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Abstract

The discovery of the neutrino stands as a pivotal milestone in the annals of modern
physics. Following the initial detection of neutrinos, a diverse array of experiments
employing both natural and artificial sources of neutrinos have played a crucial role
in shedding light on the elusive nature of these particles, including their intriguing
behavior, such as neutrino oscillations. PROSPECT is a reactor antineutrino
experiment consisting of a 4-ton liquid scintillator antineutrino detector divided into
an 11x14 array of optically separated segments. The detector was designed to probe
the existence of sterile neutrino oscillations and precisely measure the antineutrino
spectrum resulting from #*°U fission. Data was taken in 2018 and 2019 with a first-
generation detector called PROSPECT-I located on the Earth’s surface roughly 7 m
from the 85 MW, compact, highly-enriched High Flux Isotope Reactor at Oak Ridge
National Laboratory. This dataset has already had a substantial impact by placing
stringent limits on sterile neutrino oscillations at the eV scale, setting new direct limits
on boosted dark matter models, providing a precision ?**U spectral measurement,
and demonstrating unique neutrino detection capabilities. A new analysis of the
PROSPECT-I data has been performed, incorporating innovative event selection
tools, resulting in a multi-period dataset marked by a significant enhancement in
statistical power and improved signal-to-background ratios. This work reports the
conclusive findings regarding the measurement of the antineutrino energy spectrum
from the fission of 23°U, as well as the search for eV scale sterile neutrino oscillations

using the final PROSPECT-I multi-period data set.
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Chapter 1

Introduction

Neutrinos are among the most fundamental particles in the universe, yet they remain
some of the most elusive. Despite being the second most abundant particle, detecting
neutrinos is extraordinarily challenging due to their extremely weak interactions with
matter, earning them the nickname ‘ghost particles.’

The unearthing of the neutrino stands as an epochal achievement in the annals
of modern physics. Originally proposed as a purely theoretical construct to reconcile
apparent violations of momentum-energy conservation laws within the beta-decay
spectrum, the neutrino’s cryptic nature presented a formidable experimental challenge
to physicists. Despite the daunting hurdles in its detection, the inaugural observation
of a neutrino materialized in 1956, 26 years after Wolfgang Pauli postulated its
existence. This monumental endeavor, spearheaded by Reines and Cowan [104],
marked the inception of an exceptional journey of discovery, one that continues to
unveil remarkable insights into the enigmatic properties of this particle, which is
crucial in testing the Standard Model (SM) of particle physics and look for possible
extensions of it. The current picture of the SM contains three types of neutrinos (one
for each lepton flavor), all of which are massless neutral fermions.

Nuclear reactors have become indispensable in neutrino research, serving as

powerful, controlled sources of antineutrinos. Over the past two decades, more



than 20 reactor-based experiments have provided precise measurements of neutrino
properties, including the mixing angle 63, and have refined our understanding of
neutrino oscillation phenomena. Despite these advances, reactor-based experiments
have reported anomalies in the expected antineutrino flux and energy spectrum shape,
most notably the observed flux deficit known as the reactor neutrino anomaly (RAA).
This anomaly has driven the search for new physics beyond the Standard Model, such
as the existence of a light sterile neutrino.

Models involving light sterile neutrinos suggest a mass-splitting around 1 eV?,
indicating the possibility of meter-scale, short-baseline oscillations. The PROSPECT
experiment, explicitly designed to test this hypothesis, commenced in 2016 and
conducted both spectral shape and sterile neutrino oscillation analyses from 2018
to 2024. This dissertation presents the definitive findings from the PROSPECT
experiment, which set world-leading limits on the search for eV-scale sterile neutrinos
and provides the most precise measurement to date of the antineutrino energy

spectrum from 23U fission. The structure of this work is as follows:

e Chapter 1 introduction.

e Chapter 2 provides a historical overview of neutrino physics, detailing the
current understanding of neutrinos within the Standard Model, the formalism
of neutrino oscillations, and a description of main oscillation experiments and

sterile neutrino formalism.

e Chapter 3 reviews reactor-based antineutrino studies, highlighting the dis-
covery of the reactor antineutrino anomaly (RAA), which motivated the

development of the PROSPECT experiment.

e Chapter 4 describes the design and instrumentation of the PROSPECT

detector, focusing on its technical aspects and operational capabilities.



Chapter 5 discusses the data acquisition and calibration processes, detailing
the extraction of physical quantities necessary for identifying antineutrino events

from raw waveforms.

Chapter 6 outlines the inverse beta decay (IBD) event selection criteria used in
both the initial single-period analysis and the optimized multi-period analysis,

leading to an enhanced dataset with improved statistics.

Chapter 7 presents the final spectral shape analysis using the new multi-period

dataset from the PROSPECT-I experiment.

Chapter 8 details the final sterile neutrino oscillation analysis based on the

new multi-period dataset from the PROSPECT-I experiment.

Chapter 9 discusses the current status of the joint oscillation analysis involving

the Daya Bay, PROSPECT, and STEREO collaborations.

Chapter 10 conclusions.



Chapter 2

Historical and theoretical overview

of neutrinos

This chapter provides a historical and theoretical overview of neutrino physics,
primarily focused on the phenomena of neutrino oscillations. It also presents an
overview of the primary neutrino sources, experiments, and oscillation results and
describes the long-standing experimental anomalies motivating the sterile neutrino
hypothesis. Lastly, the formalism of 341 sterile neutrino oscillations is briefly

described.

2.1 Historical context

The first evidence for the existence of neutrinos emerged from studies of nuclear beta
decay in the 1920s. At the time, beta decay was known as a type of radioactivity in
which a nucleus (A, Z) transforms into a lighter nucleus with the same mass number
but a different charge by one unit, accompanied by the emission of an electron (or

positron) and no other visible particles:

(A, Z) = (A, Z £1) + €™ + (nothing else visible) (2.1)



A well-known example of [-decay is the transformation of a free neutron into
a proton and an electron, with a lifetime of about 886.7 seconds. If no additional
invisible particles were involved, the emitted electron or positron (e¥) should have a
specific energy, . >~ () = M; — M. Contrary to this expectation, early experiments
revealed a continuous energy spectrum for the electron, extending from its rest mass
m. up to the maximum allowed energy @ as illustrated in Fig. 2.1 [115].

To explain this unexpected result, several hypotheses were proposed, including
Niels Bohr’s suggestion that energy-momentum conservation might not hold in these
cases. However, in December 1930, Wolfgang Pauli proposed the existence of an
undetected particle emitted during the decay process [180]. This hypothetical particle
needed to be electrically neutral (to conserve charge), extremely light (as Fe ymax >~ @),
and possess Spin-% (to satisfy both angular momentum conservation and the Pauli
exclusion principle).

Today, these beta decay processes are understood as:

n—p+e +1,
A(Z,N) = A(Z+1,N—1)+e +1, (2.2)

A(Z,N) = A(Z-1,N+1)+e" + 1.

T
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Figure 2.1: Distribution curve of S-particles measured from the beta decay of a
radium source showing a continuous energy spectrum. Source [115].



Soon after Pauli’s proposal, Enrico Fermi [208] introduced a model of -decay (and
weak interactions in general). This model described the process as the product of
two weak ‘currents’: one connecting the initial and final state nucleons and the
other connecting the final state electron and antineutrino. The coupling constant
G characterized the strength of the interaction. In Fermi’s theory, the two currents
connected at the same space-time point, assuming the interaction was short-ranged.
In modern language, the Fermi constant Gr can be understood as the effect of the
exchange of a virtual but massive heavy ‘photon,” that is, the gauge boson W* with
a mass My ~ 80GeV. The weakness of the weak interaction can be understood as
the effect of the large mass (and corresponding short range) of the W boson with

Gr ~ ¢?/M3,, or more exactly:

Gr 1 2
o () = (2.3)
V2 8 \sinby ) M,
(where Oy, is the Weinberg angle). Fermi’s theory could successfully describe the
observed spectra of electrons and positrons emitted in beta decays. At the same

time, it could predict the existence of other processes involving ‘weak currents,” in

particular the existence of the ‘inverse [-decay’ processes such as:

Ve+p—et+n

(2.4)
Vet+tn—e +0p
The cross-section for these processes is approximately given by
h3
o< —, 2.5
m3ctt (25)

where t is the lifetime of a [-radiating nucleus emitting neutrinos. Here, # is the
Compton time, and % is the Compton wavelength. This yields a cross-section of

o < 107* cm? for a neutrino energy of 2 -3 x 10%eV and a lifetime ¢ of 3 minutes.



Given this cross-section, the corresponding penetrating power is approximately
10'® km in solid matter. Based on this, Bethe and Peierls [92] concluded that observ-
ing neutrino interactions involving creation and annihilation would be ‘absolutely
impossible’. While ¢ increases linearly with neutrino energy, the interaction cross-
section remains so small that it was considered highly unlikely for o to become large
enough to be observable, even at cosmic ray energies, suggesting that no practically
feasible method existed for detecting neutrinos.

The detection of neutrinos remained elusive for over 20 years until 1951 when
Fred Reines recognized the potential of the large flux of neutrinos generated by
nuclear reactors through the decay of fission products during chain reactions. In
these reactors, each fission event results in an average of six beta-decay processes,
each emitting a neutrino.

This realization led to an experiment by Reines and Cowan in 1956, known
as Project Poltergeist [104]. They used the nuclear reactor at Savannah River in
South Carolina as an antineutrino source and designed a detector filled with water
containing dissolved cadmium chloride. The detection method relied on the coincident
observation, with a delay of a few microseconds, of a positron emitted in the inverse
beta decay reaction, 7, + n — et + n, followed by a photon emitted during the
de-excitation of cadmium after neutron capture: n + 12Cd — 13Cd + .

Reines and Cowan positioned two 200-liter water tanks with cadmium chloride
dissolved as a neutron absorber 13 meters from the reactor core, as shown in
Fig. 2.2 [164]. More than 10'® neutrinos traveled through the detector per second
per cm?, with two neutrinos detected per hour, resulting in a measured cross-section
consistent with Fermi’s theory. Detecting the ‘poltergeist’ confirmed, for the first
time, the free neutrino’s existence and conclusively resolved the apparent lack of
energy-momentum conservation in beta decay.

In addition to the discovery of the electron neutrino, v., two other types of

neutrinos — the muon neutrino (v,) and the tau neutrino (v,) — were later
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Figure 2.2: Liquid scintillation counter used to detect the inverse beta decay
positron in the Reines-Cowan experiment. Source: [115].

discovered. Muon neutrinos and antineutrinos are produced during pion and muon
decays, such as:
+ +
T = Ut vy, (2.6)
= et v+,

When the decay 7% — pu* 4 v was first observed, it raised the question of whether
the undetected particles produced in this decay were the same as the neutrinos
involved in (-decay. This question was experimentally answered in 1962 by L.
Lederman, M. Schwartz, and J. Steinberger [106], who conducted the first experiment
using accelerator-produced neutrinos. They bombarded a beryllium target with a 15
GeV primary proton beam to create a beam of pions, which decayed and produced a
neutrino beam. They then studied the interactions of these neutrinos with nucleons,
looking for the reactions v, + N — u~ + X and v, + N — e~ + X. They found only
the first interaction type, demonstrating that v, and v, are distinct particles.

The tau neutrino, v,, is associated with the third charged lepton, the tau (77),
which was discovered in 1975 at Stanford. Tau neutrinos and anti-neutrinos are

expected to be produced in 7% decays:



Sy W
— U, + e + U,
= v+ A+,
— v, + [us'].

the v, was finally observed in 2000 by the DONUT collaboration [156]. These three

kinds of neutrinos constitute the current neutrino picture in the SM.

2.2 Neutrinos in the Standard Model

The Standard Model (SM) of particle physics is a theoretical framework describing
the electromagnetic (EM), weak, and strong interactions of fundamental particles.
While it successfully predicts many phenomena with high precision and is well-
supported by experiments, the SM is incomplete. It does not explain neutrino masses
and oscillations, and it relies on numerous particles and parameters (like masses
and coupling constants) that do not reflect the simpler symmetries physicists favor.
Extending the SM with new particles, symmetries, and interactions is necessary to
account for beyond Standard Model (BSM) anomalies observed experimentally.

The SM categorizes elementary particles into fermions (matter particles) and
bosons (force carriers). Fermions have half-integer spin and include quarks, which
interact via the strong force, and leptons, which interact via the EM and weak forces.
The EM and weak forces unify at high energies into the electroweak (EW) force.

Quarks come in six flavors, grouped into three generations, and possess a color
charge, which causes them to bind into hadrons due to the strong force. They cannot
exist in isolation because color confinement allows only color-neutral combinations.
Leptons, which do not carry color charge, can exist individually. Both quarks and
leptons have antiparticles and are organized into three generations. Each generation

consists of two quark flavors (one up-type with a charge of —i—%e, and one down-type



with a charge of —%e) and two lepton flavors (one charged lepton and one neutral

neutrino):

U Ve 7 c v | t U, | (2.8)

d e s o o
where the neutral lepton is the neutrino of the corresponding flavor to the charged
lepton, bosons have integer spin and serve as force carriers. Photons mediate
electromagnetic (EM) interactions between charged particles, the W* and Z bosons
mediate the weak force in processes like beta decay and neutrino interactions, and
gluons mediate the strong force that binds quarks into hadrons. The Higgs boson is
a scalar boson associated with the Higgs field, which gives mass to other elementary

particles through electroweak (EW) symmetry breaking. Photons, W= and Z bosons,
and gluons are spin-1, while the Higgs boson has spin 0 [197].

2.2.1 Gauge symmetry

The SM is a gauge theory built on the symmetry group SU(3)c ® SU(2);, @ U(1)y,
which represents color symmetry for strong interactions, weak isospin symmetry for
weak interactions, and weak hypercharge symmetry for EW interactions. In this
framework, particle interactions are described through the exchange of spin-1 gauge
bosons, which are the force carriers associated with each symmetry group.

The SU(3) color symmetry group includes eight gauge bosons, known as gluons
(g;fori=1,2,...,8), corresponding to the generators of the color charge. The SU(2)
weak isospin symmetry involves three gauge bosons (W; for i = 1,2, 3), including the
W# and Z° bosons. The U(1) weak hypercharge symmetry involves a gauge boson
B, associated with the photon . Both gluons and photons are massless due to the
local gauge invariance that preserves the SU(3) and U(1) symmetries [197].

In addition to these gauge bosons, the SM describes particles as fermion fields 1),

that transform according to the gauge symmetries. These fields are chiral, allowing
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a distinction between left-handed and right-handed components using projection
operators:

Pp=-(1-%%), PR:%(lJHyE’), (2.9)

N | —

where the chirality operator ~° is defined in terms of the Dirac matrices: +° =
iv9v1y2~3. Chirality refers to a particle’s intrinsic ‘handedness’, determined by how
its wavefunction transforms under Lorentz transformations. It is a property of the
particle’s field, not its spin, independent of its motion or the observer’s frame of
reference. For massless particles, chirality is equivalent to helicity, corresponding to

the projection of the particle’s spin onto the direction of its momentum [197]. Thus,

the left-handed and right-handed fermion fields are:

Y = P, Yr= Pri. (2.10)

Under weak isospin, left-handed fermions form doublets, while right-handed
fermions are singlets and do not participate in weak interactions. Since the weak
interaction eigenstates of quarks are different from their mass eigenstates, there is a
mixing between quark flavors, resulting in flavor-changing interactions. This mixing
is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [155], which is a

unitary matrix that relates weak eigenstates to mass eigenstates:

d/ Vud Vus Vub d
s = Ve Vis Vi s | (2.11)
v Via Vis Vi b

where V;; represents the probability amplitude for a quark of flavor 7 to transition
into a quark of flavor j via the weak interaction. The unitarity of the CKM matrix
ensures the conservation of probability. The left-handed quark doublet (uq,d.)r
under SU(2) is paired with the left-handed lepton doublet (v,,l,)r, while right-
handed fermions do not transform under SU(2). This chiral asymmetry arises from

the nature of gauge interactions in the SM, where only left-handed fermions are
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involved in weak interactions. The SM Lagrangian is constructed to be invariant
under gauge transformations, ensuring that physical predictions remain consistent

under local gauge changes.

2.2.2 Neutrino interactions

Because neutrinos are neutral leptons, they do not interact with the strong or EM
forces. They interact via the gravitational and weak forces, where they undergo weak
charged current (CC) and neutral current (NC) interactions. For each charged lepton
l = e, pu, 7 the SM includes one active neutrino v.,v,,v,. Like other fermions each
active neutrino has an associated antiparticle ., v, 7.. The corresponding CC and

NC interaction Lagrangians are of the form:

Loo=— \/_ZyaLle + h.c.
(2.12)

£ == - [o o ZO
NC QCOSHWZV LY Var

where ¢ is the weak isospin coupling constant and 6y, is the Weinberg angle. These
equations describe all neutrino interactions in the SM [131]. CC interactions involve
the annihilation of a neutrino and the creation of a quark or lepton of the same flavor
as the neutrino in the final state (or vice versa) via the exchange of a W*boson. In
contrast, NC interactions involve neutrino scattering via the exchange of a Z° boson,
as shown in Fig. 2.3.

Weak CC interactions are fundamental in producing neutrinos in accordance with

Fermi’s theory of beta decay.

2.3 Neutrino sources

From being completely unknown and once considered impossible to detect, neutrinos

are now recognized as the second most abundant particles in the visible universe,
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after photons. Despite the challenge in detecting them, neutrinos are produced by
various natural and artificial processes, each providing valuable insights into their
fundamental properties.

Solar neutrinos are produced in the core of the Sun through nuclear fusion
reactions that convert hydrogen into helium. These reactions predominantly generate
electron neutrinos. Detecting solar neutrinos has been crucial in understanding the
Sun’s fusion processes.

Atmospheric neutrinos are created when cosmic rays—high-energy particles
originating from outer space—collide with atomic nuclei in the Earth’s atmosphere.
This interaction produces a shower of secondary particles, including pions and muons,
which decay into neutrinos. Atmospheric neutrinos include both electron neutrinos
and muon neutrinos, and a small fraction of tau neutrinos.

Reactor neutrinos are produced in nuclear reactors through beta decay of
neutron-rich fission fragments from isotopes such as U, 23U, 23Pu, and **'Pu.
These decays emit electron antineutrinos.

Geoneutrinos are emitted from radioactive decay of isotopes such as 23U, 232Th,
and 4°K within the Earth’s mantle and crust. These are electron antineutrinos. The
study of geoneutrinos provides insights into the Earth’s internal heat production and

geological processes, offering a unique window into the planet’s interior.

ZD
g% — g57°
s V A
Ve

Figure 2.3: Neutrino weak CC interaction vertex with W boson exchange (left) and
NC interaction vertex with Z boson exchange (right). Source: [115].
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Supernova neutrinos are produced in vast numbers during a supernova
explosion, which occurs when a massive star exhausts its nuclear fuel and undergoes
a catastrophic collapse. These explosions emit all three types of neutrinos (electron,
muon, and tau) and their antineutrinos. The detection of supernova neutrinos
provides valuable information about the explosion mechanism and neutron star
formation.

Accelerator neutrinos are generated in particle accelerators where high-energy
protons collide with a target to produce mesons (like pions and kaons), which decay
into neutrinos. These experiments primarily produce muon neutrinos and muon
antineutrinos, with smaller fractions of electron neutrinos and antineutrinos.

Neutrinos from the Big Bang, also known as the Cosmic Neutrino Back-
ground, were produced shortly after the Big Bang, around one second after the
universe began. These neutrinos, which are expected to include all flavors (electron,
muon, and tau neutrinos and antineutrinos), carry information about the early
conditions of the universe. They are analogous to the cosmic microwave background
but are much harder to detect due to their low energy.

Neutrinos from dark matter annihilation or decay are a hypothetical type
of neutrinos produced from the annihilation or decay of dark matter particles. The
types of neutrinos generated depend on the nature of the dark matter interactions.
Detecting such neutrinos could provide crucial insights into the nature of dark matter
and its role in the universe.

Artificial neutrino sources are used in calibration experiments, where the
radioactive decay of specific isotopes produces neutrinos. These sources, which emit
electron neutrinos or antineutrinos depending on the decay process, help researchers
understand detector responses and calibrate neutrino experiments accurately.

Each source provides distinct opportunities to investigate various facets of neutrino
properties and their potential connections to BSM physics. Figure 2.4 illustrates a

diverse array of natural and artificial neutrino sources and their fluxes across energy
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scales, underscoring the extensive range of sources available for exploration in neutrino

physics.

2.4 Neutrino oscillations

2.4.1 Neutrino mass in the SM

Generating neutrino masses differs fundamentally from the process of mass generation
for other fermions in the SM. The Higgs mechanism [148] would require the existence
of a right-handed neutrino, which does not carry any SM gauge quantum number.
However, this approach struggled to account for the anomalies observed in neutrino
experiments.

In 1968, Raymond Davis began data collection for the Homestake experiment in
Lead, South Dakota, aiming to detect solar neutrinos produced by fusion reactions
in the Sun [102]. He compared the observed neutrino flux with the rate predicted by
John Bahcall. To detect the neutrinos, a 380 m? tank of perchloroethylene was placed
about 1,500 meters underground in the Homestake gold mine to reduce background
noise from cosmic rays. When an electron neutrino interacted with a 37Cl atom in

the perchloroethylene, it converted it into 3" Ar through the reaction:

Ve +%7Cl — *TAr + e, (2.13)

Davis extracted and counted the resulting argon atoms to determine the number
of neutrinos interacting with the detector [102]. The measured electron neutrino
rate was consistently only one-third of the value predicted by Bahcall using Standard
Model-based calculations [107]. This discrepancy between the observed and predicted
neutrino flux became known as the ‘solar neutrino problem’ (SNP).

In 1969, Vladimir Gribov and Bruno Pontecorvo [94], along with Ziro Maki,
Masami Nakagawa, and Shoichi Sakata [168], proposed that neutrinos could change

their flavor as they traveled from the Sun to the Earth. This phenomenon, known as
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neutrino oscillation, would imply that neutrinos have nonzero masses and can switch
between different flavor states. If this were the case, the Homestake experiment,
designed to detect only solar electron neutrinos, would miss the other neutrino flavors

into which the neutrinos had oscillated, thereby explaining the observed deficit.

2.4.2 Generalised neutrino oscillation formalism

The formal theory of neutrino oscillations was developed in 1975-76 by Eliezer and
Swift [114], Fritzsch and Minkowski [122], and Pontecorvo and Bilenky [95]. The
theory is based on the idea that a neutrino produced in a weak interaction exists as a
quantum superposition of mass eigenstates. The following derivation of the neutrino
oscillation amplitude, assuming k mass eigenstates, follows the treatment presented
in [129].

