos. The energy of the emitted neutrinos are few tens of MeV.
The average energies of the neutrinos follow the ordetE .y XE .y X E .y, where

« corresponds to all neutrino avors except . and . . At this energy range, the
muon and tau avor neutrinos can only interact via neutral currents, because they
do not have enough energy to create their corresponding charged leptons. Therefore,
they are grouped into a single category,x. The electron neutrinos interact within
the supernova most, hence have the lowest energy as they decouple farther from the
core. Neutrino avors can be converted to each other through neutrino oscillations in
the dense matter. The neutrino ux predictions vary based on the supernova model,
the mass of the progenitor, and the neutrino oscillations. However, in general, the
energy-dependent neutrino ux, pE g can be characterized by the pinched-thermal

form shown in equation 1.1:

2 |f the shock is stalled for too long, more matter is accreted to the core and a black hole is formed.
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Figure 1.5 : Neutrino uence at Earth from a 10kpc supernova per neutrino a-
vor (DUNE Collaboration et al., 2023). The neutrinos are emitted in a 10-second
period. Normal mass ordering and Mikheyev-Smirnov-Wolfenstein (MSW) matter
e ect resonances are assumed for neutrino oscillations.

p 19 * E E .
A Jaeyep 1g ey PP 14y (3.1)

whered is the distance to Earth, is the neutrino luminosity, XE y is the aver-
age energy, is the pinching parameter (DUNE Collaboration et al., 2023). These
parameters are di erent for neutrino avors, and can vary over the burst window
of 10 seconds. Supernova models predict di erent ; xE y parameters. An ex-
ample time-integrated ux (uence) prediction from a 10 kpc (kiloparsecs) distant

supernova can be seen in Figure 1.5.
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Figure 1.6 : Energy and time pro le of detected neutrinos from SN1987A (Naka-

hata, 2007). Yellow squares are from Kamiokande-II (Hirata et al., 1987, 1988), red
circles are from IMB (Bionta et al., 1987) and blue triangles are from Baksan (Alex-

eyev et al., 1988) detector. Kamiokande-Il and IMB are water Cherenkov detectors,
while Baksan is liquid scintillator.

Large detectors are able to observe the neutrino signal from a galactic supernova.
Neutrinos from SN1987A, which exploded 50 kpc away in the Large Magellanic
Cloud, were detected by three experiments Kamiokande-Il (Hirata et al., 1987, 1988),
IMB (Bionta et al., 1987) and Baksan (Alexeyev et al., 1988). About 25 neutrinos
are detected in total, with the time and energy pro le seen in Figure 1.6. Despite
the low number of events, this detection showed the time window and energy range
of the neutrino emission. In addition, the strictest limits for the neutrino mass at
the time were set (Scholberg, 2018).

A galactic supernova of 10 kpc distance, is expected to creaBpl00Qy events
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in today's multi-kiloton scale detectors. With these data, neutrino detectors will
be able to point to the supernova before the optical signal arrives. The parameters
of the ux shown in equation 1.1 can be inferred, providing discrimination between
supernova models. Properties of the neutrino, for example the mass ordering of the

neutrinos, can also be determined from the neutrino signal.
1.5 Motivation for Charged Current .- %0 Measurement

Water, hence'®0, is a typical target material for current (Super-Kamiokande) and fu-
ture (Hyper-Kamiokande) large scale neutrino detectors. To study neutrino sources
and properties in these detectors, relevant neutrino cross sections must be under-
stood. Therefore, charged-current neutrino interactions offO were studied by K2K
(K2K Collaboration et al., 2006) and T2K (Collaboration et al., 2018; Abe et al.,
2020b) collaborations. These measurements are done withand  neutrinos, and

for mean neutrino energies of 1.2 (0.6) GeV for K2K (T2K). For both measurements,
the contribution of neutrinos below 200 MeV neutrinos is negligible. Furthermore,
these measurements are based on models where neutrinos interact with individual
guasi-free nucleons; which are not applicable to the lower energy region, where spe-
ci ¢ nuclear structure of °0 is important. Hence, there are no neutrino cross section
measurements of®0 target in the energy range of 0-200 MeV (Formaggio and Zeller,
2012). The process of charged-current, scattering from 0 is shown in equation
1.2, and from now on it will be referred as. - *°0O interactions. The process has a
14.91 MeV threshold due to the mass di erence between the ground states of fiE
and *°0O nuclei. The interaction produces an electron, which is the main observable
in a water Cherenkov detector, and can leave the uorine nucleus in an excited state.
The decays from the excited state can produce further detectable particles in the
detectors. Thel®F almost always decays via proton emission, potentially followed
by gamma emissions as described in Chapter 3.
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There are multiple theoretical calculations for the . - °0O cross section at low
energies. These can be collectively seen in Figure 1.7. The three solid lines show
newer calculations (post SN1987A) considered more reliable, while the dashed lines
go further back in date. The variation in the scale is about 50% for the newer cal-
culations, and reaches an order of magnitude di erence for the older ones. In this
energy range, measured cross sections in other nuclei can also vary signi cantly from
the theoretical calculations. For example, recent low energy cross section measure-
ments in lead (COHERENT Collaboration et al., 2022) and iodine (An et al., 2023)
by the COHERENT Collaboration, found less than 50% of the events predicted by
the models.