In this context, natural units are used, where the speed of light, the mass of the
electron, the reduced Planck constant, and the vacuum permittivity are all set to
1. A neutrino with flavor @ and momentum p, produced via a CCW interaction, is

represented by the flavor state:

va) =D Uiplvw), a€{epn}, (2.14)
k

where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) [168] mixing matrix,
which is unitary and generally complex. The matrix elements U,; denote the
probability amplitudes for a neutrino of flavor a to be found in a mass eigenstate
V.

The massive neutrino states are assumed to be orthonormal, satisfying (vy|v;) =
dx;, and the flavor states are also orthonormal due to the unitary nature of the mixing
matrix U, such that (v,|vs) = dap. Since the massive states are eigenstates of the

Hamiltonian, they propagate through the vacuum as plane waves:

k(1)) = e o) (2.15)
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The time evolution of a flavor state |v,(t)) at time ¢ is then given by:

val(t) =D Use ™ 1) . (2.16)

k
Using the unitarity of U, equation (2.14) can be inverted to express the mass

eigenstates in terms of the flavor eigenstates:

k) =) Uak va) - (2.17)

Substituting equation (2.17) into equation (2.16) yields:

vat) = Y (ZU;ke—iEktng) |vs) . (2.18)

pe{en,tt \ K
Therefore, the amplitude for a transition from a neutrino of flavor a at time ¢ = 0 to

a neutrino of flavor 5 at time ¢ is:

Apyosny (8) = > Ul Ugpe™ P (2.19)
k

The corresponding probability for this transition is:

Prosy (1) = [Apy s O = Y U UseUn Uy e~ BBl (2.20)

k,j
Neutrinos detected in experiments have a lower energy threshold of around 100
keV. Since the neutrino mass is less than 1 eV, as indicated by the current upper
bounds set by the KATRIN experiment [37], it is a reasonable approximation to treat
neutrinos as traveling at nearly the speed of light. Therefore, the energy for a mass
state k can be approximated as F, ~ F + ;n—g, where E = |p]. The energy difference

between two mass states can then be approximated as:

(2.21)
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where Amj; = my —mj.

Substituting Eq. 2.21 into Eq 2.20, and considering that neutrinos propagate very

close to the speed of light, so that t = L, where L is the distance from the source to

the detector, yields:

. . .AmijL
Py (L, E) = Z UaUsrUojUgj exp | —i 5F ) (2.22)
k,j

Thus, the oscillation phase depends on the squared-mass differences between the mass
states and the distance-to-energy ratio, L/FE. In contrast, the oscillation amplitude
depends only on the elements of the mixing matrix U. Separating the real and
imaginary components of this probability expression is useful. By applying the

unitarity of the matrix U, the oscillation probability can be rewritten as:

AmijL)

Pyaﬁyﬂ (L, E) = (Saﬁ —4 Z Re [U;kUﬁkUaJU;]] sin2 ( iE

k>j

o (Am2.L

k>3

(2.23)

2.4.3 Two neutrino mixing

It is often beneficial to consider the case of two-neutrino mixing to simplify the
oscillation formalism for practical use in experiments. This approach reduces the
number of relevant parameters and is effective because most experiments are primarily
sensitive to mixing between two specific neutrino flavors within the L/FE range they
probe.

Consider two flavor states, «,, which may correspond to any pair among
{e,u},{p, 7}, {e, 7}, or alinear combination of two flavor states (e.g., vz = c,v,+cvr,
with Ci +¢2 = 1). For two mass states, v; and vy, the effective two-neutrino mixing

matrix 1s:
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cosf sind
U= , (2.24)
—sinf cosf

where 0 < § < 7/2. The mass-squared difference in the two-neutrino case is defined
as Am? = Am3, = m3—m3, with | being the lighter of the two mass states, ensuring
that Am? > 0.

By substituting the mixing matrix from Eq. 2.24 into the general oscillation

probability formula P, ,,, given in Eq. 2.22, the two-neutrino oscillation probability

simplifies to:

1 Am?L
Pyyoss (L, B) = 5 sin® 26 {1—cos( = )1

2F
) (2.25)
= sin® 26 sin® Am’L (o # B)
4F ’ '
The corresponding survival probability for the same flavor, due to unitarity, is:
Am?L
Py (L, E) = 1 — sin® 20 sin? ( TE > . (2.26)

To express the oscillation probability in units commonly used in experiments—where
source-detector distances are measured in meters (m) or kilometers (km), and neutrino
energies are given in mega-electron volts (MeV) or giga-electron volts (GeV)—the
formula becomes:

Am? L
P, (L, E) = sin® 20 sin? (1.27 ”; ) (a % B). (2.27)

2.4.4 Averaged transition probability

Due to the finite spatial and energy resolution of detectors and the neutrino source’s

finite size and energy distribution, the transition probability must be averaged over
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the distribution of the L/FE ratio. Given a distribution ¢(L/FE) that incorporates

these effects, the measured average transition probability is given by:

(P, (L, E)) = %SmQ 20 l1 - <cos (A;ZL) >] , (a#B), (2.28)

where the average is obtained by integrating over the distribution f(L/FE). A common
example is a Gaussian distribution f with standard deviation oy,g resulting in an

average cosine term of the form:

(o (30)) e (20 (Yo [ ()] oo

2.5 Neutrino oscillation experiments

Neutrino oscillation experiments can be categorized into seven main types: solar,
reactor long-baseline (LBL), reactor short-baseline (SBL), atmospheric, accelerator
disappearance, and accelerator appearance. Solar experiments measure the neutrino
flux produced in the Sun’s fusion processes, while atmospheric experiments detect
neutrinos produced by cosmic ray interactions in the Earth’s atmosphere.

On the other hand, accelerator experiments measure neutrinos generated by
particle beams interacting with targets in particle accelerators. These are further
divided into short-baseline meter-scale experiments and long-baseline kilometer-scale
experiments. Lastly, reactor experiments observe antineutrinos emitted from nuclear
fission reactors at different distances. Reactor-based experiments are discussed

explicitly in Section 3.1.1.
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Figure 2.4: Neutrino energies and fluxes from natural and artificial sources.
Source [200].
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2.5.1 Solar neutrino experiments

Aside from the Homestake experiment, various other experiments have aimed at
detecting neutrinos generated during fusion processes in the Sun. Similar to the
Homestake experiment, the Gallium experiments GALLEX [199], GNO [50], and
SAGE [7] are radiochemical experiments that utilized the IBD reaction:

TGa+v, =™ CGe+e, (2.30)

which has a lower energy threshold of 0.233 MeV compared to the process employed
by Homestake, making it more sensitive to the pp reaction and the electron capture
"Be reaction. These reactions contribute 54% and 27% of the predicted IBD event
rate within the detector, respectively.

Another type of solar neutrino experiment is the water Cherenkov-type detector.
Water Cherenkov detectors identify neutrinos by detecting Cherenkov radiation
produced by ultrarelativistic leptons traveling through water, resulting from neutrino

interactions. The Cherenkov light is emitted with an energy spectrum of the form:

dN 1\?
=2 1—(— -2 2.31
ddz [ (nv) ] AT (2:31)

for a charged particle traveling along coordinate x with velocity v and wavelength A

in a medium of refractive index n, where « is the fine structure constant [152].

In water, Cherenkov radiation consists of about 340 photons per centimeter with
wavelengths from 300 to 600 nm [129], emitted in a cone with a half-angle of 0 ~
41° [113]. An array of photomultiplier tubes (PMTs) surrounding the target volume
detects this radiation, enabling particle track reconstruction. A PMT coverage of at
least 20% is needed for accurate neutrino identification.

Kamiokande [159] was the first to use Cherenkov radiation for neutrino detection,
designed initially to detect nucleon decays, and was later adapted to detect ®B

neutrinos by reducing background noise and adding a shielding volume of water.

22



Kamiokande-II [179], a modified version, had an inner volume of 13.1 m in height
and 14.4 m in diameter, containing 2142 tons of water with 948 PMTs covering 20%
of the surface. Super-Kamiokande [8] expanded on this by differentiating between
electron and muon neutrinos using the Cherenkov light topology, with a larger inner
volume (42 m height, 39.3 m diameter) and increased PMT coverage to 40%.

The Sudbury Neutrino Observatory (SNO) [33, 34, 66] detected tau neutrinos
using a heavy water Cherenkov detector. It used 1000 tons of D,O to detect neutrinos

via three channels: charged current (CC), neutral current (NC), and elastic scattering

(ES). The CC interaction is:

Ve+d—p+p+e, (2.32)

with a threshold of 1.442 MeV. SNO primarily detected ®B neutrinos with sensitivity
above 6.9 MeV. The NC interaction:

Vo +d—p+n+u,, (2.33)

has a 2.224 MeV threshold and allows detection of all three neutrino flavors, providing
a model-independent measure of the total solar neutrino flux. In its second phase,
SNO added NaCl to improve NC detection by enhancing neutron capture on 2*Cl,
yielding 8.57 MeV gamma rays, which allowed better background discrimination. The
third phase used *He proportional counters to increase neutron detection efficiency.
SNO conclusively resolved neutrino oscillations by measuring the solar neutrino flux

across multiple flavors and confirmed Bahcall’s calculations from 40 years prior [66].

2.5.2 Atmospheric neutrino experiments

Cosmic rays, primarily composed of high-energy protons and some heavier nuclei,

interact with the Earth’s atmosphere to produce neutrinos. The primary production
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of atmospheric neutrinos comes from the decay of pions created in these interac-

tions [129]:

=+, T =+ D, (2.34)

Muons from pion decay can further decay into electron neutrinos:
pt=et +u. 4+, P e+ U+ vy (2.35)

these neutrinos cover a wide energy range, from hundreds of MeV up to the TeV
scale, and underground detectors can detect those between 100 MeV and 100 GeV.

The first detections of atmospheric neutrinos were made at the East Rand
Proprietary Gold Mine in South Africa [184] and the Kolar Gold Field Mine in
India [16], using liquid scintillators to observe muons from v, interactions. Later,
the Kamiokande experiment [123] detected v, and v, neutrinos, followed by the
IMB detector [140, 100, 90, 141] and the MACRO experiment [89], both using water
Cherenkov and scintillator techniques to observe these neutrinos underground.

The Soudan-2 experiment [46] used an iron tracking calorimeter to detect
neutrinos via interactions in a honeycomb-structured iron target, operating from 1989
to 2001 with a fiducial exposure of 5.90 kton-years. The Frejus [2] and NUSEX [26]
experiments also used tracking calorimeters for muon neutrino detection.

The IceCube Neutrino Observatory at the South Pole [3], the largest neutrino
detector in operation, investigates neutrino astronomy and particle physics across
a wide energy range. It uses a cubic kilometer of ice equipped with digital-
optical modules to detect Cherenkov radiation from particles produced by neutrino
interactions. Its DeepCore sub-array measures atmospheric neutrinos, providing some
of the most stringent constraints on Am? [65]. Together, IceCube-DeepCore and
Super-Kamiokande [123] offer the best statistics on atmospheric v, flux, crucial for

global neutrino oscillation studies.
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These experiments detected a deficit in the muon neutrino flux compared to the
predicted electron neutrino flux, suggesting that neutrino oscillations could account
for the observed discrepancies [163, 87, 147]. Analysis within the two-neutrino
framework indicated that the best fit to the atmospheric data corresponds to maximal
mixing, with sin? 26 = 1.0 and Am? = 2.1 x 1073 eV?. These values were derived from
the Super-Kamiokande (SuperK) experiment [123], which provided the most precise

measurements of the atmospheric neutrino flux.

2.5.3 Accelerator experiments
Short baseline

SBL accelerator experiments are designed to measure neutrinos produced from
pion decays in flight, muon decays at rest, and beam dump experiments. These
experiments detect neutrinos primarily through the v, channel, resulting from pion or
muon decay, allowing for both appearance and disappearance studies (as summarized
in Table 2.1).

Pion decay in flight (DIF) experiments focus on detecting neutrinos generated
from the decay of pions and kaons, which produce either neutrinos or antineutrinos
depending on the magnetic horn’s polarity. The neutrino energies in these experi-
ments are typically around 1 GeV but can reach much higher values depending on
the proton beam energy. The source-detector distance is usually about 1 km, and
energies above 3.5 GeV are required to produce tau neutrinos (v;).

Muon decay at rest (DAR) experiments, in contrast, use lower-energy proton
beams to produce antineutrinos (7,) with energies in the tens of MeV range. In these
setups, most m~ mesons are absorbed by the target nuclei, so neutrino production
primarily comes from 7 decay. The typical distance between the source and detector
is on the order of tens of meters.

Lastly, beam dump experiments utilize proton beams with energies in the hundreds

of GeV. A thick target stops the proton beam, producing heavy hadrons that decay
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into muons and electrons. This process generates neutrinos (v, and v.) with energies

around 100 GeV, and the detectors are typically placed about 1 km from the source.

Long baseline

Long-baseline accelerator experiments are defined by having source-to-detector
distances of over 100 km. In these experiments, neutrinos are generated through the
decay of pions and kaons in flight. Prominent examples of such experiments include
K2K [173], MINOS [171], OPERA [22], T2K [126], and NOvA [45]. Looking ahead,
future experiments in this category include Hyper-Kamiokande (Hyper-K) [137],
which will employ a water Cherenkov detector, and the Deep Underground Neutrino

Experiment (DUNE) [13], which plans to use a liquid argon time projection chamber.

2.6 Consolidating the 3-neutrino oscillation pic-
ture

2.6.1 Why three neutrinos?

The number of light neutrino species that interact via the standard electroweak

interactions can be determined by studying the process:

7% = vy + Uy, (2.36)

The partial width of this decay, I',;, is precisely calculable within the Standard Model:

T,» = 166.9 MeV. (2.37)

Thus, the Z boson will have a branching ratio into invisible final states that is

proportional to the number of light neutrino species:

Finvisible = NI/ FV17~ (238)
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Table 2.1: Short Baseline Accelerator experiments and the oscillation channel tested.
Source [5].

Experiment Process Type
LSND [28] v, = V. | Muon DAR
KARMEN [73] 7, — 7. | Muon DAR
LAMPF [121] v, = V. | Muon DAR
BNB-MiniBooNE [30, 31} | v, = v, | Pion DIF
BNB-MiniBooNE [29, 32} | 7, = 7, | Pion DIF
NumI-MB [17] Vy — Ve Pion DIF
SciBooNE [167] v, — v, | Pion DIF
SciBooNE [101] v, — 7, | Pion DIF
NOMAD [85] Vy = Ve Pion DIF
CCFR [192] v, — v, | Pion DIF
CDHS [111] v, — v, | Pion DIF
FNAL-E531 [108] v, — v, | Pion DIF
BEBC [193] v, — Ve | Beam Dump
CHARM [91] Vy — Vs Pion DIF
CHARM [110] v, — v, | Beam Dump
CHORUS [116] v, — v, | Pion DIF
NOMAD [84] v, = vy | Pion DIF
CHORUS [116] Ve = Ur Pion DIF
NOMAD [84] Ve = Ur Pion DIF
CCFR [169] 7,7, | Pion DIF
CCFR [174] 7. =7, | Pion DIF
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The invisible width can be obtained experimentally by subtracting the contributions

of all visible channels from the measured total width:

Finvisible = Ftot — Fvis =498 + 4.2 MeV. (239)

This result can be interpreted [134] as indicating that the number of light, active

neutrino species is:

Finvisi e
N, = F—bl — 2.994 4 0.012. (2.40)

2.6.2 Putting experimental results into context

In the three-neutrino framework of the SM, the oscillation probability given in Eq. 2.23
with k£ = 3 can be expressed using the PMNS matrix:

—id
C12C13 $12C13 S13€” 0P
UpMNs = | —s12C23 — C12523513€°C7  C12C23 — S12523513€"C7 823C13 , (2.41)
6 i
512523 — C12C23513€"°CF  —C12823 — $12C23513€"°°F  Ca3C13

where c,, = cosfy and sg = sinfy,. This framework is characterized by three
mixing angles—~6i5, 613, and #y3—and a CP-violating phase, dcp. Suppose neutrinos
are Majorana particles, meaning they are their own antiparticles. In that case, there
are two additional phases (often labeled o and (), which only appear in processes
that violate lepton number conservation and do not affect neutrino oscillations.

Table 2.2 summarizes these standard oscillation parameters and the primary
methods and neutrino sources used to measure them. A key question in neutrino
physics is whether the mass state predominantly consisting of the first-generation
electron neutrino is the heaviest or the lightest. This open question is referred to
as the ‘mass ordering’, which can be either normal or inverted. In the standard

terminology, a normal mass ordering corresponds to mz > my > m; (with Am2, > 0),
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while an inverted mass ordering corresponds to my > m; > my (with Am3, < 0).
The terms ‘normal’ and ‘inverted’ compare this situation with the quark sector, where
the mass state primarily composed of the first-generation up quark is the lightest.
While the three-neutrino model has successfully explained solar and atmospheric
anomalies and observed oscillations in long-baseline reactor and beam experiments,
recent indications suggest deviations from the three-neutrino paradigm. Many
of these anomalies share a common feature: they are observed primarily in
association with electron neutrino detections—whether from electron or muon
neutrino sources—using either Cherenkov or scintillator detectors and at relatively

short baselines from the neutrino sources.

2.7 Experimental Anomalies

Over the last decade, four long-standing anomalies in the neutrino sector have served
as primary drivers in developing a vibrant short-baseline neutrino program. These

are:

e The Reactor Antineutrino Anomaly (RAA): refers to a discrepancy
observed in the measured flux of electron antineutrinos from nuclear reactors
compared to theoretical predictions. Around 2011, several experiments reported
detecting 5-7% fewer antineutrinos than expected over baselines of about 10-100
meters. This anomaly raised the possibility that some electron antineutrinos
were ‘disappearing’ due to oscillation into a new type of neutrino that does not
interact via the weak force — a sterile neutrino. The RAA remains an area of
active research, with ongoing debates about whether the anomaly is due to new
physics or uncertainties in modeling antineutrino production in reactors [170].

See more details in Section 3.3.

e Gallium Anomaly: The Gallium Anomaly arises from experiments designed

to detect neutrinos using gallium-based detectors, such as the GALLEX and
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Table 2.2: Standard neutrino parameters, the main method(s) to determine them,
the most important source(s) for the determination, and the current status. Except
for the phases a and 3 (for the case of Majorana neutrinos), all unknown parameters
are expected to be determined within the next 20 years. Source [5].

Parameter Main method(s) Source(s) Status
012 Oscillations solar, reactor known
Bo3 Oscillations atmospheric, accelerator known
013 Oscillations reactor, accelerator known
dcp Oscillations accelerator hints
a, 3 Rare processes double beta decay unknown
Am3, Oscillations reactor, solar known
|Am3, | Oscillations reactor, accelerator, atmospheric | known
Ordering (sgn Am2)) Oscillations reactor, accelerator, atmospheric hints
mi 23 Kinematics [ decay, cosmology limits
Table 2.3: Best fit three neutrino oscillation parameters from 2021 NuFit

analysis [132]. For normal ordering (NO), [ = 1, for inverted ordering (10), | = 2.

Parameter | NO best fit =10 | IO best fit 1o
sin® 015 O.304f8j8£ 0.304458:8%3
sin? fyg 0.40570019 0.57070 039
sin? 03 0.02246+9-90062 0.0224110:90074

Sep/° 230736 278%%
L 7.421021 7.42+021
A +2.51010927 —2.490%563%
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SAGE experiments, initially conducted in the 1990s to study solar neutrinos.
These experiments also used intense artificial radioactive sources to calibrate
the detectors. When calibrating with known neutrino sources, the detected
number of electron neutrinos was consistently lower than predicted — by about
10-20%. This deficit could indicate the oscillation of electron neutrinos into

sterile neutrinos over short baselines (of a few meters) [50, 7].

LSND and MiniBooNE Anomalies: The Liquid Scintillator Neutrino
Detector (LSND) experiment at Los Alamos National Laboratory (conducted
in the 1990s) and the MiniBooNE experiment at Fermilab (operational since
the early 2000s) both reported evidence for anomalous neutrino behavior over
short baselines. LSND observed an excess of electron antineutrinos in a beam of
muon antineutrinos, suggesting possible oscillations from 7, to 7, that the three-
neutrino framework could not explain. MiniBooNE, a follow-up experiment
designed to test this result, also reported an excess of electron neutrinos and
antineutrinos over short baselines consistent with the LSND signal. These
findings suggest that additional neutrino oscillation channels might exist,
potentially involving sterile neutrinos with mass differences on the order of
1 eV2. However, this interpretation remains controversial, and some physicists
argue that other, less exotic explanations (such as unaccounted-for backgrounds

or detector effects) could account for the observed anomalies [28, 30].

2.7.1 Sterile neutrinos (3+1 formalism)

The leading hypothesis to explain the short-baseline anomalies is the existence of

sterile neutrinos. Unlike the three known ‘active’ neutrinos (electron, muon, and tau

neutrinos), sterile neutrinos do not interact via the weak nuclear force, making them

undetectable except through gravitational effects or via mixing with active neutrinos.

If sterile neutrinos exist, they could cause active neutrinos to oscillate into sterile

states over short distances, effectively making some neutrinos ‘disappear.” This would
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account for the observed deficits in SBL neutrino experiments. In the simplest 341
model, the standard neutrino sector is extended by an additional neutrino flavor, v, a
gauge singlet that does not participate in weak interactions. The three active neutrino
flavors and the sterile neutrino are linear combinations of four mass eigenstates, where
the mass my is assumed to be of the order of ~ 1 eV, as motivated by the LSND
anomaly.

To describe this mixing, the 3 x 3 PMNS matrix shown in Eq. 2.41 is extended
to a 4 x 4 matrix, Uy;, with a = e, i, 7,5 and ¢ = 1,...,4. To avoid dependence on
parametrization, it is often useful to work directly with the mixing matrix elements
Ues, Uys, and Uyy as described in [5]. In this framework, the fourth mass eigenstate
is assumed to be predominantly sterile and significantly heavier than the others,
such that Am3, > |Am3,|, Am2,. This approximation allows Am32, and Am3; to
be considered nearly degenerate and close to zero. The large mass splitting Am?
enables short-baseline neutrino oscillations.

In the limit where oscillations due to Am3, and Am3, are negligible, short-baseline

oscillations can be approximated by:

2 2
P(ve = ve) = 1 — 4|Uu*(1 — |Ues)?) sin® (M> = 1 — sin?(26,.) sin? <Am41L) |

4F, 4E,
(2.42)
P(v, = vy) = 1= 4|Uul(1 = |Upl?) sin® (AZ%L) = 1 — sin*(26,,,) sin® (AZ%L) ,
(2.43)
P(v, — ve) 22 4|U,u|?*|Uea|? sin® <AgjL) = sin?(20,,.) sin’ <Ag‘jL) : (2.44)

These equations do not make explicit assumptions about U,4 (or, consequently,

Uss). However, unitarity requires that:
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|Ue4|2 + |Uu4|2 + |UT4‘2 + |Us4|2 =L (2'45)

The focus is placed on electron and muon neutrino flavors because these are
the channels most extensively studied and where short-baseline anomalies have been
observed. In this scenario, oscillations are significant for L/FE, ~ m/MeV or km/GeV
if Am2, ~ 1 eV?. Crucially, the relationships among Eqs. 2.42-2.44 imply that if both
|Uea|? and |U,4|? are nonzero, then electron neutrino disappearance, muon neutrino
disappearance, and muon-to-electron neutrino appearance must all occur at the same

L/E,. The oscillation amplitudes for appearance and disappearance are related by:

1
sin?(26,,.) < 1 sin(26,,,,) sin®(20..).

This relation allows combinations of experiments to over-constrain the 3+1 model,
a key feature exploited by global fits when performing combined analyses of neutrino
appearance and disappearance data. The possible resolution of a sterile neutrino
oscillation at meter-scale baseline with MeV-scale neutrinos motivates a reactor-based

short baseline antineutrino experiment such as PROSPECT.

2.8 Chapter summary

This chapter provided an overview of the history and theory of neutrino oscillation
physics, establishing the foundation for the reactor measurements discussed in the
subsequent chapters. Additionally, it introduced the sterile neutrino hypothesis, a
leading theory proposed to explain various anomalies observed in reactor and beam-

based neutrino experiments.
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Chapter 3

Reactor Neutrino Physics

3.1 Nuclear reactors as a neutrino factory

Nuclear reactors are an exceptionally potent and plentiful reservoir of MeV-scale
antineutrinos, offering a distinct flavor purity. Within reactors, electron antineutrinos
emerge as a result of the beta decay reactions of unstable, neutron-rich byproducts

generated during nuclear fission [206]
2B =5 Ot el 47, (3.1)

as illustrated in Fig. 3.1. On average, each fission of one of the fissionable isotopes
yields two fission fragments and some free neutrons. The fragments typically undergo
six beta decays, each of which produces one 7, as show in in Fig. 3.2.

The energy spectrum of 7, emitted from an active reactor core reflects the decay
schemes inherent in decaying isotopes. These schemes span a broad energy range,
from sub-MeV to approximately 10 MeV. Additionally, the composition of the energy
spectrum is intricately influenced by the relative abundance of these isotopes within
the nuclear fuel [39].

Roughly speaking, nuclear reactors can be categorized based on the isotopic

composition of their fuel. For example, research reactors utilize highly isotopically
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Figure 3.1: Chart of nuclides (Z vs. N) displaying the transition from fission isotopes
to fission products where subsequent beta decays produce electron antineutrinos.
Source [207].
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Figure 3.2: Schematic of the fission process taking place in the core of a nuclear
reactor. Source [196].
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enriched (HEU) cores that burn only #**U, while the core of commercial reactor
facilities burns an evolving mixture of all fissile isotopes (LEU). Electron antineutrinos
produced at nuclear reactors can be detected via multiple detection channels, IBD on
protons or other nuclei, neutral current inelastic nuclear scattering, neutrino-electron
elastic scattering, and coherent elastic neutrino-nucleus scattering [183].

In recent decades, various experiments at both research and commercial reactor
facilities have ushered in a precision era for reactor antineutrino measurements [63,
47]. Most of these experiments implemented liquid scintillator (LS) technologies and
utilized the IBD interaction as the primary mechanism for antineutrino detection. In
this process, an v, interacts with a proton in the LS, producing a positron and a
neutron. As a result, IBD candidates are reconstructed by taking advantage of the
spatial-temporal correlation of a prompt electromagnetic deposition (e ionization
and annihilation) and a delayed neutron capture on either hydrogen or on a dopant
mixed with the LS such as lithium (Li) or gadolinium (Gd). These experimental
efforts spanning baselines from 7-2000 m from the reactor cores have enabled an
assessment of antineutrino energy spectra and flux originating from the main fissile
isotopes (#°U, 238U, 239Pu, and 2'Pu).

Locations of current and recent past experiments are illustrated in Fig. 3.3. Most
of these have been at commercial power reactors, which operate in the ~GWy, regime

and burn fuel with a relatively low-level of 23U enrichment (low enriched, or LEU).

3.1.1 Reactor-based oscillation experiments

Considering the 3-neutrino oscillation formalism described in Section 2.6, Eq.2.23 for

k=3 can provide the electron-disappearance probability of the form
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Pysp, =1— 4|Ue21||U<323| sin® Az — 4|U32||Ue23| sin” Azy — 4|Ue21||U322| sin® Ay

=1- SiIl2 2913(COS2 812 Sin2 Agl + Sin2 612 SiIl2 Agg) - COS4 613 SiIl2 2612 sin2 Agl,

(3.2)

where it can be observed that reactor antineutrino disappearance offers a clean
experimental channel that depends solely on the oscillation parameters 615, 613, Am2,,
Amj3,, and the neutrino mass ordering. This makes it an ideal approach for precision
measurements of these parameters.

Fig. 3.4 shows the survival probability as a function of the travel distance L for
a typical 4 MeV reactor .. The large disappearance at ~60 kilometers is driven by
the solar-mixing mass scale Am3, and its corresponding large mixing angle 05, while
the smaller disappearance at ~2 kilometers is caused by the atmospheric-mixing mass
scale Am3, ~ Am2, and the small mixing angle 6;3. The two very different Am? scales
benefit designs of reactor antineutrino oscillation experiments, which can isolate the
parameters of interest and improve the precision of their determination by placing
detectors at strategic baselines.

Much like accelerator-based experiments, reactor antineutrino experiments can be
categorized between long and short baseline. Long-baseline experiments have usually
occurred at LEU reactors, while short-baseline experiments have favored research

HEU reactors.

Long baseline

The KamLAND experiment [10], constructed in the early 2000s in Japan, was the first
reactor antineutrino experiment to provide evidence of neutrino oscillations. Located
in central Japan, KamLAND is surrounded by 55 nuclear reactor cores, with a flux-
weighted average baseline of approximately 180 kilometers. As shown in Fig. 3.4,

this baseline makes KamLAND particularly sensitive to the solar mixing parameters
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Figure 3.3: Map of planned, current, and completed reactor antineutrino
experiments. The text color indicates experimental status, while the arrow indicates
the interaction channel used by the experiment. Only completed experiments taking
data after 2010 are included. Source [39)]
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Figure 3.4: Expected flavor composition of the reactor antineutrino flux as

a function of distance to a reactor core for neutrinos of 4 MeV energy. The

light yellow region corresponds to the survival probability of 7, that reactor

antineutrino experiments can measure by placing their detectors at different baselines.
Source [203].
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Am3, and 6y5. Tt allows it to benefit from a well-understood neutrino source and a
more straightforward vacuum oscillation formula than solar neutrino experiments.

The KamLAND detector consists of a one-kiloton liquid scintillator target within
a 13-meter-diameter transparent balloon and surrounded by a region of mineral oil
with 1,879 PMTs. In 2008, KamLAND observed 1,609 events over a 2.9 kton-
year exposure, which was only about 60% of the expected signal in the absence of
oscillations [10]. The measured survival probability exhibited a distinct oscillatory
pattern as a function of L/E,, providing strong evidence for neutrino oscillations.
These results were in excellent agreement with solar neutrino experiments, and, when
combined with data from the SNO experiment [33, 34, 66], yielded the most precise
measurements to date of tan?fy, = 0.47700% and Am32, = 7.597031 x 107> eV? [10].
Earlier reactor experiments, such as CHOOZ [72] and Palo Verde [97], did not observe
7. disappearance and set only an upper limit of sin® 26,5 < 0.10 at the 90% confidence
level. In the 2000s, a new generation of experiments — Daya Bay [53], Double
Chooz [109], and RENO [35] — was launched to measure the small mixing angle 6,3
more precisely.

For reactor antineutrino experiments targeting the mass-squared difference Am3,
suggested by atmospheric neutrino experiments, the optimal baseline is approximately
1-2 kilometers, as indicated in Fig. 3.4. All three experiments utilized a relative
measurement strategy with near and far detectors that are functionally identical,
significantly reducing reactor and detector-related systematic uncertainties. After
initial hints in 2011 [9, 18], clear evidence of 7, disappearance was reported by all
three experiments in 2012, after just a few months of data collection [11, 60, 35].
Results from Double Chooz, Daya Bay, and RENO show a consistent deficit in the
number of detected neutrino events compared to the no-oscillation model indicative
of the presence of neutrino oscillations as illustrated in Fig. 3.5. Among them, the
Daya Bay experiment (described in Section 9.3) was the most sensitive, excluding

013 = 0 with a significance of 5.2 ¢ after only 55 days of data [60].
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Figure 3.5: Ratio between the number of observed neutrino events and the
corresponding expected value in the absence of neutrino oscillations as a function
of baseline for past, present and future reactor experiments including near and far
detectors for Daya Bay [53], Double Chooz [109], RENO [35], KamLAND [10] and
the future JUNO [51] experiment.

Short baseline

Short-baseline reactor experiments, with source-to-detector distances of only a few
meters, face unique challenges due to their proximity to reactors and locations
near the Earth’s surface. Unlike solar, atmospheric, and accelerator-based neutrino
experiments conducted deep underground to minimize background interference, these
experiments must contend with higher levels of cosmic radiation. Additionally, they
face significant gamma and neutron backgrounds from reactor operations.

Examples of short-baseline reactor experiments include Savannah River [133],
BUGEY [6], Krasnoyarsk [44], ILL [160], Goesgen [205], ROVNO [21], PROSPECT [70],
STEREO [49], SoLid [15], NEOS [154], and Neutrino-4 [190]. A detailed description of
the most relevant short-baseline reactor experiments will be provided in later chapters,
focusing on the PROSPECT experiment and its new results that contribute to the

global understanding of SBL reactor experiments.
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3.2 Modeling antineutrino emissions from nuclear
reactors

A crucial part of studying reactor-produced antineutrinos is accurately modeling their
production via fission. Two main approaches have been used to predict the flux of 7,

and the spectra per fission.

3.2.1 Summation method

The first approach, known as the ‘summation’ or ‘ab initio’ method, relies on available
nuclear data to calculate the antineutrino flux and spectrum [172; 119, 191]. This
method determines the 7, flux and spectrum by summing the theoretical beta spectra
of hundreds of fission products and thousands of beta decay branches. This approach
uses theoretical models of nuclear structure and decay processes based on quantum
mechanics to predict the behavior of isotopes in the reactor core. Fig. 3.6 illustrates
the beta decay scheme of “°Sr, a fission fragment produced from the fission of
heavy nuclei such as 23U and 23*°Pu, which undergoes beta decay to form °Y and
subsequently *°Zr.

In a uranium fuel cycle, over 99% of the nuclear power is produced by the fission of
four dominant isotopes. The cycle begins with fissions primarily in uranium isotopes,
while plutonium is gradually produced through neutron capture on 23¥U. As the
reactor burn-up progresses, more than six thousand beta decay branches contribute
to the neutrinos emitted by each isotope. However, the specific details of each beta
decay are not always fully known [204]. For isotopes with unknown beta branches,
general properties of nuclear decay, such as nuclear matrix elements and the available
phase space for decay products, are used to estimate decay rates.

The absolute neutrino flux from a reactor, ¢(E), can be expressed as:

$(E) = Z Si(E) f;, (3.3)
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Figure 3.6: Beta decay scheme (blue) of ?°Sr to ?°Y and ?°Zr, showing the energy
levels of the nuclei and transitions between levels [124].

where S;(E) is the neutrino yield and f; is the fission rate of isotope i. The neutrino
yield for each isotope is determined by the neutrino spectra vy (E) and the cumulative
fission yield Y} for each fission fragment k, allowing for the calculation of contributions

from each of the four main fissionable isotopes:

S(B) = Y n(B)Y;. (3.4)

k
where k represents approximately 1,800 isotopes on average [150]. The overall
neutrino energy spectrum is obtained by summing the contributions from all relevant
isotopes in the reactor core while considering their predicted decay rates and
branching fractions. Finally, integrating over neutrino energies provides the total

neutrino flux.

42



3.2.2 Conversion method

Beta conversion calculations of neutrino energy spectra and flux are based on
empirical data obtained from direct measurements of beta spectra from fission
products [149]. Thousands of beta spectra from the dominant fission isotopes
are measured and fitted with individual representative beta spectra. These are
converted kinematically into antineutrino energy spectra, as illustrated in Fig. 3.7. By
multiplying the converted spectra by the IBD interaction cross-section and integrating
over all neutrino energies, the expected absolute flux can be calculated. Beta spectrum
conversions using accurate nuclear data should predict the reactor neutrino flux with

an uncertainty of about 2% [150].

3.2.3 Combined models

Different fissile neutrino spectrum models combine the ‘ab initio’ and beta conversion
methodologies to predict reactor antineutrino flux and spectra. However, these
flux prediction methods are inherently flawed. Without knowledge of the neutrino
spectrum of specific fission fragments, ‘ab wnitio’ calculations rely on information

regarding the beta spectrum of thousands of decays, which is often inaccurate,
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Figure 3.7: Cumulative beta spectra produced by U, 233U, 9Py, and ?*'Pu are
directly measured (left) [188], fitted with individual beta spectra (middle), and then
kinematically converted into antineutrino spectra (right) [149].
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incomplete, or completely unknown. Meanwhile, beta spectrum conversion is
susceptible to uncertainties arising from forbidden decays in the neutrino emission
spectrum which depend on unknown information about underlying nuclear structure
and can contribute up to 40% of all neutrinos in specific energy ranges. Consequently,
models made using these calculation procedures are not fully robust and may
contribute to discrepancies between predicted and observed antineutrino spectra and

fluxes.

ILL-Vogel

The ILL-Vogel reactor neutrino production model combines theoretical calculations
with experimental beta spectra measurements from the Institut Laue-Langevin (ILL)
reactor in Grenoble, France. In 1980, physicists at ILL measured the total beta
spectra produced by the fission of 2°U, 23°Pu, and ?'Pu by inserting foils of these
isotopes into the reactor and observing their beta decays under a thermal neutron
flux using a magnetic spectrometer. These measurements, combined with the inferred
neutrino yields and the evolving fuel composition, were used to predict the expected
neutrino spectrum [188, 204, 139].

In 1981, Petr Vogel calculated the neutrino spectrum from 23U using the
summation method (Egs. 3.3 and 3.4), which utilized cumulative fission yields
from the Evaluated Nuclear Data File (ENDF/B-V) and considered the effects
of fission, beta decay, and neutron capture by fission fragments under a neutron
flux. The combination of ILL’s experimental model for 2**U, ?3*Pu, and ?*'Pu with
Vogel’s theoretical model for ?3¥U created the first comprehensive reactor neutrino
production model, providing a reference spectrum that laid the groundwork for future

improvements.
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Huber-Mueller

In 2011, Patrick Huber reanalyzed the neutrino production model for 2*U, 23Pu,
and ?*'Pu initially developed by the ILL, while Thiago Mueller revised Vogel’s model
for 238U. Their updated predictions of reactor neutrino energy spectra and flux
incorporated new experimental data and corrected for systematic uncertainties found
in the original ILL measurements [149].

Several theoretical corrections were introduced to account for transitions between
nuclear energy levels, known as forbidden decays, which deviate from the standard
beta decay rules and significantly affect the shape of the energy spectrum. Additional
modifications were made to account for nuclear structure effects, which impact beta
decay rates, and the finite size of fissile nuclei, which influences the distribution of beta
decay energies [172]. The resulting Huber-Mueller (HM) reactor neutrino production
model improved the accuracy and reduced the systematic uncertainties of the earlier
ILL-Vogel model, making it the standard reference for reactor neutrino experiments

today.

Kopeikin

In 2021 Vladimir Kopeikin reanalyzed reactor neutrino energy spectra based on
new relative measurements of the ratio between cumulative beta spectra from 23°U
and 2°Pu performed at a research reactor in National Research Centre Kurchatov
Institute (KI) in Moscow, Russia [157]. The #*°U,#9Pu, and **'Pu neutrino spectra
were predicted by using a set of 30 allowed beta transitions to fit the measured
ILL cumulative beta spectra [188, 204, 139]. The corresponding 7, spectra of the
individual transitions were summed to derive the total 7, spectrum [157].

KI physicists incorporated their updated measurements and compared them with
ILL results to identify and correct discrepancies in the spectra normalization. The
25U spectrum was found to be lower than previously estimated by the HM model,

which aligns with updated results from Daya Bay and RENO. Kopeikin retained
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the HM beta spectrum conversion methodology to derive the 23U spectrum while
correcting for the overestimated normalization [157].

A separate beta spectrum study for fast neutron fissions of 28U was performed
at the neutron source Forschungsreaktor Miinchen II (FRM II) in Garching,
Germany [135]. The experiment used an empirical beta conversion method based on
the similarity of the cumulative beta and 7. spectra to predict the final 233U neutrino
spectrum. Because the original spectrum was normalized using ?*>U data corrections
were made to the 2**U model to account for the changes in the 2*°U prediction which

resulted in a more accurate 2*®*U spectrum model below 3 MeV [157].

3.3 Reactor-based anomalies

3.3.1 Spectral shape anomaly, ‘The Bump’

Recent measurements of antineutrino energy spectra made at both LEU and HEU
reactors reported notable inconsistencies compared to theoretical predictions [143].
[lustrated in Fig. 3.8, an excess of events is observed between 5-7 MeV when compar-
ing measured antineutrino spectra against model predictions. This observation, often
called the ‘bump,’ has attracted substantial attention from the neutrino and nuclear
physics communities. The widespread occurrence of this disagreement suggests a
common factor influencing both prediction techniques, possibly originating from
assumptions regarding the theoretical shape of the beta spectra utilized in these
calculations. In contrast to the RAA, the existence of sterile neutrinos cannot be
the cause of the bump. Still, instead, it is attributed to the mismodeling of the
antineutrino yield from the different fissile isotopes [144].

The acquisition of new, highly accurate antineutrino measurements from reactors
employing diverse fuel compositions holds promise for delving deeper into the nature

Y

of the observed ‘bump.” These enhanced measurements offer a unique opportunity

to refine our comprehension of antineutrino production by fission daughters. An
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Figure 3.8: Comparisons of reactor neutrino normalized energy spectra measured
by neutrino experiments deployed at commercial LEU reactor sites [108, 187].

essential aspect of this investigation involves determining whether the discrepancies in
antineutrino spectrum and flux predictions extend uniformly across all four principal
fission isotopes. This nuanced exploration is crucial for pinpointing specific sources
of inaccuracy and advancing our overall understanding of the intricacies inherent in

antineutrino behavior arising from nuclear fission processes.

3.3.2 Reactor Antineutrino Anomaly (RAA)

As observed in Fig. 3.9, a consistent deficit of approximately 6% in IBD yields
compared to the predictions made by the HM has been reported by different reactor-
based experiments known as the RAA [170].

As discussed in Section 2.7, a widely studied model to explain these anomalous
results is the existence of an additional sterile neutrino state with an eV-scale mass
difference relative to the SM neutrino flavors [127]. This scenario is commonly referred
to as the ‘3+1’ model. Prior experiments have demonstrated that reactor electron
antineutrinos undergo flavor transformations during propagation from the source to

the detector. If a sterile neutrino exists, this BSM physics could cause deficits in
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electron antineutrino detection rates. These deficits are characterized by a modified

survival probability for a two-neutrino scenario, which builds upon Eq. 2.44

. . L(m)
Pdis ~ SlIl2 2014 SlIl2 (127Amil (GVQ)W> s (35)

where Am?, is the mass difference squared, 04 is a mixing angle describing the
electron flavor content of the new mass state, and E, and L are the energy and travel
distance (baseline) of the neutrino, respectively.

As outlined in Eq. 3.5, a mass splitting on the order of 1 eV? or greater leads
to an observable average deficit in energy-integrated reactor antineutrino detection
rates. This deficit becomes evident when comparing experimental observations with
predictions for reactor experiments conducted at baselines of approximately 10 m
or more [170]. To unambiguously test the hypothesis of the existence of an eV-
scale sterile neutrino as the cause for the RAA, experiments must directly probe
the baseline and neutrino energy dependence of reactor 7, signals. Any departure
from the expected 1/r* behavior as a function of both baseline and energy would
signify the presence of an oscillation effect providing an opportunity to deduce the
parameters that characterize such oscillations. Demonstration of the existence and
properties of a sterile neutrino would have far-reaching implications in particle physics

and cosmology.

3.4 Chapter summary

This chapter provides an overview of antineutrino production at nuclear reactors and
discusses the key experiments that have significantly contributed to this field. It also
outlines the models to predict reactor antineutrino flux and spectra, highlighting
current discrepancies in these predictions. Additionally, the chapter addresses
experimental anomalies in the reactor sector, which motivate the ongoing search for

eV-scale sterile neutrino oscillations.
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Figure 3.9: The ratio (Rag7;,,) of the measured to predicted Inverse Beta Decay

(IBD) yields is depicted as a function of baseline, with the HM model utilized

for predicting IBD yields. Each data point corresponds to a specific experiment,

with the error bars representing the experimental uncertainties. The green line and
erp

accompanying band illustrate the average of Ra, ), and the average uncertainty,
respectively [128].
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Chapter 4

The PROSPECT experiment

4.1 Introduction

Previous chapters emphasized the necessity of new short-baseline reactor experiments
to address experimental anomalies in the neutrino sector, specifically the RAA and the
observed spectral ‘bump’ [170, 144]. In response to the DOE Intermediate Neutrino
Research Program Funding Opportunity, the PROSPECT experiment secured fund-
ing and began construction in 2016. The Precision Reactor Oscillation and Spectrum
Experiment (PROSPECT) was designed with two primary objectives: searching
for eV-scale sterile neutrino oscillations and performing a precise measurement of
the antineutrino energy spectrum from 2*>U fission. Data were collected in 2018
and 2019 using the first-generation PROSPECT-I detector, deployed on the surface
approximately 7-9 m from the 85 MW High Flux Isotope Reactor (HFIR) core at Oak
Ridge National Laboratory. This chapter overviews the experimental site, detector

design, calibration strategies, and data acquisition methodology.