To address the lack of measurements; this thesis presents the rst measurement
of o - %O cross section from 45 MeV to 125 MeV energy with over 20 years of
Super-Kamiokande data. Atmospheric neutrinos, described in section 1.4.1, are used
as the neutrino source. Therefore, this is a measurement of the ux-weighted cross

section, , shown in equation 1.3:

3

125MeV

45MeV FE (:FatmldE qu
125MeV

45MeV Fam PE qu

(1.3)

where pE qis the energy dependent cross section, arey, PE qis the atmo-
spheric ¢ ux. To limit the measurement to neutrinos in energies below 125 MeV,
« - 0 interactions from higher energy atmospheric neutrinos are treated as a back-
ground. In contrast, the 45 MeV lower energy threshold arises naturally due to
analysis limitations. As described in Chapter 4, the analysis have a lower visible

energy cut of 30 MeV, and combined with the 15 MeV interaction threshold, this
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Figure 1.7 : Cross section vs energy curves from various calculations of charged-
current . - 0 cross section below 200 MeV. The three solid lines are from cal-
culations primarily motivated for supernova neutrino detection purposes after the
detection of SN1987A. The black curve is a detailed shell-model-based calculation
from (Haxton, 1987, 1988) and is the main reference for this work. The structure
below 20 MeV in this curve is due to the inclusion of®O in natural water, which
has a lower threshold than the 14.91 MeV threshold dfO. The blue curve is a
QRPA calculation from (Kolbe et al., 2002, 2003). The red curve is another shell
model calculation from (Suzuki et al., 2018; Nakazato et al., 2018). The dashed lines
represent older calculations, all digitized from (Bugaev et al., 1979), which is also
the source of the green curve, another shell model calculation. Yellow (Langworthy
et al., 1977) and cyan (Bell and Smith, 1971) curves are also shell model calculations.
The grey curve is a Fermi gas calculation from (Walecka, 1975). Finally, the dark red
dashed curve is the total cross section of free nucleons also from (Bugaev et al., 1979).
While the newer (solid) calculations have a variation of 50% from each other in this
energy range, the two older shell model calculations (cyan and yellow) demonstrate
how much theoretical calculations can vary. At 100 MeV these are di erent by more
than an order of magnitude.

corresponds to a lower neutrino energy bound of 45 MeV. In Figure 4.38, it can be
seen that, no events below 45 MeV of neutrino energy survive the required analysis
cuts. However, if desired, the reported cross section can still be extrapolated to lower
energies by using the theoretical cross section shape.

Potential applications for the . - %0 measurement are discussed in the following
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subsections.
Supernova Neutrino Detection

Water Cherenkov detectors are most sensitive to, avor of supernova neutrinos,
via the channel . + p N e + n (Inverse Beta Decay, IBD). For example, Super-
Kamiokande is expected to detect 4000 to 8000 IBD events from a supernova 10
kpc away. This information can be used to constrain the parameters of the ux
provided in equation 1.1 for . (Rosso et al., 2018). The supernova can be detected
in real-time (Abe et al., 2016a), in which case an automatic alert, to astronomers
and Supernova Early Warning System (SNEWS) (Kharusi et al., 2021), is sent. In
addition, utilizing the forward directionality of neutrino-electron elastic scattering
events( e N e ), the supernova direction can be reconstructed with a 3 to
5 degree resolution.

In Super-Kamiokande, depending on the supernova model, about 80 to 250
180 events are expected from a 10 kpc distance (Kharusi et al., 2021). While liquid
argon detectors, such as the upcoming DUNE experiment, are more sensitive to the

e ux from a supernova (DUNE collaboration et al., 2021), the ¢ ux can still be
constrained in water Cherenkov detectors, as shown in the reference (Nikrant et al.,
2018), by using . - 0 and elastic scattering events. Example sensitivity contours
for the . ux parameters in equation 1.1 can be seen in Figure 1.8; the blue dashed
contours (SK with Gd) are closest to the current sensitivity of Super-Kamiokande.