4.2 Experimental Facility

A comprehensive evaluation of three potential U.S. research reactor sites was

conducted to identify the most suitable location for the experiment. The reactors
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assessed were located at the National Institute of Standards and Technology (NIST),
Idaho National Laboratory (INL), and Oak Ridge National Laboratory (ORNL) [76].
The HFIR reactor at ORNL emerged as the ideal site due to its high power and
compact core, enriched 23U, availability of unoccupied near-reactor floor space[78],
easy access to experiment room, and its status as a DOE user facility. HFIR supports
neutron scattering, isotope production, materials irradiation, and neutron activation
analysis. An aerial view of the HFIR facility at ORNL is shown in Figure 4.1.

The HFIR reactor is located approximately 250 meters above sea level within the
HFIR building. Its core has a diameter of 0.435 meters and a height of 0.508 meters.
It is designed with two concentric rings of 2*3U fuel plates, achieving 93% enrichment,
which are encased in an aluminum cladding and structural support system, further
shielded by a robust concentric beryllium reflector. This configuration allows HFIR
to reach thermal neutron flux levels exceeding 2 x 10'® n/cm®/s within its core.

The reactor core and pressure vessel are submerged in a large water pool, with
the water surface approximately eight meters above the core’s midplane. Operating
at a thermal power output of 85 MWth, HFIR typically runs seven cycles per year,
each lasting 24 days, resulting in an operational duty cycle of about 46%. After
each cycle, the entire fuel assembly is replaced. Highly enriched uranium fuel and

the comprehensive core replacement every 24-day cycle ensure minimal fuel evolution,

Figure 4.1: Areal view of the HFIR facility area at ORNL. Source [162].
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with over 99% of emitted electron antineutrinos originating from ?*°U fission. Reactor-
off data is crucial for accurately measuring background signals from coincidental

cosmogenic sources during reactor-on periods.

4.2.1 Experiment room, detector location, and shielding

strategies

The PROSPECT detector is positioned in the experiment room one floor above the
HFIR core, adjacent to the pool walls, as illustrated in Fig. 4.2. This diagram also
presents the inner detector, the antineutrino target, with dimensions and orientation
relative to the HFIR core. The coordinate system used in this study, centered at
the inner detector’s core, is also depicted. Detailed in section 4.3, the PROSPECT
inner detector is a rectangular prism measuring 2.045 meters in length (x-axis), 1.607
meters in height (y-axis), and 1.176 meters in width (z-axis). It is offset from the
reactor core center by -1.19 meters along the z-axis and +5.09 meters along the y-axis.

The distances from the outer edges of the inner detector to the detector package
vary by approximately 40 cm on the sides and bottom and about 100 cm on the
top. To determine the distance from the detector to the reactor, measurements were
made from a specific point on the exterior of the detector package with an estimated
precision of approximately £10 c¢m, using HFIR facility mechanical drawings and a
measuring tape.

Given the lack of significant overburden at the HFIR facility, the PROSPECT
detector faces several background challenges, necessitating effective shielding (details
on IBD backgrounds are provided in section 6.3). The primary sources of background
affecting antineutrino detection can be categorized into two types: single energy
deposits, primarily from ~-rays entering the detector, and simultaneous energy
deposits, mainly from the recoil and capture of fast neutrons. The former requires

suppression to control data acquisition rates and minimize IBD backgrounds from
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Figure 4.2: A top and side view of the PROSPECT experimental setup within the
HFIR building. The illustration shows the HFIR reactor, the PROSPECT detector,
the reactor pool containment wall (in gray), and the concrete monolith beneath much
of the detector (indicated by a dashed line). The diagram includes horizontal and
vertical distances from the reactor core center to various detector positions, as well
as the coordinate axes used to define the orientation of the reactor and detector.
The detector floor is aligned with the z-z plane, with the zenith pointing in the +y
direction. Source [70)]
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accidental coincidences. At the same time, the latter presents a more difficult
challenge as it closely mimics the IBD signal.

Gamma-ray background measurements conducted at HFIR [80, 146, 136] identified
multiple sources originating predominantly from penetrations in the shielding wall
around the reactor pool. The shielding design was divided into two components to
mitigate backgrounds: a fixed lead wall near the gamma-ray sources and a portable
shielding package surrounding the detector volume. The local shield wall, shown in
Fig. 4.3, was installed adjacent to the concrete pool wall to mitigate these background
sources effectively.

The central section of the shield wall measures 3.0 meters wide and 2.1 meters high,
with shorter sections on either side. Protective cages were installed around two pipes
passing through the wall. The central part of the wall is made of 0.10-meter-thick
lead, while the side sections use 0.05-meter-thick lead. An additional 0.10-meter-thick
mini-wall was placed between the local shield wall and the EF4 opening, supported
by robust steel structures for seismic safety to enhance shielding. In contrast, the

passive shielding design uses a single 0.025-meter-thick lead layer surrounded by layers

Figure 4.3: A photograph of the local shield wall, with red arrows indicating
the locations of pipes penetrating the reactor pool and a blue arrow marking the
position of the unused EF-4 beam line that points directly toward the reactor vessel.
Source [78].
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of polyethylene, borated polyethylene, and water to reduce cosmogenic background

effects.

4.2.2 Modelling HFIR reactor neutrinos

More than 99% of the antineutrinos emitted by the HFIR originate from 23°U fission.
However, neutron activation of materials surrounding the core generates a small
fraction of neutrinos. The primary non-***U sources of 7, include 28Al from the
fuel cladding and °He produced in the beryllium neutron reflector surrounding the
core [86]. Each of these sources contributes less than 1% to the total observed 7, flux
and predominantly affects the low-energy region of the spectrum (below 4 MeV true

neutrino energy). The predicted contribution of each source to the detected spectrum

is shown in Fig. 4.4.
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Figure 4.4: Corrections added to the predicted #**U spectrum to account for non-
equilibrium isotopes and neutrinos from Al and ®He. Source [86].
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4.3 Detector Design

4.3.1 Description of inner detector

The PROSPECT detector, shown in Fig. 4.5, consists of an inner vessel containing
four tons of pulse shape discriminating (PSD) liquid scintillator, enriched with 0.08%
6Li. This vessel is surrounded by inner and outer containment tanks, shielding
components, and three electronic racks for data acquisition (DAQ) and control
electronics. The active scintillator volume is arranged in an 11x14 lattice, creating 154
optically isolated segments, each measuring 14.5 cm x 14.5 cm x 117.6 cm. These
segments are separated by an optical grid of thin (1.18 mm) specularly reflecting
panels supported by white, diffusely reflecting PLA plastic rods. Some support
rods are instrumented to hold removable radioactive calibration sources, while others
contain stationary optical sources, as depicted in Fig. 4.6. Non-instrumented rods are
filled with square acrylic rods. The inactive materials used in the optical grid and
calibration subsystems make up 3.5% of the scintillator mass within the 154 active
segments. As illustrated in Fig. 4.5, the material arrangement is consistent from
bottom to top, with increased shielding on the upper part of the detector to minimize
cosmogenic backgrounds.

The detector segments run parallel to the north wall of the reactor pool. The end
of each detector segment is enclosed by an acrylic box filled with mineral oil, housing a
5-inch PMT, a magnetic shield, a light reflector, and support structures. These PMT
housings are interconnected mechanically, creating a continuous structure along the
z-axis of the inner detector, outside its outermost segments. The inner detector and
its support structure are housed within a rectangular acrylic vessel submerged in a
water-filled aluminum tank. The inner vessel is continually purged with nitrogen

cover gas to maintain inert conditions for the detector liquids.

o6



B Water bricks Al tank
M 5% borated Acrylic tank
polyethylene -
7 < Segment
M Plastic lumber 7 s\‘ supports
QS N
M Lead X §§ PMT housings
oy S
. i< N
Chassis EE %} 1 Optical grid
X S
M Air caster IS N
< =

Figure 4.5: A 3D cutaway view of the detector and shielding assembly model
showing the inner detector enclosed within an acrylic tank (rose), which is divided into
an 11-by-14 grid by reflective optical separators. The active detector region, filled with
bLi-doped liquid scintillator (LiLS), is viewed by PMT housings (beige) positioned at
both ends. The grid and PMT housings are supported by acrylic segment supports
(light green). Surrounding the acrylic tank are layers of borated polyethylene (purple)
and a secondary aluminum tank (light gray). Source [78].
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4.3.2 SLi-Doped Liquid Scintillator

While water is a cost-effective and directionally sensitive medium for monolithic
neutrino detectors, liquid scinitllator is often preferred for smaller scale, surface-
level detectors due to its higher light yield and increased energy resolution compared
to water-based detectors. Gadolinium has been historically chosen as a dopant to
enhance neutron capture signals in such detectors, emitting robust 8 MeV ~-rays
[58, 12, 189]. However, in smaller, highly segmented detectors like PROSPECT,
the spatial distribution of these ~-rays compromises segmentation. This issue is
exacerbated as 7-rays can escape detection near the detector’s edges, resulting in
spatially varying detection efficiency. Moreover, given PROSPECT’s location in
a high ~-ray background environment, 7-rays generated by neutron capture on
gadolinium could be indistinguishable from random coincidences caused by prevalent
~v-ray backgrounds.

The design of the PROSPECT detector necessitated a liquid scintillator with
good PSD capabilities, surpassing those of linear alkylbenzene used in previous
experiments like Daya Bay [52] and RENO [35]. This requirement was crucial for
rejecting backgrounds from fast neutrons and ambient ~-rays. PSD distinguishes
interactions with high dE/dzx, such as heavy-charged particles, from those with low
dE/dz, like muons and electrons. The detector’s compact volume and meter-scale
segmentation required a neutron capture agent that produces only charged particles,
ensuring a concise capture signature. Moreover, the scintillator had to be non-toxic,
non-flammable, and easy to deploy within the HFIR reactor building. Extensive
prototyping studies determined that a light yield exceeding 8000 optical photons per
MeV would be necessary to achieve the desired energy resolution.

Consequently, the collaboration developed a novel lithium-doped liquid scintillator
(LiLS) formulation based on EJ-309 from Eljen Technologies, renowned for its
superior PSD capabilities in distinguishing electron-like recoils from nuclear recoils.

This scintillator formulation also met the performance requirements, providing an
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energy resolution of 4.5% RMS at 1 MeV. The reflector panels mentioned earlier were
specifically designed to match the emission spectrum of this scintillator, as illustrated
in Fig. 4.7.
Doping the scintillator with 5Li enables neutron capture interactions characterized
by the reaction:
n+°Li — a+t+ 0.55MeVee (4.1)

This process produces a distinct, monoenergetic signal generated by the short-range
particles. The formulated LiLLS with PSD capabilities effectively differentiates neutron
captures from background ~-ray events, thereby minimizing the occurrence of random
coincidences.

Fig. 4.8 illustrates the production process of PROSPECT’s LiLS. Raw components
were purified and mixed in stages within a 90-liter reaction vessel. According to [77],
10 mol/L solutions of lithium chloride were prepared in 1-liter batches. This was
achieved by reacting 95.37% °Li-enriched lithium carbonate with concentrated (37%

by mass) hydrochloric acid, as described by the chemical equation:

Fig. 4.9 illustrates the susceptibility of LiLS to degrade in the air due to
oxygen absorption, emphasizing the necessity of maintaining a nitrogen cover gas
within the acrylic tank at all times. The final formulation of LiLS used in the
PROSPECT detector contained 0.08% °Li by mass. Combustion analysis of the
LiLS indicated that carbon comprised 84.34 + 0.11% by mass and hydrogen 9.69 +
0.21%. The density of the LILS was measured at 0.9781 + 0.0008 g/cc.

4.3.3 Low mass optical grid

The antineutrino target is 1.176 meters wide, 2.045 meters long, and 1.607 meters tall.

As mentioned earlier, each of the 154 segments is 1.176 meters long and has a square
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Figure 4.6: A schematic of the PROSPECT detector presented along two different
orientations showing the 14 x 11 segments separated by reflector panels within the
acrylic containment vessel. The detector features internal shielding made of borated
polyethylene and water bricks, and external shielding composed of lead, borated
polyethylene, and water. Source [78].
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Figure 4.8: LiLS production at various stages in the 90 L. Chemglass reactor: raw
material injection (left), mixing in progress (middle), and completion of synthesis
(right). The liquid appears opaque during synthesis and turns clear once the process
is finished. Source [77].
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Figure 4.9: Relative absorbance of the LiLLS measured after production, with curves
representing conditions before exposure to air (black), after exposure to air (red),
and after nitrogen sparging (blue). The data illustrate how scintillator light yield
degrades over time due to oxygen contamination. Source [77].
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cross-sectional area of 0.145 meters by 0.145 meters. This optical grid comprises low-
mass, highly reflective optical separators secured by white 3D-printed support rods.
PMT housings stabilize the grid at both ends, and acrylic supports stabilize the grid
on the other four sides.

Scintillation light generated within each segment travels efficiently along the
segment length with minimal cross-talk, thanks to the reflective optical separators
covering about 99% of each segment’s interior surface. In addition to holding the
separators, the support rods contain channels running along each segment’s corners,
allowing for calibration source deployment throughout the detector. The combined
mass of the optical grid components is less than 3% of the total target mass, reducing
the energy loss of IBD positrons in non-scintillating regions. A diagram of a single
detector segment’s optical grid components is shown in Fig. 4.10.

To achieve the experiment’s physics goals, the components of the PROSPECT
optical grid must maintain high dimensional uniformity for proper detector assembly
and consistent segment volumes, and they must be chemically compatible with the
liquid scintillator. During assembly, dimensional checks ensured that each segment’s
size variation was less than 0.1%, resulting in segment volumes differing by less than
1%.

The optical separators were built with a carbon fiber backbone, covered on both
sides with adhesive-backed 3M DF2000MA specularly reflecting film, an optically
clear adhesive film, and a thin layer of FEP film. These layers are bonded using
cold pressure lamination, and the outer FEP film layers are heat-sealed to prevent
scintillator contact with the separator interior. The glossy twill carbon fiber sheet
provides structural support and prevents cross-talk between optical segments. The
DF2000MA polymeric film is highly reflective (>99% at normal incidence) and
highly specular (>95% at normal incidence) for photons above 400 nm. Total
internal reflection at the interface between the FEP layer (refractive index ~1.33)
and the PROSPECT scintillator (refractive index ~1.56) facilitates light transport at

higher incident angles. Quality assurance checks on dimensions, optical properties,
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Figure 4.10: (Bottom) A depiction of a single PROSPECT segment surrounded
by adjacent segments, with PMT housings inserted into the optical grid at both
ends. The PMT housing is rendered transparent to reveal the PMT inside. Plane
(a) shows the end plugs that secure the PMT housings. Plane (b) illustrates the
center pinwheels and optical separators. The PMT housings are held in place by the

end plugs and pinwheel spacers, set at an angle of 5.5°, as shown in plane (c). The
detailed structure of the pinwheels can be viewed in Fig. 4.11. Source [78].
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mechanical integrity, and leak-tightness were conducted on all optical separators
before use.

Pinwheel support rods were made using filament-based 3D printing with a
100-micron polylactic acid filament, which is white-dyed and compatible with the
scintillator. The support axes, each over 1.2 meters long, are constructed from shorter
150 mm rods of varying designs, strung onto a central Teflon tube or an extruded
acrylic rod, used for calibration and un-instrumented axes, respectively. Isometric
drawings of the two pinwheel designs are shown in Fig. 4.11. Each sub-rod features
multiple tabs for gripping the four attached optical separators. Sub-rods closest to the
PMT housings have additional thick profiles (Fig. 4.11b) that serve as the mechanical
interface between the optical grid and the PMT housings or the acrylic supports on

the detector’s exterior.

Figure 4.11: Pinwheel types: (a) Central pinwheel — features three tabs on each
side to secure the optical separator. (b) End pinwheel — includes spacer arms that
separate the PMT housing bodies and support the pinwheel string. Source [78].
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4.3.4 Photo Multiplier Tube (PMT) modules and segment

supports

PMTs with similar characteristics from two different manufacturers were selected.
Specifically, 240 Hamamatsu R6594 SEL PMTs were installed in the inner segments,
as shown in Fig. 4.12; while 68 ADIT Electron Tubes 9372KB (ET) PMTs were used
in the outer segments. This configuration ensured that all PROSPECT segments in
the fiducial region had a uniform PMT type. The main components of a PMT module
are illustrated in Fig. 4.13.

The PMT housing is crafted from acrylic pieces bonded with Acrifix, forming an
approximately 350 mm long rectangular shape. Slots are machined into the 144-
mm-square front window and back flange to secure the 3-mm-thick white acrylic
side walls. The front window, made of 13-mm-thick ultra-violet transmitting acrylic
(UVT), and the back flange, made of 19-mm-thick black acrylic, feature a 130 mm
diameter circular hole for PMT insertion during assembly. A 32-mm-thick clear back
plug, with a cylindrical front section featuring an O-ring groove and a rear 145-mm-
square section, seals the housing module once all components are installed. The
module includes two cable seal plugs and a fill/test port connecting to its interior.
The back plug (Fig. 4.14a) and the pinwheel spacer arms at the front support the
housings. The back flange and plug design allows for rotational adjustment, ensuring
the front window and back plug remain parallel. With a 132-mm-square cross-
section, the sidewalls are intentionally smaller than the front window and back plug
to accommodate construction variations.

A conical light guide is formed from a layer of adhesive-backed DF2000MA film
and 1 mm thick acrylic. Rectangular reflector strips made from the same material
are affixed to the interior walls of the housing to complete the light guide. The
round PMT face is pressed into this light guide by an acrylic plate at the rear of the
housing. Due to the different shapes of the Hamamatsu and ET PMT glass, different

light guide shapes were required. A conical section of Hitachi Finemet surrounds the
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Figure 4.12: A cross-sectional view of the active PROSPECT detector illustrating
68 ET PMTs (red) placement in the outer columns and top row. The remaining
segments use 240 Hamamatsu PMTs (blue). Source [78].
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Figure 4.13: PMT housing module with all relevant components. Source [78].
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PMT to shield it from stray magnetic fields. Type-specific PMT bases and sockets
attach to the PMT pins and connect to signal and high voltage cables, which exit
through the rear plug. Both signal and high voltage (HV) cables, made from RG188
cable, are uniformly 4.88 meters in length and terminate in bulkhead connectors that
are later mounted on panels outside the aluminum tank.

After all quality control tests and PMT stability studies were completed, the
housings were filled with optical-grade mineral oil. Machined acrylic segment supports
beneath the bottom row of PMT housings ensure the back plug of the PMT housings
was positioned at the necessary 5.5° tilt and 0.146 m pitch. These wedge-shaped
acrylic planks were bolted together to form the bottom and sides of the inner detector,
as depicted in Fig. 4.14a. The side supports secure the optical grid’s outermost layers
and determines the active volume’s size.

Fig. 4.14b displays the horizontal and vertical planks that interconnect the rear
sections of the PMT housings. This framework is further reinforced by machined
acrylic baffles (shown in Fig. 4.14c) positioned on top of the support structure to

unify all sides and secure the top reflectors in position.

4.4 Calibration methods

Each PROSPECT segment’s timing and energy response is measured and tracked
over time using a combination of optical reference signals, radioactive sources, and
intrinsic radioactive backgrounds. Optical diffusers inside 42 center pinwheels can be
pulsed at various intensities to measure timing offsets, determine single photo-electron
responses, and study PMT linearity. Radioactive sources can be positioned at any
desired location along the length of 35 other segments using a motor that moves a
toothed drive belt attached to the source capsule [83]. The locations of the optical
and radioactive sources are shown in Fig. 4.15.

Analyses of time-correlated signals in the PROSPECT data stream can cleanly

identify neutron captures on °Li , 2!4Bi — 214Po+3 — 2%Pb+a or 22Bi — 212Po+
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Figure 4.14: Acrylic segment support structure: (a) Wedge-shaped planks support
the two walls of PMT housings at the near and far faces. These planks are joined in
a shiplap style and feature slots for accurately positioning the pinwheel spacer arms.
The side walls secure the outer rows of pinwheels and define the active detector
volume. (b) Horizontal planks are fastened to the backs of the PMT housings, while
vertical planks reinforce the structure and create pathways for cables and calibration
tubes leading to the lid. (c) Baffles at the top connect the side and PMT walls,
securing the top reflector layer. The baffles” performances allow the LiLS to fill the
space above the top optical separator layer. Source [78].
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Figure 4.15: Locations of the source tube (red) and optical insert (yellow) positioned
between the segments of the inner detector. Source [83].

B — 2%Pb + a decays. Additionally, 0.5 Bq of 2*"Ac was dissolved in the liquid
scintillator to provide a source of 2?"Ac — ?YRn+a — 2YPo+a — 'Pb+a«

decays.

4.4.1 Optical calibration system

Timing differences between segments, the balance of PMT response across segments,
and the single photon response of the PMTs are assessed using light sources integrated
within the pinwheel rods. A pulsed laser beam is split and directed through 42 light
guides, each covered with PTFE tubing, to reach the center of the pinwheel rods.
These rods illuminate four segments simultaneously through symmetrically arranged
Teflon diffusion disks embedded in the rod structure. See Fig. 4.16 for a visual
representation of this setup.

The Optical Calibration System (OCS) uses a 15 mW laser emitting at 450 nm to
illuminate 42 spots inside the detector, covering all 154 optical segments. The laser
is powered by a high-performance driver that generates pulses up to 800 mA with
less than 10 ns width and 0.5 ns rise time. The laser beam is split into 48 ports, with

42 directing light to optical diffusers inside the detector and two to monitor laser
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Figure 4.16: (a) Components of the fiber optic assembly: (1) Fiber optic cable, (2)
PTFE tube, (3) Compression nut, (4, 5) Spacer washers, (6) O-ring, (7) Square clear
acrylic body, (8) Conical reflector. The assembled fiber optic unit, shown in (b), is
inserted into the square bore of the center pinwheel. In (c), the assembly is positioned
within the pinwheel before being covered by a diffusive Teflon disk, as depicted in (d).
Most of the disk is concealed by a reflective optical separator (not shown), leaving
only a small exposed area, circled in red in (d), within the optical volume. The
conical reflector directs light pulses from the fiber optic cable (1) radially (8). The
light passes through the acrylic body (7) and into four Teflon diffusers embedded in
the pinwheel rod, ultimately reaching the center of the segment. Each fiber optic
assembly supplies light to four adjacent segments. Source [83].
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intensity. Optical fibers connect the laser to the detector, ending in diffusing units
that distribute light evenly across four adjacent optical segments.

The OCS adjusts light intensity by varying laser current and pulse width, enabling
a range from single photoelectrons to several hundred per pulse. It calibrates PMT
gain, measures relative timing offsets with 0.1 ns precision, assesses PMT non-
linearity, and monitors the scintillator’s attenuation length. The system typically
pulses between 10 and 20 Hz for continuous monitoring, with rates exceeding 1 kHz

during specific runs.

4.4.2 Radioactive source system

The PROSPECT radioactive source calibration system is designed to maneuver
gamma-ray, neutron, and positron emitters through tubes extending into the
detector’s active volume, as illustrated in Fig. 4.17. This setup serves to measure
and calibrate the detector’s energy and position responses, as well as to investigate
topological effects. Thirty-five source tubes are integrated with the optical array,
arranged in a 5 by 7 grid. FEach source can be reliably positioned to within
approximately 1 mm, with an overall accuracy of about 1 cm along the length of
its tube. PROSPECT employed sources including *"Cs, %Co, ?’Na, and 2°2Cf.
Information about these sources and their uses is summarized in Table 4.1.

Each source is stored in a small aluminum cylinder sealed with a set-screw and

epoxy (see Fig. 4.18). These capsules are attached to the belt using stainless steel

Table 4.1: Proposed ~v-ray, positron, and neutron sources for calibration.

Source | Decay ~ energies (MeV) Purpose
137Cs B~ 0.662 Segment comparison
2Na, gt 0.511, 1.274 Positron energy reconstruction
Co B~ 1.173, 1.332 Detector energy scale
252Cf | n (fission) | 2.223 from nH capture Neutron response
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Figure 4.17: End view of the detector showing the path of a typical source
deployment tube ((e) in red) and an optical insert ((g) in orange). Also depicted
are: (a) source drive motors, (b) optical fiber connector panel, (c) belt storage tube,
(d) shielding, (f) light injection point, and (h) detector segments. Source [83].

spring pins. Each capsule is marked with a unique ID number and later logged in
the source control database. Toothed drive belts, known as timing belts, are used to
smoothly move the capsules into the detector through the source tubes and retract
them when necessary. Ensuring the timing belt has the correct width and stiffness is
essential to prevent problems like buckling or excessive friction inside the tubes. A 3
mm wide polyurethane belt with an AT3 pitch and reinforced steel cords has proven
effective.

The timing belt is operated by a custom 3D-printed pulley connected to a NEMA
23 stepper motor (Fig. 4.18). The pulley is mounted on the motor shaft to drive
the belt, while a spring-loaded jockey maintains tension on the timing belt pulley. A
3D-printed belt guide keeps everything aligned, guiding the belt from the source tube
to the pulley and onward to a storage tube on top of the detector. This assembly
includes two micro switches: one stops the motor when the source capsule reaches the
pulley, serving as a safety measure and marking the capsule’s home position, and the

other prevents the belt from extending past the pulley. Specifically designed for this
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system, the timing belt pulleys and motor housings are 3D printed using UV-cured

resin.

4.4.3 Intrinsic radioactive sources

Three radioactive sources are utilized within the liquid scintillator itself. T'wo of these
sources are intrinsic and are known as BiPo decays. They result from simultaneous
B-decays of 2'2Bi and 2'“Bi, followed by a-decays of 2?Po and 2'“Po. These isotopes
originate from naturally occurring ?**Th (with a half-life of 14 billion years) and ?3¥U
(with a half-life of 4.5 billion years), respectively. A third source, **"Ac (half-life
of 22 years), was intentionally added to monitor efficiency-volume product for all
detector segments. It was dissolved into the liquid scintillator from a commercial
actinium source at about 0.5 Bq across the detector. These sources produce RnPo
decays, simultaneous a-decays from ?'Rn and 2'*Po (half-life of 1.78 milliseconds).
The AcCl solution was dissolved into the scintillator before entering the detector.
Signals from these sources are triggered and recorded in the standard DAQ stream.
Events are analyzed using energy thresholds, decay time distributions, and pulse

shape discrimination, leveraging their decay times of 0.3-3 milliseconds.

Connecting Belt

Timing Belt

Sou 3 " Belt Connector

Figure 4.18: Bottom: Source capsule attached to the drive belt, with a short
connecting belt linked to the source and belt connector for easier source swapping.
Top right: 3D-printed belt guide and pulley. Top left: Source motors and belt
assemblies. Source [83].
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4.5 Detector Monitoring

Temperature is monitored using 11 resistance temperature detectors (RTDs) placed
strategically throughout the detector. Another monitor between the acrylic and
aluminum tanks oversees water temperature. Ultrasonic sensors on top of the tanks
monitor LiLS and water levels. To prevent oxygen from entering the liquid scintillator,
a layer of liquid nitrogen cover gas is maintained above it. A mass flow controller
regulates nitrogen input, and another monitors nitrogen outflow through an oil-filled
bubbler to prevent air ingress if nitrogen flow stops. Additionally, a sensor measures
pressure, temperature, and humidity at the gas outlet to control oxygen and water
content. Tubes around the LiLS volume allow nitrogen flow through the liquid as

needed, enhancing control over the detector’s environment.

4.6 Data acquisition system

The PROSPECT DAQ system is designed with several critical priorities in mind.
As previously discussed, the system must effectively analyze PSD signals from all
308 PMTs within the LiLS to ensure robust background rejection, necessitating
waveform digitization. Moreover, it requires a wide dynamic range from 0 to 14 MeV
with exceptional linearity and resolution. This upper limit is specifically chosen to
encompass the endpoint energy of cosmogenically produced 2B, essential for precise
energy calibration and linearity assessments. Operating at data rates as high as 40
kHz during HFIR operation, complete waveform digitization across all PMT channels
would generate an immense data volume. Therefore, an efficient triggering mechanism
is implemented to selectively transfer and record channels only when relevant data is
detected.

PROSPECT utilizes commercial Waveform Digitizer Modules (WFDs) for its data
acquisition system. PMT anode signals are directly fed into the WFD inputs without

74



prior analog preprocessing, simplifying the setup significantly. Trigger decisions rely
on digital processing of the sample stream performed onboard.

The selected WED model features a 250 MHz sample rate and 14-bit depth per
sample. Evaluations using prototype detector modules [79, 81] confirmed that these
digitization parameters met PROSPECT’s PSD and dynamic range requirements.
Tests showed that increasing the sampling rate to 500 MHz did not significantly
improve PSD performance due to long optical propagation distances and resulting
time dispersion within the PROSPECT segment structure. While a higher sampling
rate could enhance longitudinal position reconstruction, benefits beyond the segment
size (0.15 m) did not contribute significantly to physics or background rejection.

Onboard digital logic controls trigger and sample processing functions. The
WEFDs do not perform amplitude or PSD calculations onboard; instead, they record
waveforms for subsequent offline analysis. This approach provides flexibility in

optimizing the processing strategy but results in higher data rates.

4.6.1 DAQ hardware

Figure 4.20 shows the DAQ hardware setup used by PROSPECT, featuring twenty-
one WFD modules managing data from 308 PMTs across two VME crates. DAQ
control computers, equipped with optical fiber link cards, handle control and data
retrieval from these modules. Each optical link card can support up to four optical
links, connecting two or three WFD modules per link.

To efficiently manage trigger signals, a custom Logic Fan-In/Fan-Out module with
32 input and 32 output channels ensures each input signal is distributed across all
outputs. Scintillation light from particle interactions is directed to PMTs, where
the analog signals are digitized by CAEN V1725 250 MHz 14-bit waveform digitizer
modules. The digitized waveforms reflect the scintillator’s timing, photon transit time

dispersion, PMT transit times, and cabling impedance.
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Scintillator light emission involves processes with different exponential decay
times, resulting in varied pulse shapes. Low ionization events, like electron tracks,
have a 16 ns decay time, while high ionization events, such as proton recoils, exhibit
a 38 ns component and a minor 225 ns tail. Averaged waveforms for electron and

proton interactions in PROSPECT are illustrated in Fig. 4.19.

4.6.2 DAQ triggering

The PROSPECT detector utilizes a trigger configuration and zero-suppression
strategy to effectively capture all energy depositions above approximately 200 keV,
even amidst challenging background conditions. The DAQ trigger initiates when a
pair of PMTs within the same segment detects a signal surpassing 50 ADC channels
(approximately 5 photoelectrons) above baseline within a 16 ns timeframe. This
pairwise logical AND operation is conducted for each segment, and the results are
aggregated via a logical OR operation at the WFD board level, accommodating up
to 8 pairs per board. Subsequently, the logical OR output from each of the 21
WED boards is consolidated using a Phillips Scientific 757D Fan-in/Fan-out NIM
module, specially configured for 32-in-to-32-out operation by the manufacturer. This
combined OR operation across all segment pairs defines the global acquisition trigger
for the DAQ system, which is then distributed to the acquisition trigger inputs of each
WEFD. The global trigger rate operates at approximately 5000 events per second when
the HFIR reactor is inactive and increases to about 20,000 events per second when
the reactor is active, mainly due to background ~v-rays associated with the reactor’s
operation.

Upon receiving the global trigger signal, each WFD records a 592 ns (148-sample)
data sequence for every channel, capturing approximately 200 ns of data before the
trigger signal. Any subsequent events occurring within 592 ns after the initial trigger
do not trigger the DAQ again. This introduces a deadtime period after each trigger,

during which light pulses may be recorded in the waveform but are truncated at the
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Figure 4.19: Averaged waveforms for low-energy-density (electron) tracks (lower,
blue) and high-energy-density (proton recoil) tracks (upper, red). Electron-like pulse
shapes remain consistent across different energies. In contrast, recoil pulses exhibit
varying amounts of the longer tail component, eventually resembling the electron

track shape at high energies and low ionization densities. The inset panel shows
these waveforms on a linear scale. Source [78].
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Figure 4.20: Schematic diagram of the DAQ. Source [78].

7



end of the sampling sequence. This deadtime effect is typically around 1%, depending
on the overall trigger rate.

Events can result in light emission across one or multiple segments, typically
occurring in fewer than 5% of all segments. To minimize the transferred data volume,
the WFDs employ ‘Zero Length Encoding’ (ZLE) in their firmware to eliminate empty
signals. ZLE applies a threshold of 20 ADC channels above baseline (equivalent to
2 photoelectrons) to the waveform data. Sections of the waveform that lie more
than 24 samples before or 20 after the nearest above-threshold value are suppressed,
potentially encompassing the entire 148-sample sequence. This reduction in stored

data volume is illustrated in Fig. 4.21.

4.6.3 Data transfer and data rates

The memory within the WFD modules is structured into two buffers: as one buffer
accumulates waveform data, the other stands ready for transfer to disk storage
via optical links. DAQ control software, managed by two independent computers,
continuously monitors the WFDs and initiates data transfers when a buffer reaches

capacity. Table. 4.2 outlines specific trigger and data rates.

4.6.4 Clock signal distribution

The V1725 WEFD module can use either an internal or external clock. When it receives
a clock signal at the ‘CLOCK IN’ input, it mirrors it to the ‘CLOCK OUT’ output.
One module is the master clock, providing a 62.5 MHz differential clock signal. This
signal is passed from module to module through short cables (about 0.05 meters long),
with a longer cable (about 1 meter) used between the two VME crates. Any delays

in this setup are measured and corrected during data analysis.
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Figure 4.21: Example DAQ trigger readout (y-axis offset for clarity). The
waveforms shown are inverted and baseline-subtracted from the raw DAQ output.
Blue and red data points represent PMT channels at high and low z, respectively.
Pink and green highlighted regions indicate waveform segments above the 50 ADC
and 20 ADC trigger and ZLE thresholds. The global trigger is generated by the first
segment pair coincidence above the trigger threshold (top two waveforms). All PMT
channels shown would have portions of their waveforms read out. Source [70].

Table 4.2: Approximate data acquisition and transfer parameters for three typical
operating conditions. The calibration case involves deploying five '37Cs sources within
the detector while the reactor is off. The average multiplicity is higher for the reactor-
off periods because muon and other cosmic events, which have high multiplicity, make
up a larger fraction of the events in this state. Source [78].

Quantity /Run Condition | Reactor On | Reactor Off | Calibration
Acquisition Event Rate (kHz) | 28 4 35

Segment Event Rate (kHz) 115 35 190

Avg. Segment Multiplicity 4.0 7.0 5.5

Max Opt. Link Rate (MB/s) | 3.0 1.0 7.2

Min Opt. Link Rate (MB/s) | 1.1 0.6 2.2

Data Volume per Day (GB) | 671 312 476
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4.7 Chapter summary

This chapter provides an overview of the PROSPECT experiment, detailing the
facility, detector, materials, and methods from construction through data collection.
The following chapter will outline the data analysis process, covering steps from raw
data handling and pulse analysis to the selection of IBD events. Additionally, it will
include a detailed description of energy response characterization, backgrounds, and

simulation.
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Chapter 5

PROSPECT Data processing,
event reconstruction and detector

response simulation

5.1 Introduction

The previous chapter described the instrumentation of the PROSPECT experiment,
including detector design and the DAQ system. This chapter focuses on the analysis
strategy for converting raw digitized pulses from each PMT in the detector segments
into calibrated physics quantities. These quantities are essential for identifying
inverse beta decay candidates and performing the experiment’s physics analyses.
Additionally, the Geant4-based simulation package for the detector is introduced.
This package is critical in validating calibration data from various radioactive sources,

ensuring accurate energy reconstruction and detector response modeling.
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5.2 Low-level signal processing

The conversion of the raw data to physics quantities is performed within the analysis
framework PROSPECT2xAnalysis (P2X), which also provides a plugin-based platform
for high-level analyses dealing with selected IBD candidates.

5.2.1 Raw waveforms, unpacked data

The digitizers’ raw waveform data is stored on disk by two DAQ computers in a
proprietary CAEN format, modified to include extra header information and exclude
empty data blocks. This process produces eight parallel files containing data from
two or three WFDs, ensuring complete readout from the DAQ without data loss due
to buffer overflows in the WFDs” onboard memory. The files are then collated and
time-ordered into a ROOT [98] binary file format. Additionally, the mapping between
the physical channel numbers of each PMT and their corresponding logical channel

numbers is stored.

5.2.2 Pulse analysis, pairing and clustering

Unpacked ROQT files are processed into uncalibrated waveform data by identifying
local maxima as well as well-separated pulses within each acquisition window. Each
waveform file is examined to locate and characterize pulses, represented by sequences
of 14-bit integer ADC samples at 4 ns intervals. Negative-polarity waveforms are
inverted so that higher sample values indicate larger charge signals. A global
maximum sample and local maxima (separated by at least 20 samples from any higher
point) are identified as initial pulse candidates. The waveform baseline b is determined
by averaging the median 8 samples within 5 to 30 samples before the global maximum.
This baseline is subtracted from all waveform samples for subsequent analysis. Pulses
are defined as the global maximum and any local maxima at least 30 ADC units above

the baseline. Fig. 5.1 illustrates the main quantities for each selected pulse.
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The area S of each pulse is determined by summing the samples from 3 samples
before to 25 samples after its peak. The arrival time ¢ is found by scanning backward
from the peak to the first level crossing at 50% of the maximum, then linearly
interpolating to the 50% point between the two threshold-crossing samples. The
PSD value for each pulse is calculated as the ratio of the pulse area from 11 to 50
samples after ¢ (pulse tail) to the area from 3 samples before to 50 samples after ¢
(shown in Fig. 5.2), using trapezoidal interpolation. These integration windows are
selected to optimize the PSD’s ability to differentiate neutron captures from ~-ray
interactions of similar energy. The time-ordered list of analyzed pulses, including each
waveform area S, arrival time ¢, PSD, baseline b, and peak height h, is written to an
HDF5 table format file. This data structure is known in the PROSPECT analysis
chain as a DetPulse.

Subsequently, pulses from individual PMTs are grouped into multi-segment
clusters within a 20 ns arrival time window. Paired waveforms from PMTs on
opposite ends of a double-ended (DE) segment are stored and analyzed, creating

a reconstructed pulse containing segment-level information. These paired pulses are

baseline
{pulse area
= £ PSD peak
= ]PSD tail

signal [ADC]
i

/////////7/////////

200—

100

o

0 100 200 300
time [ns]

Figure 5.1: Typical electron pulse with a smaller signal. The half-height leading
edge timing (dashed vertical line) defines windows for baseline subtraction, pulse
area calculation, and PSD. The waveform shown is inverted and baseline-subtracted
relative to the raw DAQ output. Source [70].
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Figure 5.2: Template waveforms from the PROSPECT-50 detector illustrating the
difference between electronic and nuclear recoil energy depositions from a 2°2Cf source.
The fraction of charge in the tail of the pulse relative to the total integral charge is
used as a discrimination metric. Source [81].

processed and combined to produce calibrated physics quantities that describe the in-
teraction producing the collected waveform in that segment, including time, position,
visible energy deposition, and PSD, which are explained in the following subsections.
Single-ended (SE) segments with only one operable PMT also have their waveform
features stored and reconstructed as pulses. Nevertheless, the position dependence of

scintillation light collection prevents accurate energy reconstruction. [79, 81, 47, 190].

5.2.3 Timing calibration

Segment hit time is characterized by two variables, the segment time
i _ Lo

and the time difference
§t' =t —t} (5.2)
where t}) and ¢! are the pulse arrival times for both PMTs in segment . The time

difference correlates with the position along the cell axis (z position) because the
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light transit length to each end varies based on the energy deposition location.
Clusters are scanned for candidate muon tracks to determine relative time offsets
between PMTs due to cable lengths, PMT electronics, and WFD board clock offsets.
As shown in Fig. 5.3, muon tracks generate signals across multiple segments with
nearly simultaneous origin times, accounting for the muon’s transit speed through
the detector, providing enough statistics to extract timing offsets.

Candidate muons are identified by signals exceeding > 10> ADC counts and at
least four paired segment hits. Muons traversing the entire width of a segment
deposit more than 10 MeV,, of energy, resulting in clipped signals due to gain settings
optimized for a range up to 14 MeV,.. However, signals from muons passing through
the corners of the segments generate a wide range of signals within the PMTs’” dynamic
range. The high event rate of corner-clipping muons ensures sufficient statistics for a
complete timing calibration within 5 minutes of data collection, allowing each hour-
long run to provide ample data for precise timing calibration.

After sufficient muon statistics are collected, a principal component analysis [166]
(PCA) is performed to determine the muon’s direction and energy deposition. This

PCA helps refine the selection of candidate events by excluding multi-component

B Y Y e e

Figure 5.3: Event display for a muon track crossing the PROSPECT detector.
Source [75].
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electron showers resulting from cosmic ray interactions. Optimal muon candidates
are identified by an RMS track width spread of 0.2 to 0.4 cell widths and a track length
exceeding four cell widths. Corner-clipping hits are selected for these candidates by
requiring the geometric mean of the two PMT signals to be between 4 x 10° and
5 x 10* ADC counts.

The mean and variance of the segment-to-segment timing distributions are
calculated for each segment pair with corner-clipping-range signals. These values
create an over-determined linear system for determining timing offsets, solved using
the least-squares method. The resulting average and differential timing offsets are
stored in the calibration database to adjust raw timing data, producing accurate
reconstructed event times and position-dependent timing values.

Timing differences for segments and PMT pairs generally range from -10 to 10 ns.
ET and Hamamatsu PMTs exhibit different timing characteristics, with ET PMTs
showing more significant variance. Board offsets in 8 ns increments largely account
for the remaining timing discrepancies. The timing calibration remains highly stable,
with offsets changing by less than 1 ns over the data collection period and variations
of less than 20 ps between runs. Fig. 5.4 shows the segment timing calibrations

extracted from a typical one-hour run.

5.2.4 Position calibration

The At parameter provides information about the event’s position within the segment.
Additionally, the relative number of photoelectrons collected by each PMT provides
further positional information. The position estimate of an event in a single segment
is derived from both the At timing parameter and the logarithmic ratio of pulse
areas R = In(S5,/Sy). Fig. 5.5 illustrates the distribution of At and R for a
subset of corner-clipping muons. The distribution is uneven across the segment due
to geometric selection efficiencies for this event type. However, the edges of the

distribution mark the ends of the active scintillator volume. The fine-scale oscillations
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Figure 5.4: Segment timing calibration constants extracted from a March 2018
physics run, with no inactive PMT channels; note that not all channels displayed
are used in the final IBD selection. Segment (0,0) is the closest to the reactor core.
Left: ' segment time offsets, highlighting large-scale features due to board clock
offsets and systematic differences between ET and Hamamatsu PMT transit times.
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Source [70].
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Figure 5.5: Histogram of the timing differential between PMT's within a segment and
the geometric mean of pulse areas for corner-clipped muon events during a calibration
run. Each position calibration run collects approximately two weeks of data to
ensure sufficient statistics, especially for identifying dips in the spectra associated
with pinwheel tabs. Source [70].
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in At are caused by light transport perturbations from the diffusely reflecting plastic
support rod clips that secure the edges of the specularly reflecting optical grid panels.
Because corner-clipped muon events occur near these clips, this light collection effect
is more pronounced than in datasets with uniformly distributed events throughout
the detector.

The distributions in Fig. 5.5 can be fitted to obtain z-position estimates based
on timing and signal amplitude. The timing-based z-position z(At) is obtained by
fitting a linear plus cubic polynomial function, z = aAt+b(At)?, to At. This method
accurately reproduces the positions of radioactive sources within the calibration tubes,
as detailed in Section. 5.2.8, with an accuracy of within 1 cm. Similarly, the signal-
amplitude-based z-position z(R) is determined using a cubic polynomial, z = a +
bR + cR?, achieving comparable accuracy to z(At). All constants for these fits are
stored in the calibration database.

Both z(At) and z(R) are saved in the calibration database for future numerical
evaluation. The final reconstructed position z.. for each pulse is calculated
from a statistically weighted average of z(At) and z(R). Excluding the time-
or amplitude-based information from z,.. significantly degrades the reconstructed
position resolution. About two weeks of data collection is sufficient to accumulate
enough corner-clipped muon statistics to resolve the fine-scale variations due to the
pinwheel tabs for each segment. Therefore, the data collection period was divided

into 11 distinct calibration periods for position calibration.

5.2.5 Position-dependent combined PSD metric

The PSD parameter for a single pulse varies with the location of energy deposition
along the segment. This position dependence is due to photon collection effects, where
more light reaches the PMT face during the tail of the pulse if the energy deposition is
farther away. To account for position variations of the PSD metric, the event selection

of corner-clipping muons used for timing calibration is empirically fitted as a function
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of At for each PMT within a segment for a given data run. This fitting is performed
using a three-parameter curve p- (14 d - [1 — e*2%]).