The reference (Nikrant et al., 2018) does assume that the - 1°0 cross section is
known perfectly. This is clearly not the case, since there are no measurements and
the calculations shown in Figure 1.7 vary signi cantly. As studied in the reference
(DUNE Collaboration et al., 2023) for . interactions on argon, using an inaccurate
cross section causes signi cant biases in the measurement gf ux parameters.

Hence, a measurement of the, - 1°0 cross section is necessary for better estimation
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Figure 1.8 : Potential for restricting the parameter space of o ux of a supernova
burst by current and future detectors (Nikrant et al., 2018). The contours corre-
spond to 90% con dence intervals that can be obtained by the given detector from a
10 kpc supernova burst. The rst 4 contours in the legend correspond to the water
Cherenkov detectors Super-Kamiokande and future Hyper-Kamiokande (both with-
out and with gadolinium dissolved in water to tag neutrons with 90% e ciency),
while DUNE will be a liquid argon detector.

of these parameters. It should be noted that due to various limitations this, - °0
measurement has a lower energy limit of 45 MeV, so it does only overlap with the
high energy end of supernova neutrino spectrum. However, assuming the shape of
the theoretical cross section, this measurement can still be used to rescale the cross

section at the slightly lower supernova neutrino energy range.
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Background for DSNB Searches

While a galactic supernova is a rare occurrence, with an expected rate of a few per
century, core-collapse supernovae happen all across the universe and time. These
supernovae provide a constant stream of neutrinos, called the Diuse Supernova
Neutrino Background (DSNB). It consists of all avors of neutrinos; however, the
searches try to detect the . component via the well-known o + p N e + n
interaction. While these neutrinos are not yet observed, the experimental limits
(Super-Kamiokande Collaboration et al., 2021) are approaching the theoretically
expected range of 0.05-0.5, /cm?/s at 20 MeV. The expected ux is the orange line
shown in Figure 1.10, in the right plot.

As electrons and positrons cannot be separated in water Cherenkov detectors,
both atmospheric . and . interactions are a background to these searches. About
half of this background is due to . - *O events. The estimated background can
be seen in Figure 1.9 in red color. A measurement of the - 1°0 cross section will
provide a better background model for the DSNB search.

It must be noted that, the ability to tag some of the neutrons from . + p N
e + n in Super-Kamiokande reduces the - °0O background, which is not expected
to create neutrons. However, the zero neutron region is typically used to constrain

backgrounds in the one neutron region, so the - °0O measurement is still relevant.
Background for WIMP Dark Matter Searches

Weakly interacting massive particles (WIMPSs) are a popular candidate for dark mat-
ter. Direct detection experiments search for dark matter by a potential observation
of the nuclear recoils caused by WIMPs. However, through CRIS (Coherent Elas-
tic Neutrino-Nucleus Scattering) interactions, which were recently discovered in 2017
(Akimov et al., 2017), neutrinos can cause similar nuclear recoils in the dark matter

detectors (O'Hare, 2016). Figure 1.10 provides an example how the neutrino recoils
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Figure 1.9 : Energy spectra of 4 backgrounds in the Super-Kamiokande DSNB
search in 2012 (Bays et al., 2012). The red curve background corresponds to charged
current ¢ and . interactions from atmospheric neutrinos, which . - °0O events
contribute to.

can mimic the potential dark matter recoils. In the right gure, the overlap of the re-
coil spectrum from atmospheric neutrinos around 100 MeV with the recoil spectrum
of a 100 GeV/&@ WIMP can be seen.

This neutrino background creates the \neutrino oor", shown in Figure 1.11
with dashed orange lines, for WIMP dark matter experiments. This boundary shows
the minimum WIMP cross section for which a 3 WIMP discovery is possible with
current techniques, despite the neutrino background. The sensitivity of upcoming
experiments, as shown in colored lines, will reach the neutrino oor.

As illustrated in Figure 1.10, the neutrino oor for WIMPs for 100 GeV/c¢
and above, is due to low energy atmospheric neutrinos, which is the same energy

range used in this . - 0O measurement. The atmospheric neutrino ux has about
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Figure 1.10 : Similarity between recoil spectrum of neutrino and WIMP interactions
in target nuclei for direct dark matter searches (O'Hare, 2016). SoldBe neutrinos
mimic the recoil of a WIMP of 6 GeV/c?> mass. Atmospheric neutrinos around 100
MeV energy mimic the recoil spectrum of a 100 GeVfcWIMP.