Subsequently, a position-corrected PSD wvalue is obtained for each PMT by
subtracting the measured position-dependent factor pd[1 —e*2!] from the PSD of each
pulse. The parameter p represents the center of the PSD distribution for electron-like
energy depositions. At the same time, nuclear-like recoils have a PSD centered at a
value larger than p, allowing for particle identification. The two position-corrected
PSD values for the PMT signals in a given segment are then averaged, weighted by
the estimated number of photoelectrons in each pulse, to yield a single PSD value.

Figure 5.6 displays a calibrated PSD distribution for pulses following candidate
muon tracks, which contain a substantial population of SLi-captured spallation
neutrons. The calibrated pulse PSD values are plotted against the uncalibrated signal
amplitude, defined as the product of the pulse areas Sy and S; for the segment’s low-z
and high-z PMT channels, respectively.

The long-term variations in p, d, and k are attributed to changes in the
scintillator’s optical properties. While the position-dependent terms d and k are
calibrated out, the long-term variation in p persists, trending towards lower values as
increased attenuation filters out longer light paths. Rather than calibrating out this
variation, the time-varying value of p defines PSD cuts. Additionally, the center of
the PSD distribution for n4-5Li capture events is tracked over time. This center value
gradually decreases, and the neutron capture PSD acceptance bounds are adjusted

to correspond with this shift. PSD cuts are described in detail in Section 6.2.1.

5.2.6 Visible energy calibration

The highly segmented design of the PROSPECT detector, combined with scintillator
nonlinearity (quenching) and trigger acquisition thresholds, complicates the extrac-

tion of interaction energies on an event-by-event basis. Rather than attempting to
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reconstruct the initial energy of each interaction, the energy calibration strategy for

the experiment is divided into two components:

e Extracting a consistent measure of the visible energy, E,;s, which represents the
light produced after correcting for scintillator nonlinearity but before accounting

for light transport and PMT gain effects.

e Fine-tuning parameters in a Monte Carlo (MC)-based detector response model

to accurately match data observables in the E, ;s space.

To determine F,;, it is crucial to understand the position-dependent light
collection variation within a segment. The necessary inputs for reconstructing F;
for a given segment interaction include the following: the two pulse area signals Sy
and S from each segment end, the estimated number of photoelectrons collected per
E,is at the segment center by each PMT (ny and n,), the pulse area signals per E,;;
deposited at the segment center (go and g;), the reconstructed longitudinal position
in the segment (z,...), and the position-dependent light transport efficiency to each
PMT (no(z) and 7;(2)), normalized to 1 at the segment center. Combining all these

factors leads to an expression of the form:

Sono/go + S1ni1/ ¢

Evis -
nOUO(Zrec) + nim (Zrec)

(5.3)

To ensure precise reconstruction of neutron capture events for IBD analysis,
semiweekly calibrations using cosmic background data are employed to monitor PMT
gains and light transport effects over time. Cosmic interactions that produce neutrons
generate consistent captures with sufficient statistics, which can be effectively
separated from dominant ~v-ray backgrounds using PSD and time correlations.
However, the light yield from the *He-*H pairs produced in the n-+°Li reaction
is quenched due to nonlinear scintillator light production effects, making accurate
prediction from first principles challenging. Instead, the observed distribution is

related to known calibration sources by matching the detector response simulation
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(see section 5.3.4) to these sources and using the parameterized fit to determine an
absolute energy scale. This approach reveals that the center of the neutron capture
peak visible energy distribution corresponds to 0.526 MeV,,.

The remaining quantities in Eq. 5.3, namely g;, n;, and 1;(z..), are determined
using neutron capture data. For example, g; is calculated from the center of the
neutron capture peak for signals at the center of the cell, while the segment-wide
distribution of the neutron peak is used to fit the 7;(z...) parameter. Additionally,
n; is estimated from the width of the neutron capture peak in 5; space. The gain-
stabilizing constants g; are recorded in calibration databases and applied run-by-run.
In contrast, the light transport 7;(z..) and photoelectron collection n; constants are
recorded and applied in two-week periods. The extent of the time variation in the
position-dependent light transport that must be accounted for to obtain a stable F,;;
calibration can be observed in Fig. 5.7.

The scintillator properties degraded throughout the data collection period,
reporting a light yield reduction of ~30%, causing a continuous gradual loss of E,;;
resolution. To avoid complicated time-dependent uncertainties in the calculated IBD
energy spectrum due to varying energy resolution, a quantity FEgcq- is used for the
IBD analysis instead of the predicted E,;s. Fgnear is the E,;s with added Gaussian
smearing to approximate an energy resolution equal to the lowest resolution segment
at the end of the data-taking period. This smearing results in an energy resolution of
325 photoelectrons per MeV. or 5.5% at 1 MeV. An illustration of the detector
averaged energy resolution over time using F,;s and Fg,eqr is shown in Fig. 5.8
generated by tracking the energy resolution for 2'°Po produced from naturally #27Ac

that was dissolved in the scintillator.

5.2.7 Cluster-based event reconstruction

The previous sections explained how pulse features extracted from raw waveforms

are calibrated and converted into relevant physics quantities that describe particle
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Figure 5.6: Calibrated pulse PSD value plotted against signal amplitude for one
hour of pulses coinciding with cosmic muon signals. The amplitude is the product of
the segment’s pulse areas, Sy and S;. Neutron capture signals on Li are visible in a
distinct region of high amplitude and high PSD, positioned above a band of low PSD
signals generated by gamma rays. Source [70].
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Figure 5.7: Light collection n;n;(z) averaged over channels at the beginning (upper
red curves) and end (lower blue curves) of the data period used for the present
analysis. Bands indicate the RMS spread between channels. Source [70].
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Figure 5.8: Energy resolution og over time for ?'*Po interactions from ?Rn —
25Po o — o decays. Blue points show the resolution after applying smearing to
maintain uniformity over time. Source [70].

interactions with the liquid scintillator. In the PROSPECT analysis, a calibrated
DetPulse is known as a PhysPulse. Since most interactions in the PROSPECT inner
detector produce pulses across multiple detector segments, analyzing physics events
at the cluster level is essential. As section 5.2.2 explains, the clustering procedure
constructs clusters from PhysPulses. Once these clusters are formed, reconstructed
cluster physics metrics are calculated and serve as the primary inputs for the main
high-level physics analyses.

Firstly, cluster energy, F,.., is defined as the sum of the reconstructed smeared
energies, Fgnear, of all contained pulses. One challenge in understanding the detector’s
energy response is the variation in low-energy thresholds across different segments over
time. As a result, a 90 keV threshold for the cluster energy is applied consistently
across all segments and periods during the analysis process. An additional 5 keV
uncertainty is incorporated to account for variations in the energy response.

Additionally, cluster time, T, is defined as the median t,.. of the individual pulse
times. Cluster z-position and segment number, Z,.. and S,.., are determined by the
Zree and segment number of the highest-energy contained pulse. Cluster segment
multiplicity and the energies, PSD values, and z-positions of each segment pulse are
also stored for subsequent analysis steps. All these cluster-related variables are used

in the IBD signal selection process. Cluster F,.. and S,.. are primary inputs for the
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sterile neutrino oscillation analysis, while E,.. is also a primary input for the 23U 7,

spectrum analysis.

5.2.8 Performance of calibrated physics metrics

After the calibrated segment pulses were clustered, it was necessary to evaluate the
stability of the reconstructed metrics as a function of time, which was done via a
variety of background events present in the physics data-taking runs.

One set of events chosen were the decays of ?*Bi and 2!?Bi, which produce a
B followed by an « particle from the ?**U and **?Th decay chains due to natural
radioactive contamination in the inner detector. These are denoted BiPo events,

and their decays are of the form

HBi — Mpo 4 p (5.4)
2Mpo — 20Ph 4 (5.5)
22Bi — 2po 4 3 (5.6)
22po — 28Ph 4 (5.7)

the selection criteria used to study these events were,

e 211BiPo events are identified by detecting a pair of signals: a prompt electronic
recoil with 0.05 < PSD < 0.22 and 0.0MeV < E.. < 4.00MeV, followed
by a delayed nuclear recoil with 0.17 < PSD < 0.34 and 0.72MeV < Eo <
1.00 MeV. These events occur with a time difference of 0.7 ms and a spatial

separation of 20 cm.

e 212BiPo events are identified by detecting a pair of signals: a prompt electronic
recoil with 0.05 < PSD < 0.22 and 0.0MeV < E.. < 3.00MeV, followed
by a delayed nuclear recoil with 0.17 < PSD < 0.34 and 0.95MeV < E. <
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1.27MeV. These events occur with a time difference of 1us and a spatial

separation of 20 cm.

An additional set of o events was used, which came from a high-purity sample
of detector-intrinsic (?'Rn,**Po) correlated o decays produced by #*"Ac deliberately
dissolved into the scintillator. These events are denoted RnPo, and their decays are

of the form

YRn —2'° Po + « (5.8)
25po 21 Ph + (5.9)
the selection criteria used to study these events was,

e RnPo events are identified by detecting a pair of signals: a prompt nuclear
recoil with 0.19 < PSD < 0.36 and 0.57MeV < E,. < 1.15MeV, followed
by a delayed nuclear recoil with 0.19 < PSD < 0.36 and 0.66 MeV < E,. <
1.15MeV. These events have a time difference of 5ms and a spatial separation

of 20 cm.

In addition to RnPo and BiPo events, pure y-ray sources can be used to evaluate
the stability of the calibrated physics metrics. Examples include the monoenergetic
2.22 MeV ~v-ray emitted after a muon-induced neutron capture on hydrogen, as well as
y-rays originating from intrinsic 2*®7T1 contamination in the detector and the capture
of reactor-generated neutrons on metals in the HFIR complex and the PROSPECT
shielding package. Fig. 5.9 summarizes the time-stability of energy and z-related
reconstruction metrics across these various sources. Each metric and event type’s
stability is referenced to its mean value over the entire dataset. In contrast, stability
between reactor-on and reactor-off periods is referenced to the mean values during

these respective phases.

95



1 005_—1—‘ 1 #5po §2¥po inH | Rx y Edge %2°8Tli

ITTTT*TTTTI
- &t
P

\I\\\;\\\I\]\\\I\\\\i\\\\l\\\\‘l\\\\‘\\\\I

i1t L
B T b e ol gt 1Y o
iﬁygﬁf i iif**ﬁgﬁ Hard i 1t

=

TTT T[T rrr T

0.95

L L i i L L | L L
02/17 03/19 04/18 05/18 06/17 07/17 08/16 09/15 10/15 QD@(\ Qj@(\
Date in 2018 [mm/dd]

Figure 5.9: Stability of pulse-level reconstructed physics metrics related to energy
and longitudinal position (z) is shown over time and between reactor-on and reactor-
off periods. Metrics are calculated for ?'Po (black) and 2Po (blue) « decays
uniformly distributed throughout the detector, for nH captures (green), for ~-ray
full-energy peaks from single 2°*T1 decay (red), and for the highest-energy reactor
neutron capture peak (pink) during reactor-on and -off periods. All quantities are
shown relative to the dataset average, with light gray bands indicating reactor-on
periods. The right panel shows relative changes between reactor-on and reactor-off
datasets. Error bars represent statistical uncertainties. Source [70].
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5.3 Antineutrino energy response simulation

Building on the calibrated cluster-based analysis overview, this section will describe
the MC simulation package developed for the experiment. This package is responsible
for establishing the relationship between the reconstructed cluster energy, E,.., and
the incoming antineutrino energy, FE,. Furthermore, the MC package accurately
reproduces the detector’s energy response to radioactive source calibration and
intrinsic background radiation, allowing for a precise determination of the exper-
iment’s absolute energy scale. This approach differs from that of other reactor
U, experiments, such as Daya Bay, which independently model and parameterize
geometric, scintillator, and electronics effects and then match energy nonlinearities

to empirical fits of calibration and background energy spectra [54].

5.3.1 PROSPECT Monte Carlo strategy

Relating incoming antineutrino energy to reconstructed visible energy is a complex
task due to the unique characteristics of the PROSPECT detector. These character-
istics include dead material throughout the antineutrino target, segmented detector
geometry, small target size, and nonlinear light production in the scintillator. To
address these challenges, the collaboration chose Geant4 as the primary simulation
package, using the framework known as PROSPECT Geant4 (PG4). PG4 features an
accurate model of the detector geometry and surrounding shielding, incorporating
panels, support rods, calibration tubes, source enclosures, the LiLS volume, acrylic
and steel containers, PMT housings and openings, and shielding geometries. Geant4
precisely models radiation transport through the detector, with energy depositions in
the scintillator recorded in an HDF5 file. Fig. 5.10 illustrates a visualization of the
entire detector geometry simulated with PG4.

Simulating the scintillation process and transport of the resulting optical photons
is highly time-consuming. Therefore, a parameterized model is used to estimate

light production and particle quenching effects instead. In Geant4, each particle’s
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track is divided into discrete steps where interactions can occur, with the step length
determined by the particle’s energy. The energy deposited as ionization is tracked
at each step, and the scintillation energy output is calculated using Birk’s empirical

model for quenching [96], as follows:

dE
dEscint o dr

dx B 1+/€31%+k32<%)2

(5.10)

At each step 7, the energy deposited as ionization is divided by the distance
traveled during that step. kp; and kps are first- and second-order Birks constants
fitted to the data, and dE/dx is the true deposited energy in that step. Further-
more, high-energy electrons from gamma and cosmic interactions induce Cherenkov
radiation within the scintillator. This radiation ionizes the medium, resulting in the

production of scintillation light, which is modeled at the step level using the formula:
E,=k.» N\E, (5.11)
A

Here, E. represents the energy of scintillation light due to Cherenkov radiation.

The parameter k. is a normalization parameter that scales Cherenkov light production

Figure 5.10: Visualization of the full PROSPECT geometry simulated with the PG4
framework.
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relative to a default estimate based on simple scintillator refractive index assumptions.
N, denotes the number of Cherenkov photons emitted per unit wavelength A\, and
E) denotes the energy of those photons. Thus, the total scintillation light energy
produced for a particle track is calculated by summing the contributions of Cherenkov

and ionization energies over all steps i:
Eye=A Z(Escmt,i(sz, kpa) + Eci(kc)), (5.12)

where A is a scaling constant that adjusts the overall energy conversion to scintillation
light. This summation is performed for each segment where the particle track deposits

energy.

5.3.2 Simulated waveforms

Simulated waveforms are generated using the energy-weighted positions of energy
depositions and FEjc. These waveforms are derived from templates based on
individual pulses sampled from background data. The templates consist of averaged
pulses for two distinct PSD values: one representing low PSD within the electron-like
recoil band and the other representing high PSD within the nuclear recoil band. Each
simulated PMT is randomly assigned a low PSD and a high PSD template pulse.
Waveform shape for a simulated energy deposition is calculated based on the
‘fl—f value in the simulation; the position-dependent signal area, timing, and PSD
values are determined by inverting the segment’s calibration curves described in
Sections 5.2.3, 5.2.5, and 5.2.6. This process yields the PSD and signal area for
each PMT. The high and low PSD template waveforms assigned to each PMT are
then linearly combined to match the assigned PSD and are scaled and time-shifted to
align with the calculated area and timing. These PSD values are calibrated to match

observed cosmic and gamma backgrounds. Concurrent energy depositions in time and

space are summed within the same waveform channel to simulate pileup accurately.
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The subsequent analysis of the simulated waveforms follows the same procedures as

real data analysis, providing a consistent interface.

5.3.3 Determining absolute energy response

PG4 MC simulated waveforms, processed through P2X, are utilized to generate sim-
ulated cluster E,.. distributions and pulse multiplicities in response to various energy
depositions, using different combinations of absolute energy response parameters (A,
kg1, kB2, k.). To determine the optimal parameter set, a grid search was conducted
to minimize the total x? value fitting the observed energy spectra from calibration
sources deployed at the center of the detector: *Na (2x0.511 + 1.27 MeV), 137Cs
(0.66 MeV), and ®°Co (1.17 + 1.33 MeV). This minimization also included multiplicity
spectra for each gamma source. Furthermore, the x? value from neutron capture on
hydrogen, producing a 2.22 MeV gamma from a 252Cf source at the detector center,
was considered. Finally, the electron spectrum from 2B, originating from cosmic
radiation, was compared with the simulation results.

The x? value is calculated as follows:

X?lata—MC = Z X% + Z Xgnulti + X%2B7 (513)
Y

multi
where X% is the x? value for each y-ray F,. distribution, x2 . is the x? value for
each of the two included ~-ray multiplicity distributions, and X?QB is the y? value of
the B F.,.. distribution. The grid point providing the lowest y? value is selected
as the nominal energy model. Reconstructed energy and multiplicity distributions
for the data and best-fit PG4 are shown in Fig. 5.11. The shape and scale of these
distributions show good agreement between data and the best-fit Monte Carlo.

In this analysis, the points in the kg1, kg2, and k. space were varied simultaneously,
while A was scaled to best fit the data for each set of kp;, ko, and k. values.
The best-fit parameters were found to be (A, kpi, kg2, k.) = (1.002640.004,
0.1324:0.004 cm/MeV, 0.0234:0.004 cm?/MeV?, 374+2%), with a x2/DOF (degrees
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of freedom) of 581.5/420. The uncertainties in the best-fit parameters were estimated
by calculating the parameter variations that yield a x? difference within 30 units of
the minimum. In the best-fit model, light is predominantly contributed by direct
scintillation from excitation and ionization. For example, for the 2.22 MeV n-H
capture de-excitation -ray, only 3.5% of Fy;¢ is contributed by the Cherenkov process
(E,).

The uncertainties in the best-fit parameters were estimated by identifying
parameter variations that resulted in a x? difference within 30 units of the
minimum. Parameter values varied within their uncertainties across numerous toy
MC simulations to propagate energy response uncertainties. The covariance matrix,
representing both uncertainties and cross-correlated uncertainties for each energy bin,
was derived from the variances observed in these simulations. This approach does not
consider other energy uncertainties, such as the dead mass fraction of the scintillator
panels, which affects the total energy deposited as detectable light. These additional
uncertainties were incorporated by varying the thickness of the reflector panels by
0.3 mm in the toy simulations, and these variations were included in the energy
uncertainty covariance matrix. The individual covariance matrices were then summed
to create the final covariance matrix, representing the systematic uncertainties for the
energy spectrum. Detailed information on this process can be found in Section 7.2.3.

The overall agreement between the measured and predicted responses across
the F,... energy distribution is depicted in Fig. 5.12, which shows the ratio of the
reconstructed y-ray energy between the data and the best-fit PG4 calibration dataset.
This ratio remains within 1% of unity for all 7-ray calibration datasets used in the
fit, with residuals falling within the error bands defined by the energy model and the

per-segment energy threshold uncertainties.
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Figure 5.11: Reconstructed distributions for calibration and best-fit PG4 MC
datasets: Top: E,.. for v-ray source deployments at the detector center; Center top:
E, e for n-H captures from a 252Cf source at the detector center; Center bottom: E,..
for cosmic 12B; Bottom: pulse multiplicity for 37Cs and ?2Na source deployments at
the detector center, representing the calibration datasets with the highest and lowest
multiplicity. Error bands reflect statistical (data) and systematic (PG4) uncertainties.
Due to nonlinearity and energy loss in inactive materials, the true and reconstructed
energies are not expected to match exactly. Source [70]
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5.3.4 Energy resolution

The reconstructed energy resolution was also characterized for calibration y-ray events
by smearing the PG4 energy model with a Gaussian distribution whose o value was

fitted with a parameterized model fit of the form

Of 9 b2 2
= — 5.14
Brec \/ T B B G-14)

where a accounts for light collection inefficiency variations, b represents energy-
dependent photostatistics, and ¢ is related to PMT and electronics noise. The
best-fit parameters were found to be a = 1.15% + 0.47%, b = 4.61% + 0.24%, and
¢ = 0.0+ 1.3%. Since the simulation is processed through the same analysis chain as
the real data, the resolution is artificially reduced to 325 PE/MeV,.. The uncertainty
in this energy resolution is estimated by randomly varying the smearing parameter
within 5% of its nominal value and repeating the analysis multiple times. Fig. 5.13

shows the best-fit energy resolution as a function of energy deposition.

5.3.5 Determination of position-dependent energy response

variation

In addition to modeling absolute energy response effects at the center of the
PROSPECT detector, PG4 MC simulations must accurately account for position-
dependent variations in IBD prompt E,.. response due to proximity to the target
boundary and non-active segments. PG4 IBD MC simulations show that variations in
the leakage of annihilation v-ray energy into these regions result in a consistent shift in
reconstructed IBD prompt E,... This proper modeling of leakage effects was verified
by performing segment-by-segment E,... comparisons between data and Monte Carlo
for multiple 22Na source deployment locations. As a positron emitter, the ?2Na source

reflects changes in IBD energy scales resulting from variations in annihilation ~-ray
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energy leakage with detector position, as well as the distribution of IBD positron
annihilation v-ray energies among different detector segments.

The reconstructed spectrum from a ?2Na source, as shown in Fig. 5.14, demon-
strates good agreement between the data and the best-fit PG4 energy response model
for both one-ring and three-ring segment configurations. The relative data-PG4 scale
shifts are 4+1 keV and 541 keV, respectively. Gamma energy leakage effects are
further examined by comparing data and PG4 energy distributions for different ?*Na
deployments, showing good general agreement and relative scale shifts of 84+1 keV
and 741 keV for central and corner detector positions, respectively. This study
confirms that PG4 IBD MC simulations accurately reproduce prompt energy scale
variations due to annihilation ~-ray energy leakage with keV-level precision. An

+8 keV uncertainty is included in subsequent analyses to account for this effect.

5.4 Chapter summary

This chapter summarizes the data processing and analysis of the PROSPECT
experiment, covering everything from processing raw digitized pulses from each PMT
in the detector segments to pairing, calibration, and clustering of these pulses. This
process results in a cluster-based analysis that utilizes low-level physics quantities
such as time, energy, position, and PSD, which are essential for accurately selecting
IBD candidates and conducting high-level physics analyses. Additionally, the chapter
describes the design of the simulation package used to determine the experiment’s
energy response and energy scale. The following chapter will detail the procedures
for IBD detection and selection using the data structures discussed here, the primary
background sources related to IBD detection, and the IBD simulation used to validate

the measured signal.
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Chapter 6

Antineutrino detection

After the technical overview of the detector in Chapter 4 and the description of the
relevant calibrated data structures for physics analyses in Chapter 5, this chapter will
describe the IBD candidate event selection procedure, including a detailed explanation
of the primary backgrounds affecting the experiment and the methods developed to
mitigate them. Additionally, the chapter covers the development, implementation,
and optimization of selection cuts used to identify IBD-like candidates during both
reactor-on and reactor-off periods and the background subtraction method applied
post-selection to produce the IBD spectrum. A summary of the latest analysis
methods designed to handle a time-evolving detector configuration is presented,
resulting in a multi-period analysis. This summary will include a comparison
with previous results and a report on the final IBD statistics for the experiment.
Furthermore, the chapter will explain how the PG4 framework simulates IBDs and
calculates IBD efficiencies, along with multiple data-MC crosschecks performed to

validate the final IBD measured signal.