25% normalization uncertainty, which re ects to the neutrino oor. As discussed
in (O'Hare, 2020), going below the current neutrino oor is possible, but requires
a good understanding of the neutrino background, and directional detectdrs/hile
maintaining high statistics. If a future . - **O measurement, independent of the
atmospheric neutrino ux, is performed, this atmospheric ux-weighted cross sec-
tion measurement can be used to constrain the, component of the atmospheric
neutrino ux. Such a measurement is planned by the BD detector of COHERENT
(COHERENT Collaboration et al., 2021) in the near future, but only below 50 MeV
of neutrino energy. The energy overlap of the COHERENT measurement with this
measurement will be tiny, but the measured values can be related using the shape of
theoretical cross section shape. The combination would result in lowering the region

of neutrino oor that is due to the uncertainties in the atmospheric neutrino ux.

3 Or some other discriminating information between neutrinos and WIMPs, such as annual mod-
ulation or di erences between recoil spectrums of multiple targets.
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Figure 1.11 : Neutrino oor for direct dark matter searches compiled in the APPEC
(Astroparticle Physics European Consortium) report (Billard et al., 2022). The
green shaded area indicates the current limits on WIMP cross section as a function
of WIMP mass. The solid colored curves indicate the sensitivities of the planned
experiments. The dashed orange-brown curves are the neutrino oor calculated for
common isotopes used in direct detection experiments.
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2

Super-Kamiokande Detector

In a zinc mine 1000 meters under the peak of Mt. Ikeno, in the Kamioka Township
and Gifu Prefecture of Japan, lies the Super-Kamiokande Detector (Super-K or SK).
As the successor of the Kamiokande experiment (Oyama, 1990), SK started to take
data in 1996. Today, after many improvements, Super-K is in its'7 phase (SK-VII,
also called SK-Gd due to gadolinium dissolved in water), and is continuing to take
data. The physics analyses performed with Super-K data include, but are not limited

to, the following:

" Nucleon decay searché¢Super-Kamiokande Collaboration et al., 2020; Tanaka,

2020; Collaboration et al., 2020)

A

Discovery and study of atmospheric neutrino oscillations (Fukuda et al., 1998;

Ashie et al., 2005; Abe et al., 2018)

" Study of solar neutrino ux and oscillations (Fukuda et al., 2002; Abe et al.,

2016b)

1 The name KamiokaNDE can stand for Kamioka Nucleon Decay Experiment, or Kamioka Neu-
trino Detection Experiment.
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" Searches for Diuse Supernova Neutrino Background (DSNB) (Bays et al.,
2012; Super-Kamiokande Collaboration et al., 2021) and studies related to the
detection of a galactic supernova burst (Abe et al., 2016a; Super-Kamiokande

Collaboration et al., 2020; Machado et al., 2022)

" Astrophysical, or multi-messenger, neutrino searches (Abe et al., 2021; Collab-

oration et al., 2021; Hagiwara et al., 2019)

" Indirect dark matter searches (Kachulis et al., 2018; The Super-Kamiokande

Collaboration et al., 2020; Super-Kamiokande Collaboration et al., 2023)

Super-Kamiokande also served as the far detector of the world's rst long baseline
neutrino experiment, K2K (Ahn et al., 2001). Now it performs the same duty for the
T2K (Abe et al., 2011) experiment, as T2K ever strives to constrain the parameters
of neutrino mixing (Abe et al., 2020a, 2023).

In this chapter, rst, Super-Kamiokande's working principle as a water Cherenkov
detector, its physical structure and systems are explained. The di erent phases of
the detector are also brie y mentioned. Then calibrations for inner and outer detec-
tors are discussed. Further details on these subjects can be found in the references

(Fukuda et al., 2003; Abe et al., 2014a, 2022a).

2.1 Cherenkov Light

When a charged particle moves through a dielectric medium, it polarizes the molecules
of the medium. The molecules will then emit light as they go back to their ground
state. In the case of charged particles travelling above the speed of light in that
medium, emitted photons interfere with each other. Considering the pattern shown
in Figure 2.1, only at the angle which satis es equation 2.1 does emitted light

interfere constructively (Cherenkov, 1958). In equation 2.1g is speed of light,n is
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Figure 2.1 : Mechanism of Cherenkov radiation from the 1958 Nobel lecture
(Cherenkov, 1958). Emitted light waves are quenched in all directions due to Iin-
terference, except the angle. Therefore, light is emitted in a cone pattern around
the primary particle direction.