6.1 Description of datasets

The primary dataset from the PROSPECT experiment spans from March 5, 2018,
to October 6, 2018. During this period, which included five HFIR fuel cycles, the
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PROSPECT detector was in physics data-taking mode for 183 days, with the HFIR
reactor operating for 105 of those days and shut down for 78 days. An additional
eight days were dedicated to calibration data-taking. Due to PMT HV or other data
quality issues identified after data collection, physics data from eight reactor-on days
and five reactor-off days were excluded from the analysis. Ultimately, data from 95.6
reactor-on days and 73.1 reactor-off days were used for the main physics analyses.
PMTs in 64 of the 154 detector segments exhibited current instabilities during
physics data-taking. These segments, linked to one or both PMTSs, experienced
intermittent shutdowns due to scintillator leakage into the PMT housing. As a result,
only data from consistently operational segments throughout the entire data collection
period were used. This approach aimed to streamline the analysis and simplify the
evolution of the detector response function. Sections 6.2 through 6.6 describe the
development of selection criteria for the analysis using a single detector configuration,
along with the final statistics obtained leading to the results published in the summer

of 2020 [70).

6.2 IBD detection strategy in PROSPECT

PROSPECT detects v, events via the IBD interaction, where v, produced during the
fission of 25U interact with hydrogen nuclei in liquid organic scintillator. The IBD
signal consists of time- and position-correlated energy depositions produced by an
IBD positron and the capture of the corresponding IBD neutron on Li doped into
the liquid scintillator. Fig. 6.1 shows a schematic representation of the interaction in
the LiLS filling the inner detector.

Incoming 7, produced by HFIR span an energy range from sub-eV to tens of MeV.
During an IBD interaction, in the process of generating e + n, there is a gain in the
rest mass energy difference of m,, —m, = 1.29 MeV plus the rest mass energy of the
positron m, = 0.511 MeV. Therefore, the IBD interaction has a threshold energy
given by:
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Me + My, 2 _m?
( ) P — 1.80573 MeV (6.1)

Ve, th —
2m,,

while the reconstructed energy deposited by the IBD positron can be related to that

of the incoming neutrino by:

E,=FE, —0.78 MeV — E,, (6.2)

with outgoing IBD neutron kinetic energy, F,,, of order 10 keV or less.

The IBD positron deposits up to 8 MeV of kinetic energy with a max multiplicity
of 3 detector segments, where the highest energy deposition typically occurs in
the segment where the IBD interaction took place. The positron then annihilates,
typically producing two 511 keV ~-rays, which deposit energy in segments within
a few tens of centimeters of the IBD interaction point. These low-density energy
depositions related to the positron occur on nanosecond timescales.

On the other hand, the neutron produced by the IBD interaction has a kinetic
energy of less than a few tens of keV, leading to minimal scintillation light as it slows
down. It then captures, within a few tens of centimeters from the IBD interaction
point, with a time constant of about 50 us. Approximately 75% of these neutrons
capture on %Li, forming a *H-*He pair that releases a total visible energy of 0.526 MeV.
The high ionization density tracks of these capture products end within micrometers
of the neutron capture point, producing scintillation light in a single segment.

The unique kinematic properties of the IBD interaction, combined with the
optimized design of the PROSPECT detector, allow for sensitivity to these specific
signatures. However, the detector is still subject to various background sources that
can mimic an IBD-like interaction. To address this, a series of selection cuts based
on temporal, kinematic, and topological features were developed, optimized, and
implemented. These cuts are essential for accurately extracting the IBD signal and
minimizing the impact of background interference and are defined in the following

subsections.
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6.2.1 1IBD cuts

e Prompt cut

— Cluster size > 1

— Each pulse in the cluster must have a reconstructed energy Fj,,cqr between

0.8 and 7.2 MeV.

— The calibrated PSD for each pulse in the cluster must be all within
2.0 standard deviations of the mean of the calibrated energy-dependent

electron-like PSD band (~0.13 (as shown in Fig. 5.6)).
e Delayed cut
— Single-pulse cluster with (E,..,PSD) phase space consistent with n-Li

capture (as shown in Fig. 5.6).

— Cluster must have a reconstructed energy F,.. within +30 of the mean

value of 0.526 MeV.
— PSD for single-pulse cluster in the cluster must within +20 of the PSD
mean value (~0.25).
e Time coincidence cut
— Delayed cluster must appear within 120 us of the prompt cluster.

e Distance cut

— The delayed cluster is also required to travel no further than segments
vertically /horizontally adjacent to the segment with the highest prompt-

cluster E,...

— If prompt-delayed cluster events occur in the same segment, the prompt-

delayed Z,.. difference is required to be less than 140 mm

— If prompt-delayed cluster events occur in adjacent segments, the prompt-

delayed Z,.. difference must be less than 100 mm.
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6.2.2 Background vetoes

The veto cuts in the PROSPECT analysis are designed to minimize the impact of
the primary background sources: time-correlated cosmic backgrounds and accidental

backgrounds originating from the reactor building (see Section 6.3).

e Muon veto
— Muon tracks traversing the detector deposit large amounts (> 15 MeV) of
scintillation light and induce showers of fast and slow neutrons.

— IBD candidates are rejected if their delayed cluster is within 200 us of a
preceding cluster with E,... > 15 MeV.

— This removes interaction secondaries from the cosmic ray that may drift

into the detector to produce a °Li capture.

e Neutron veto

— IBD candidates with a delayed capture occurring within 400 us of another

neutron capture event are rejected.

— This rejects multi-neutron showers from cosmic ray interactions in the

materials surrounding the detector.

e Recoil veto

— IBD candidates are rejected if their delayed capture occurs within 250 pus
of a preceding cluster with E,.. > 0.25 MeV and includes at least one pulse

with a PSD greater than 20 above the peak of the electron-like PSD band.

— This rejects cosmic ray interactions that produce heavy secondaries.

These three vetoes define what is known in the PROSPECT experiment as the

cosmogenic veto. A graphical description of their implementation is shown in Fig. 6.2.
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Figure 6.1: Schematic of the kinematics of the IBD interaction in the LiLLS of the
PROSPECT detector.
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Figure 6.2: Scheme of implementation of cosmic shower veto. Delayed neutron-
capture the candidate is shown in purple, veto-triggering events are shown in red,
and time windows are represented with blue arrows. Source [161].
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e Fiducial Cut

— Simulations of cosmogenic backgrounds indicate high neutron-related
background on the outer layer of the segments, shown in Fig. 6.3. Thus,
IBD candidates are rejected if either of the clusters occurs in segments

located in the outermost layer of the detector.

— Similarly, IBD candidates are rejected if prompt or delayed Z,.. values are

within 400 mm of the segment center.

— Additional gamma background coming from the neutron beamlines un-
derneath the experiment hall causes larger backgrounds in the southeast
region of the detector (as shown in Fig. 6.11). As a result, events with
maximum F,,.., within segments 25 and 26 were also removed from the

analysis.
e Pile-up veto

— IBD candidates are also rejected if either prompt or delayed clusters occur

within 0.8 us of a previous cluster.

6.2.3 Implementation of IBD selection criteria

The cuts and vetoes described earlier define the IBD selection criteria used for the
analysis with a single detector configuration. Each cut and veto was optimized
sequentially, following the procedure outlined in Section 6.7.2, to maximize the
number of effective IBD statistics described in Section 6.4. Fig. 6.4 illustrates the final
detector configuration used, consisting of 70 fully operational segments as the fiducial
volume and 22 non-fiducial operational segments (those in the outermost layer of the
detector, as well as segments 25 and 26). Additionally, 62 segments with one or both
PMTs non-operational were excluded from the analysis.

The impact of the subsequent application of the selection cuts and vetoes is

illustrated in Fig. 6.5, where a reduction in the number of IBD candidates of ~ 3
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Figure 6.3: Simulated background rates of cosmogenic neutron interactions that
mimic the IBD signal after topology cuts and segment-end fiducialization. The
background rate is notably higher in the outermost ring of segments (rows 1 and
11, columns 1 and 14) than in the fiducial volume used for analysis (rows 2-10,
columns 2-13). The segments are enclosed by the acrylic support structure and the
inner detector’s acrylic containment tank. Source [78].
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Figure 6.4: The segment status map used for the single detector configuration
analysis [70] is illustrated. Segments with both PMTs fully operational throughout
the data collection period are highlighted in green. In contrast, segments where one
or both PMTs exhibited gain instabilities at any point during data collection are
shown in white and are excluded from this analysis.
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orders of magnitude is obtained, resulting in a significant background suppression.
However, peak-like features in both FE,... and PSD spectra of prompt-like signals
remain after the application of cuts, indicating the presence of residual background
post-IBD selection. These features will be explained in detail in Section 6.3.

Another way to evaluate the impact of the selection criteria on the IBD candidate
sample is by examining the E,... vs. PSD distribution of events that pass all cuts, as
shown in Fig. 6.6. The figure displays the total summed prompt F,.. and the PSD
value for the highest energy pulse within the prompt cluster. The low PSD elongated
band includes IBD candidates and some non-IBD events with high PSD values,
likely due to inelastic scattering. Fig. 6.6 also highlights two IBD-like background
regions: one at low energy and high PSD from time-coincident neutron captures
on 9Li, and another across a wide energy range and high PSD from single neutron
scattering and capture on 5Li. These event classes, (n-Li, n-Li) and (n-p, n-Li), help
investigate multi-neutron showers and cosmogenic neutron effects on the IBD signal.
The distribution in Fig. 6.6 demonstrates the effective reduction of multi-neutron and
fast-neutron backgrounds through PROSPECT’s prompt PSD capabilities, with an
additional high PSD band likely due to fast neutron recoils on heavier nuclei.

Lastly, an important factor to consider when applying these selection criteria cuts
is the resulting deadtime from each veto. When a veto is active, the detector does not
record any data during that time window, reducing the detector’s livetime to account
for the deadtime introduced by each veto. Fig. 6.7 illustrates the implementation of
cosmic deadtime.

The surrounding time window is considered deadtime for each veto-triggering
event, as any potential delayed-like candidate (for the cosmic veto) or prompt-like
candidate (for the pile-up veto) would be vetoed during this period. As a result, a
deadtime correction factor oy can be defined on a per-run basis by

2

gt = Lo 6.3
a (trun - dtprompt)(trun - dtdelayed) ( )
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Figure 6.5: Distributions of prompt E,.. (top) and reconstructed PSD (bottom)
of the highest-F,,cqr prompt as IBD selection cuts are sequentially added to the
PROSPECT reactor-on dataset. Accidental backgrounds described in Section 6.3.1
have been subtracted from these distributions. Source [70].
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Figure 6.6: E,..vsPSD distributions for selected IBD-like events from a single
reactor-on cycle. The plot shows the total prompt E,.. and the PSD value for the
pulse with the highest reconstructed energy within the prompt cluster. The labeled
regions indicate IBD candidates (red), coincident (n-Li, n-Li) captures (blue), (n-p,
n-Li) scattering and captures of fast neutrons on protons (magenta), and on other
heavier nuclei (black). It is noted that some prompt clusters within the IBD candidate
region may contain high-PSD pulses and thus will not be selected as IBD candidates.
Source [70].
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Figure 6.7: Schematic of the deadtime introduced by the cosmic shower veto
implementation. The delayed neutron-capture candidate is indicated in purple, veto-
triggering events are shown in red, red arrows illustrate deadtime windows, and blue
arrows represent veto time windows. Source [161].

where ¢,,, corresponds to about one hour of data taking, while dt, omp: and dtgeiayeq
describe the amount of deadtime introduced by the prompt and delayed vetoes,
respectively. Fig. 6.8 compares the fractional detector-wide deadtime rates over time
for various veto types. Deadtime rates are higher during reactor-on periods and
show a steady increase over time for neutron, recoil, and all other vetoes during both
reactor-on and reactor-off periods. Accurate corrections for these deadtime differences
are crucial for comparing IBD-like rates across different periods since the increase in

deadtime impacts the efficiency of the IBD selection over time.

6.3 IBD backgrounds

Backgrounds for IBD interactions involve events within the electron-like PSD band
occurring close in space and within tens of microseconds before an n-%Li capture
event. Recoiling protons and a small fraction of high PSD gammas in the 0.526
MeV energy region of the neutron capture window can mimic the capture signal.
This results in reactor gamma backgrounds accidentally coinciding with true or false
positive neutron capture signals, known as accidental backgrounds. Another primary

source of backgrounds arises from events correlated with cosmic ray showers, which
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Figure 6.8: The total dead time fraction due to IBD selection veto cuts (black),
along with the individual dead time fractions for each veto: muon (red), recoil (blue),
neutron capture (green), and pile-up (pink). Vertical green shaded bands denote
reactor-on periods. Source [70].

can produce multiple neutrons that mimic the topology of the IBD signal within the
detector. Both types of background events are discussed in detail in the following

subsections.

6.3.1 Accidental backgrounds

Single y-rays and neutron captures from uncorrelated events can deposit energy in
close temporal and spatial proximity within the PROSPECT detector, passing all IBD
selection cuts and becoming a primary source of accidental background, as shown in
Fig. 6.9.

During reactor-on periods, reactor-related gamma fluxes significantly contribute
to accidental backgrounds due to their high rate. Since y-rays cannot be distinguished
from positron energy depositions based on their pulse shape, the analysis becomes
challenging, especially as the IBD positron is the primary prompt-like signal in the
detector. As the scintillator degraded, the ability to reject gamma backgrounds from
the n-°Li capture region decreased, leading to an increase in neutron capture-like

signals over time, as shown in Fig. 6.10.
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Figure 6.9: Graphical illustration of uncorrelated y-rays and single thermal neutron
captures in the PROSPECT inner detector resulting in accidental backgrounds

mimicking the IBD signal.
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Figure 6.10: Top: IBD prompt-like signal rates over time in the detector. Bottom:
Delayed-like signal rates over time. Variations during the reactor-on period are caused
by neutron beam experiments, which alter gamma fluxes. The gradual increase in
delayed-like signals is due to reduced light output over time, causing more gammas
to appear in the high PSD region of the n-Li capture. Source [70].
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The spatial distribution of reactor-on prompt-like signals is depicted in Fig. 6.11,
with the detector facing east, positioning the reactor below and to the left of the
diagram. A 10 ms window from -12 ms to -2 ms relative to a delayed cluster event
is scanned for prompt-like signals to subtract accidental backgrounds accurately. As
described in Section 6.2.1, the IBD time coincidence cut requires a delayed cluster to
occur within 120 us of the prompt signal. The chosen accidental window includes only
events uncorrelated with the neutron capture, known as the off-window method. This
approach allows for a high-statistics sampling of random accidentals with the n-5Li
signal. An accidental background scaling factor that accounts for differences between

the accidental time window and the time coincidence cut is defined as follows:

tIBD 120#8
Ugee = =
tace 10000us

= 0.012 (6.4)

Qaee together with ag described in Eq. 6.3 are applied to both reactor-on and reactor-
off accidental IBD event samples. The accidental sample is then subtracted directly
from the IBD candidates. The prompt E,.. distributions of accidental background
events for reactor-on and reactor-off periods are shown alongside cosmic backgrounds

in Fig. 6.13. The accidental rate during reactor-off periods is very close to zero.

6.3.2 Time-correlated cosmic ray induced backgrounds

Due to the minimal overburden at HFIR (< 1 mwe), the cosmic ray background in the
HFIR building is significant. Most of these backgrounds originate from cosmogenic
muon and neutron fluxes that can produce signals resembling an IBD interaction.
Although the cosmic veto defined in Section 6.2.2 reduces cosmogenic backgrounds
in reactor-on data samples, the post-selection dataset still contains substantial
contributions from cosmic-induced, time-correlated prompt-like and delayed-like
cluster pairs. These events in the prospect detector are illustrated in Fig. 6.12.

To maximize the removal of cosmic-induced IBD-like events in the reactor-on data

sample, all cuts and vetoes described in Sections 6.2.1- 6.2.2 are applied to the data
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Figure 6.11: Reactor-on prompt-like signal rates for each active segment used in the
2020 analysis. The reactor is closest to the bottom left. Higher rates in the bottom
right are due to neutron activation of materials surrounding the neutron beamline 4
beam splitter. Source [70].
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Figure 6.12: Graphical illustration of fast neutron produced background resulting
in correlated backgrounds mimicking the IBD signal.
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samples taken during reactor-off periods. Fig. 6.13 shows the accidental-subtracted
prompt energy spectrum for events passing all IBD selection criteria. These are
denoted as correlated events. As observed, both reactor-on and reactor-off prompt
spectra exhibit similar peak-like features. The peak at 2.2 MeV corresponds to multi-
neutron showers, where a neutron capture on hydrogen emits a gamma ray around
2.2 MeV, followed by a second neutron capture on %Li. The peak at 4.5 MeV results
from the inelastic scattering of a neutron on ?C, which emits a 4.43 MeV gamma,
followed by a neutron capture on °Li. Both types of events are typical cosmic ray
interactions that can mimic the IBD signal.

Cosmic background rates scale with atmospheric pressure. As pressure increases,
the rates of correlated IBD backgrounds in the detector decrease due to fewer cosmic
rays reaching the surface. This relationship is illustrated in Fig. 6.14, which shows
reactor-off measured IBD candidates as a function of atmospheric pressure. A linear
fit is applied to correct for pressure differences between reactor-on and reactor-
off periods, ensuring accurate subtraction of the reactor-off sample explained in
Section 6.4. This fit indicates a -0.70 + 0.01 % mBar correlation. Based on the
measured rate scaling and pressure differences, the scaling factor between reactor-off
and reactor-on was determined to be oy, = 1.00 & 0.03%.

The rates of other cosmogenic event classes, such as muons, neutron captures on
Li (n-Li), (n-Li, n-Li) coincident events, and (n-p, n-Li) events, were also analyzed
relative to atmospheric pressure. These event rates showed scaling offsets between
reactor-on and reactor-off periods within 0.1% of unity. To conservatively account
for the effects of atmospheric changes, a 0.5% uncertainty in the atmospheric scaling

factor is applied.

6.4 Measured IBD signal

The dataset obtained with the PROSPECT detector comprised 95.7 calendar days

of reactor-on time and 73.1 calendar days of reactor-off time. After correcting for
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deadtime, the total livetime was determined to be 82.2 days for reactor-on and 65.2
days for reactor-off. Applying the full IBD selection criteria to the entire dataset
and focusing on the IBD energy region between 0.8 and 7.2 MeV, the single-detector
configuration analysis reported a total of 115, 852+340 IBD-like events during reactor-
on and 30,568 £+ 175 during reactor-off. Of these, 87,494 £ 341 (reactor-on) and
29,259 + 175 (reactor-off) were identified as correlated candidates, while 28,358 + 18
(reactor-on) and 1,309 £ 4 (reactor-off) were accidental IBD-like events.

After applying livetime and atmospheric pressure scalings to the reactor-off
correlated events, a total cosmogenic background estimate of 36, 9344221 for reactor-
on was obtained. Subsequently, the total background-subtracted IBD prompt energy
spectrum was derived by subtracting the reactor-on cosmogenic background from
the reactor-on correlated IBD-like candidates. The resulting background-subtracted
prompt energy IBD spectrum is shown in Fig. 6.15, along with the accidental-
subtracted reactor-on and livetime-scaled reactor-off correlated candidates. The
IBD signal’s prompt energy distribution matches the expected shape for reactor
antineutrinos (7.) interacting via inverse beta decay, with the highest count rates
in the 1-7 MeV range. Beyond 7 MeV, the background-subtracted count rates are
consistent with zero, confirming accurate data scaling during background subtraction.
A statistical comparison from 8 MeV to 12 MeV yields a x?/DOF of 20.9/20,
indicating no significant signal in this range.

The integrated IBD energy signal is calculated using the following equation:

7.2 MeV
NIBD - Z (NOn,i - (O-/acca/dt)NOn,acc,i) - Raatm (NOH,Z' — (aaccadt)NOﬂ,acc,i)

i=0.8 MeV
(6.5)
where Noy; and Nog,; represent the number of IBD candidates, including both cor-
related and accidental events, for the reactor-on and reactor-off periods, respectively.

Non ace,i and Nog acc,i are the accidental IBD-like candidates determined using the off-

window method for both periods. The variable R is the ratio of the on/off livetimes,
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Figure 6.15: The reconstructed visible prompt energy FE,.. spectrum (black) of
IBD candidates, including statistical errors, is shown alongside the reactor-on (blue
solid) and reactor-off (red solid) correlated candidates. The reactor-off spectrum
is scaled to match the reactor-on livetime, with atmospheric scaling to account for
the reactor-off background. All accidental events have been subtracted from these
spectra. Source [70].

and Quee, Qatm, and agqy are the scaling factors for accidental events, atmospheric
pressure, and deadtime, respectively. The total energy integrated IBD signal was
found to be 505604406 events.

In addition to the total IBD signal (Nigp), the effective number of IBD statistics
(Negr) can be calculated from the background-subtracted IBD signal distribution.
Neg quantifies the statistical significance of the measured IBD signal by accounting
for the combined statistical uncertainties of both signal and background (ogp). It
represents the equivalent number of background-free signal events that would yield

the same statistical uncertainty. The expression for N.g is given by:
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7.2MeV
N ((NOn,i - (@accadt)NOn,acc,i) - Raatm (NOff,i - (aaccadt)NOff,acc,i))2

Neg =
. iogl\:/lev (NOn,i + (a/accadt)2NOn,acc,i) + (ROéatm)2 (NOH,i + (aaccadt)gNOff,acc,i)
(6.6)

For this analysis, the total N, was found to be 18,100. The signal-to-

background metrics for cosmic and accidental backgrounds were calculated to assess
the background suppression capabilities further. These metrics are defined as the

ratio of the IBD signal to the corresponding IBD-like background during reactor-on

periods:
S:CB= MZMGV Mw (6.7)
' ey Bioatm (Nogi — (Qacctar) Notace,i) '
S:AB= HZMEV Nep (6.8)
oy (Qacctat) Nom,acc,i .