the refractive index of the mediump is time, v is speed of the charged particle, and

v{c.

ct
— vt cos
n
(2.1)
1
COSs —
n

Between wavelengths of 300 and 600 nm, the sensitive range (shown in Figure 2.7)
of SK photo-multiplier tubes (PMTSs), the refractive index of water varies between
1.35 and 1.33. Therefore, a relativistic particle with 1 will emit Cherenkov light
in a cone surface with opening angle of 42 In addition, there is no real when

0:75 to satisfy the equation 2.1, which corresponds to the speed where charged
particle is not moving faster than light in the medium. This results in a momentum
threshold, pc, for a charged particle of mass to emit Cherenkov radiation as shown

in equation 2.2:
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(2.2)

The momentum thresholds of particles commonly observed in Super-K resulting
from equation 2.2, are shown in Table 2.1. In addition to the tabulated charged
particles, gamma rays can also be detected as they Compton scatter o electrons,

which will then create Cherenkov light in the detector.

Table 2.1: Momentum threshold for particles to emit Cherenkov radiation in water.

Particle Electron Muon Charged Pion Proton
Momentum threshold (MeV/c) 0.57 118 156 1052

The number of photons emitted due to Cherenkov radiation as a function of

wavelength, , (Mead, 1958) is given in equation 2.3 :
d’N 2 1

Ixd >~ 1 22 (2.3)

where x is the path length of the charged particle and is the ne structure
constant. In water, about 340 photons are emitted per cm in the sensitive range of

SK PMTs (300 nm - 600 nm).
2.2 Detector Structure and Systems

The Super-K detector is a large cylindrical tank, with a diameter of 39.3 m and
41.4 m, that contains 50,000 tons of ultrapure watér The water is a target for
incoming neutrinos to interact, a source of free and bound nucleons for nucleon
decay searches, and a medium for the charged particles created by either process

to emit Cherenkov photons. Thanks to its location under the Mt. Ikeno, Super-K

2 Except that for SK-VI and later, Gd ,pSO40 was dissolved in the tank on purpose.
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Figure 2.2 : A schematic of Super-Kamiokande detector from (Fukuda et al., 2003)
located under Mt. lkeno in Kamioka, Japan. The mountain provides shielding from
cosmic rays equivalent to 2700 meters of water.

has an overburden equivalent to 2700 meters of water, which reduces the incoming
cosmic ray background by a factor of 10 °.

The outer top surface of the tank is used to host the readout electronics, cal-
ibration and monitoring equipment. The inside of the tank is separated into two
concentric cylinders by a stainless-steel framework of half a meter thickness. The
inner cylinder is appropriately called the inner detector (ID) and the outer region,
left between the inner cylinder and tank wall, is called the outer detector (OD). The

described structure can be seen in Figure 2.2.
2.2.1 Inner Detector (ID)

The ID, a cylinder with a diameter of 33.8 meters and a height of 36.2 meters, contains

32,000 tons of water. The inward looking surface of ID is covered uniformly with 50
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cm hemispherical PMTs that will be described in further in section 2.2.3. With a
total of 11,146 PMTs, 40% of the ID surface is covered with PMT photocathodes.
The photocoverage had to be lowered to 19% only in SK-Il phase, due to an accident
in which half the PMTs were damaged. These large scale changes in the detector
mark the di erent phases of SK, which are brie y discussed in section 2.3. The gaps
between the PMTs are covered with black sheet. These sheets prevent light leaking
to OD, while also causing minimal re ections of light back into the ID. A picture of

ID, that is worth a thousand words, is provided in Figure 2.3a.

(a) Inner Detector (ID) (b) Outer Detector (OD)

Figure 2.3 : Photos of inner (a) and outer (b) detectors of SK, from (Super-K Web-
site, 2006), taken when the water is mostly drained. The golden bulbs in the ID are
the 50 cm PMTs and between them is the black sheet. The OD is covered with white
re ective Tyvek® material from DuPont. Smaller 20 cm PMTSs, their wavelength-
shifting plates and cables, connecting both inner and outer detector PMTs to the
electronics on top of the tank, can also be seen in the picture.

Each PMT in ID can accurately record the hit time and charge, thanks to the
calibrations that will be detailed in section 2.4. When Cherenkov light emitted
conically around the patrticle direction intersects with the wall of the ID, ring-like
hit patterns are observed, as seen in Figure 2.4. This information is then used to
reconstruct the charged particle tracks that may be results of neutrino interactions
or nucleon decay. The reconstruction algorithms relevant to this thesis are explained

in Chapter 4.
28