The analysis reported S : CB = 1.37 and S : AB = 1.78, demonstrating
excellent background rejection capabilities for an on-surface detector. The final IBD
statistics obtained from the single-detector configuration analysis are summarized
in Table 6.1. Following the successful extraction of the IBD signal, validation
exercises were conducted using a PG4-IBD simulation to assess the effectiveness of
the background subtraction process. The following sections detail the simulation of

the IBD signal and the various crosschecks performed on the measured signal.

6.5 Simulating IBD interactions and efficiencies

IBD interactions are simulated by generating particles at random locations within the
detector volume, using a 1/r? probability distribution, where r is the distance from
the center of the reactor core to a point within the detector. This approach ensures
that vertices are selected from all potential signal-producing regions in the detector,

including the PMT faces, optical grid, and support structures.
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Table 6.1: Statistics of selected IBD candidates and accidental/cosmogenic
backgrounds. Errors, where included, represent statistical uncertainties in the
relevant signal and background datasets. Source [70].

Category Reactor-On | Reactor-Off
Calendar Days 95.65 73.09
Live Days 82.25 65.16
IBD Candidates 115852 30568
Accidental Backgrounds 28358+18 1309+4
Correlated Candidates 87494 + 341 29258+175
Rate Per Calendar Day 915+ 4 400+2
Cosmogenic Backgrounds 369344221 N/A
Total IBD Signal 505604406 N/A
IBD Rate Per Calendar Day 529 +4 N/A
Effective IBD counts 18100 N/A
Effective IBD Rate Per Calendar Day 189 N/A
S:CB 1.37 N/A
S:AB 1.78 N/A
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A simple point-like model of the reactor core is employed to calculate IBD
detection efficiencies. For a more realistic IBD distribution used in oscillation analysis,
a cylindrical volume replicating the dimensions of the HFIR core, as detailed in
Section 4.2, serves as the source. The angular distribution, characterized by cos ¥,
where 6 is the angle between the incoming antineutrino and outgoing positron, is
derived in [202]. The first-order expression in terms of the inverse nucleon mass M,

O(1/M), for the IBD angular distribution is given by the following expression:

dcosf

do o
2

ol I
(g% +393) + (g% — g4)vtV cos 0] EDpl) — 70 [M] EDp®. (6.9

where o is a normalizing constant; gy and g4 are the vector and weak axial vector
coupling constants, respectively; the superscripts (0) and (1) indicate zeroth- and
first-order in 1/M; T" is a kinematic term as defined in [202]; and v, E., and p. are
the velocity, energy, and momentum of the IBD positron, respectively.

After selecting the positron angle, both the positron and neutron energies and
the positron angle are used to determine the resulting neutron angle while conserving
four-momentum. For reactor 7, energies of tens of MeV, the distribution in Eq. 6.9
is mostly oriented opposite to the direction of the incoming neutrino. Consequently,
positrons are predominantly directed back toward the reactor, while neutrons are
mainly directed away. The PG4 simulation employs two of Geant4’s neutron
scattering libraries: G4NeutronHPElastic for neutron energies above 4 eV and
G4NeutronHP-ThermalScattering for energies below 4 eV. Positrons are simulated
using Geant4’s default library for electromagnetic interactions, emstandard.

Following the procedure outlined and the description of the PG4 framework and
visible energy calibration detailed in Section 5.3, an energy response matrix that
relates antineutrino energy to the reconstructed energy FE,.. in the PROSPECT
detector can be produced. This is achieved by generating 10,000 random IBD

vertices for monoenergetic antineutrinos with energies ranging from 1.8057 MeV to
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10.0 MeV in 0.1 MeV increments. The construction of the response matrix depends
on the specific physics analysis being performed: for the spectral shape analysis (see
Chapter 7), the entire detector volume is treated as a single unit (segment-integrated
response), while for sterile neutrino oscillation analysis (see Chapter 8), each detector
segment is considered an independent volume.

After simulating the energy deposition of the IBD products in the detector volume,
the procedure described in Sections 5.2 and 5.3 is applied to simulate, cluster, pair,
and calibrate the pulses these events would produce. The IBD selection criteria
outlined in Section 6 are then applied to all simulated IBD events for each 7,
value. Fig. 6.16 presents the response matrix used for spectral shape analysis in
a single-detector configuration, showing the correlation between each 7, energy and
its corresponding FE,... The figure also includes a distribution depicting the Ei-FE,..
relationship for a 4.0 MeV monoenergetic 7., representing a vertical slice of the entire
detector response matrix. A significant off-diagonal component is observed at low
E,cc, primarily due to the positron kinetic energy deposited in non-active regions of

the detector.

6.5.1 Determination of relative IBD efficiency

The efficiency of IBD detection varies across different locations within the detector
and changes over time due to the degradation of optical properties and failing PMTs.
Efficiency is reduced at the detector’s edges, where neutrons originating from IBD
interactions are more likely to escape the detectable region. Similarly, segments with
more adjacent blind or single-ended segments experience lower detection efficiency.
To verify neutron mobility at thermal energies, simulations were performed using
PG4 with 2°2Cf source deployments inside the detector. These simulations identified
252Cf fission events by detecting a prompt electron-like signal from emitted gammas
and a delayed SLi neutron capture event. The neutron capture rates in segments

were measured based on their distance from the source and compared to results from
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Figure 6.16: Top: The energy response matrix used to convert detected energy into
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distributed across the detector. Source [70].
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simulations using a custom 2°2Cf fission generator. The strong agreement between the
simulation and experimental data, as depicted in Fig. 6.17, confirms the simulation’s
ability to accurately model position-dependent efficiency variations caused by neutron
mobility.

The efficiency of each segment was calculated by taking the ratio of background-
subtracted IBD candidates reconstructed in a segment to the number of PG4-simulated
IBD events with vertices in the same segment. Fig. 6.18 displays the relative efficiency
for all active segments, normalized to the segment with the highest efficiency.

Efficiency variations also arise from segment volume uncertainties and fiducial-
ization differences. Instead of propagating these uncertainties through PG4-MC
simulations, a conservative upper bound on their impact on relative efficiencies was
determined based on empirical studies. Measurements of the optical grid revealed that
segment volumes vary by less than 1% relative to one another. Differences in Z.
resolution from detected RnPo events are less than 1 cm across segments, resulting
in a variation in z fiducialization of less than 2% per segment. Additionally, slight
deviations in PSD performance between segments are expected to cause efficiency
variations at the sub-1% level. A 5% segment-uncorrelated uncertainty was assigned

to the segment efficiency to account for all these uncertainties (see Section. 8.4.2).

6.6 Validation of IBD signal

The consistency of IBD-like datasets across different periods confirms the stability
of the detector’s energy scale, background subtraction method, and residual IBD-
like background. To assess this stability, two separate comparisons were conducted
between reactor-on and reactor-off periods. The selected periods for each comparison,
depicted in Fig. 6.19, are interleaved, as shown in each panel’s inset. This interleaving
helps minimize the impact of any systematic variations in efficiency or energy response
that may occur over longer periods. Furthermore, datasets are adjusted for relative

differences in atmospheric pressure between each set of periods defined for comparison.
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Figure 6.17: Data-simulation comparison for normalized neutron capture event rates
from a 2°2Cf source deployment, selected by a prompt gamma-like event followed by
a delayed °Li neutron capture signal. The horizontal axis shows the distance from
the source deployment, with the diagram in the upper right illustrating the segment
location corresponding to each distance value. ‘X’ denotes inactive segments, blue
dots correspond to data points, and red lines illustrate simulated results. Source [70].
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Figure 6.18: Simulated relative detection efficiency for IBD events based on single-
detector configuration analysis of PROSPECT data. Segments with no values
represent segments turned off for this analysis. Source [70].
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As with the reactor-on and reactor-off datasets, the scaling factor for this off-off
comparison is less than 1%. A x?/DOF metric was calculated for the IBD region,
ranging from 0.8 to 7.2 MeV E,.., for both comparisons, illustrating the consistency

between reactor periods with the following results:

e On-on comparison: y?/DOF = 47.68/31

e Off-off comparison: y?/DOF = 26.2/31

In addition to evaluating time-dependent stability, analyzing the uniformity of the
IBD signal across different regions within the detector is essential. Since the HFIR
core acts as an isotropic source of 7., the reconstructed IBD signal is expected to
follow a 1/r? distribution relative to the distance from each detector segment to the
reactor core. After correcting for segment efficiencies described in Section 6.5.1, the
number of background-subtracted IBD events was calculated for each segment and
plotted, as shown in Fig. 6.20. The bottom panel of Fig. 6.20 presents the best-fit
inverse-square function applied to the efficiency-corrected IBD signal per segment
baseline, resulting in a x*/DOF of 72.4/69.

In the PROSPECT detector, IBD interactions are expected to exhibit varying
levels of ~-ray energy leakage due to differences between the innermost and
outermost segments and inactive segments near the bottom. Consequently, these
differences cause variations in the prompt FE,.. spectra across different detector
regions. To ensure these effects are accurately modeled, background-subtracted IBD
signal distributions were compared across different detector regions, as shown in
Fig. 6.21. The comparisons illustrated in Fig. 6.21 indicate that, while energy spectra
and normalizations vary between regions due to uneven segment distribution, the
deviations align with predictions from PG4 MC simulations. Furthermore, the data-
PG4 spectrum ratios between regions are consistent within statistical limits, with
x%/DOF values of 56.6/31 and 54.4/31 for inner-outer and upper-lower comparisons,

respectively.
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Moreover, the PROSPECT detector’s segmented design enables detailed cross-
checks of IBD prompt signal energy and topology. Specifically, IBD interactions
often result in reconstructed clusters spanning multiple segments due to positrons
crossing optical grid separators and the migration of annihilation y-rays. Fig. 6.22
demonstrates this by showing segment multiplicity distributions, with data and
PG4 MC simulations agreeing within systematic uncertainties dominated by a 45
keV analysis threshold. Additionally, accurate modeling of IBD event topology is
confirmed by comparing the summed energy of all pulses (excluding the highest energy
pulse) between data and simulations, highlighting precise modeling of annihilation -

ray energy depositions.

6.7 Multi-Period Analysis

Sections 6.2 to 6.6 detail the analysis performed with one detector configuration
resulting in a 2020 dataset reporting over 50000 IBD reconstructed events. This
dataset was used for all the high-level physics analysis performed prior to 2023

including:

e First oscillation analysis (not full dataset) [82]

First spectrum analysis (not full dataset) [74]

Improved oscillation-+spectrum [70]

Boosted Dark Matter [69]

Joint spectrum analysis Daya Bay and PROSPECT [48]
e Joint spectrum analysis STEREO and PROSPECT [56]

Despite the remarkable success of the initial method, the final statistical outcomes
for all analyses were impacted by the significant amount of information excluded

to maintain a single detector configuration. A new analysis of the PROSPECT-I
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dataset was undertaken to utilize previously overlooked information and enhance
the statistical robustness of the dataset. This approach integrates new analysis
techniques, including Data Splitting (DS) and Single Ended Event Reconstruction
(SEER). The result is a multi-period dataset with significantly increased statistical
power and improved signal-to-background ratios. This refined analysis recovered
valuable data and provided a deeper understanding of the experimental results,
enriching the scientific insights drawn from the PROSPECT-I experiment. This
section describes the new analysis techniques implemented for the multi-period
analysis, leading to a final event selection with improved IBD statistics. The results
from this enhanced dataset were published in 2023 and 2024 and are discussed in

later chapters.

6.7.1 Single Ended Event Reconstruction

Throughout the data collection campaign, 97 segments maintained full functionality
with both PMTs operational. In contrast, 47 segments had only one functional PMT;
in the remaining 10 segments, both PMTs failed. Based on the operational status
of their PMTs, segments are classified into three categories: double-ended segments
(DE), where both PMTs are operational; single-ended segments (SE), where only
one PMT is operational; and blind segments, where both PMTs are non-functional.
Fig. 6.23 illustrates the final distribution of DE, SE, and blind segments within the
PROSPECT detector.

As discussed in Section 5.2.2, PMTs in SE segments still have their waveform
features stored and reconstructed as pulses. However, the position-dependent
collection of scintillation light hinders accurate energy reconstruction when using
information from only one PMT in the cell. Despite this, SE pulses yield well-
separated electronic and nuclear recoil PSD distributions over the relevant range
of PMT pulse amplitudes, enabling background suppression without the need for

complete deposited energy information. The single-ended event reconstruction
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(SEER) analysis was developed, optimized, and integrated to supplement the nominal

double-ended event reconstruction (DEER) procedure with additional insights.

Particle identification with SEER

PSD is used to identify neutron-proton recoils, electron-like interactions, and n-°Li
capture signatures. To evaluate the effectiveness of SEER PSD, neutron capture
coincident events collected in DE segments are analyzed by examining the event
distribution of PSD values and signal amplitudes (pulse areas) for data collected by
(1) both PMTs and (2) a single PMT.

1. In DEER, as described in Section 5.2, the total signal amplitude is calculated
using v/SoS1, where S; represents the pulse integral of the left (i = 0) or right
(i=1) PMT. The DEER PSD value is computed as the weighted average of
the values from both PMTs. The left panel of Fig. 6.24 illustrates the PSD and
signal amplitude distribution for DEER.

2. For SEER, the PSD value and signal amplitude measured by a single PMT are
recorded without adjustment. The right panel of Fig. 6.24 displays the SEER
event distribution. Neutron coincident events are identified using DEER PMT
pairs, and the SEER distribution is generated by analyzing only the data from

single PMTs. As a result, both distributions are based on the same set of events.

The SEER PSD distribution reveals two distinct bands: gamma/electron events
in the lower band and neutron/proton events in the upper band. However, the SEER
distribution exhibits reduced resolution, indicated by a broader distribution, due
to the decreased total light collection in SE segments compared to DE segments.
Consequently, the n-%Li capture region blends with the neutron-proton recoil band,
preventing effective tagging of the n-°Li signature. As a result, the implementation

of SEER can be summarized as follows:

e SEER can differentiate between neutron and gamma-like events.
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e The PSD value alone is insufficient for position reconstruction.
e SEER’s energy reconstruction capability is very limited.
e SEER cannot distinguish n-Li capture from other nuclear-recoil events.

Therefore, in addition to previous IBD and veto cuts, SEER PSD can be used
only to exclude IBD-like clusters with higher PSD values and to veto SEER-tagged
neutron-like events. To estimate SE E,.., the reconstructed position in a SE segment

is always assumed to occur in the middle of the detector segment.

SEER cuts and vetoes

The SE PSD parameter is determined by fitting a two-parameter exponential function
to each SE segment’s PSD distribution. For seven energy ranges between 90 keV and
10.0 MeV, a Gaussian is fitted to the electron-like PSD band, with the mean (u) and
standard deviation (o) of the fits recorded. The average of these means is stored
in a new calibration database for each segment, similar to the DEER-only analysis.
Incorporating SEER into the IBD selection criteria enhances background rejection

capabilities by introducing a new cut and veto.

e SE PSD Cut

— A two-parameter function, \/a? + b?/FE, is fitted to the o distribution as

a function of energy.

— This best-fit function is applied across all SE segments to determine if the
SE PSD exceeds p; + ny+/a? + b2/ E, where p; is the mean SE PSD for

segment ¢, and n, is the threshold in terms of sigma above the mean.

— Prompt clusters containing SE pulses with F,.. < 0.8 MeV and a PSD
value more than 3.5 ¢ above the mean of the electromagnetic PSD

distribution are rejected, as they likely involve nuclear recoils.
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— Prompt clusters with E,... > 0.8 MeV are rejected regardless of PSD to

enhance the screening of v-like backgrounds.

— These SE requirements were established after finding that most IBD-like
events in SE segments have an SE F,.. between 0 and 0.8 MeV, as shown

in Fig. 6.25.

e SE Recoil Veto

— Delayed clusters that include any SE pulses are rejected because neutron

capture on %Li occurs in a single segment.

— A veto window is created around events with segments showing SE PSD

above the electron-like band.

— IBD candidates that appear within 170 us of a cluster containing only
high-PSD SE segments are vetoed.

Incorporating both the SE PSD cut and SE recoil veto into the IBD selection
criteria, which include IBD cuts (Section 6.2.1) and background vetoes (Section 6.2.2),
establishes a new phase space of selection requirements. This new phase space must

be optimized in the same manner as the DEER-only analysis.

6.7.2 Re-Optimization with SEER variables

The new phase space of IBD selection cuts and vetoes was optimized using the same
procedure as the DEER-only analysis. This involved utilizing a 20% subset of the
entire dataset evenly sampled across run times to prevent bias in the selection cuts.
In accordance with a typical blind analysis approach, the final IBD spectrum was not
revealed until the selection cuts were optimized.

Optimization was performed sequentially yet independently, allowing each cut or
veto value to vary independently of other selection criteria. During each iteration

of optimizing a specific cut, the full selection criteria were applied to the sample
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Figure 6.25: SE PSD distributions for different SE E,.. projections.

Each energy

projection illustrates the corresponding spectra of IBD-like candidates in reactor-on,

reactor-off, and background-subtracted IBD candidates.
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Figure 6.26: Cut optimization results for the IBD prompt PSD cut (left) and the
SE PSD cut (right). The horizontal axis shows the optimized cut value in units of
standard deviations, no, from the mean of the electron-like PSD and SE PSD gamma
band distributions.

dataset to determine the IBD spectrum and the effective number of IBD events, Neg.
The N.g metric served as the cost function for identifying the optimal value of each
selection cut. The reference selection criteria for each iteration were based on those
used in the DEER-only analysis. Once the optimal value for each cut was identified,
it was considered the first ‘step’ in the minimization process, and the optimized values
became the new reference. This procedure was repeated for three iterations.

Although a correlated approach might yield a more precise characterization of
the IBD parameter phase space, the uncorrelated approach offers several advantages,
including competitive statistical results, reduced computational time, and avoiding
complexities inherent in managing correlated selection cut parameters. The only
correlations considered were those pertinent to the individual parameters defining
each cut or veto. While the optimization process treated each selection cut parameter
independently, the remaining parameters used in the optimization approximated the
physical properties inherent to the IBD process.

Figures 6.26 illustrate the final optimization results for the prompt PSD cut
and the SE PSD cut, respectively. The following is a summary of the optimization

procedure for each cut and veto:

147



e Prompt Cut - PSD

— Parameter varied: The number of standard deviations (no) within which
the PSD for each pulse in the prompt cluster must fall relative to the mean

of the electron-like PSD band.
— Optimization window: [1.0 — 3.0]¢ in increments of 0.20.

— Final optimized value: 2¢.

e Delayed cut - Energy

— Parameter varied: the number of standard deviations (nc) within
which the delayed cluster energy must fall relative to the mean value of

0.526 MeV.
— Optimization window: [1.4-3.6]c in steps of 0.20.

— Final optimized value: 20.

e Delayed cut - PSD

— Parameter varied: The number of standard deviations (no) within which
the PSD for the pulse in the delayed cluster must fall relative to the mean
of the electron-like PSD band.

— Optimization window: [1.0-3.0]c in steps of 0.20.

— Final optimized value: 2.20.

e Time coincidence cut

— Cut was not optimized, and DEER-only analysis cut value was kept.

— Final optimized value: 120 us.

e Distance cut

— The parameters for this cut were varied as a pair
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— Parameters varied: Z,... for a prompt-delayed cluster pair happening
in the same DE segment, and Z,.. for a prompt-delayed cluster pair

happening in adjacent DE segments.

— Optimization windows: [100-180] mm for the same DE segment and
[60-140] mm for adjacent DE segments, both windows are varied in steps

of 20 mm.
— Final optimized values: (140,60) mm for prompt-delayed cluster pairs
occurring in the same and adjacent DE segments, respectively.

e SE PSD cut

— The parameters for this cut were varied as a pair

— Parameters varied: The number of standard deviations (no) within
which the PSD for each SE pulse found in a prompt cluster must fall
relative to the mean of the electron-like SE PSD band, as well as the

upper bound for SE F,.. for each SE pulse in a prompt cluster.

— Optimization windows: [0-4.0] ¢ in steps of 0.5 ¢ for the SE PSD
requirement, and [0.5-2.9] SE MeV in steps of 0.3 SE MeV.

— Final optimized values: 3.5 ¢ and 0.8 SE MeV.

e Muon veto

— Parameter varied: Time window size to tag muon-induced neutron
capture events mimicking IBD-like signals.

— Optimization window: [110-380] s in steps of 30 us.

— Final optimized value: 200 us.
e Neutron veto

— Parameter varied: Time window size to tag multi-neutron showers from

cosmic ray interactions in the materials surrounding the detector.
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— Optimization window: [50-500] us in steps of 50 us.

— Final optimized value: 300 us.

e Recoil veto
— Parameter varied: Time window size to tag cosmic ray interactions that
produce heavy secondaries.
— Optimization window: [50-500] ps in steps of 50 yus.

— Final optimized value: 200 ps. The requirements for E,.. and PSD
remained the same as in the DEER-only analysis, i.e., E... > 0.25 MeV
and a PSD greater than 20 above the peak of the electron-like PSD band.

e SE Recoil veto
— Parameter varied: Time window size to tag any high-PSD neutron
capture-like delayed candidates producing SE pulses in prompt clusters.
— Optimization window: [130-210] us in steps of 30 us.

— Final optimized value: 170 ps. The requirement for SE PSD is
consistent with the SE PSD cut.

e Fiducial cut

— Parameter varied: Z,.. for both prompt and delayed cluster relative to

the segment center defining fiducial volume along the cell.
— Optimization window: [384-504] mm in steps of 20 mm.

— Final optimized value: +484 mm

e Pileup veto

— Cut was not optimized, and DEER-only analysis cut value was kept.

— Final optimized value: 800 us.
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Implementation of DEER+SEER event selection

After the new event selection criteria were optimized, including SEER, it was applied
to the entire dataset to generate updated results. The impact of the new cuts is
shown in Figures 6.27 and 6.28. There is a significant reduction in the number of
correlated IBD-like candidates for both reactor-on and reactor-off conditions. This
improvement is due to the re-optimization of DEER cuts and the incorporation of
SEER, effectively reducing the impact of correlated backgrounds forming the nH and
nC peaks. Additionally, the enhanced ~-background suppression capabilities of SEER
contribute to a decrease in the number of accidental events.

In terms of the main metrics for the IBD analysis, the implementation of SEER

provided the following improvements:
e N.g increased from 18100 to 26779
e S : (B increased from 1.37 to 3.24
e S : AB increased from 1.78 to 3.74

These results highlight the value of incorporating SE information, as it allows for
a signal-to-background ratio greater than 1, which was the design expectation for the
detector. As mentioned earlier, SEER provides new background rejection capabilities
rather than a method for reconstructing IBD events occurring in SE segments. This
is evident in the resulting IBD signal, Nigp, which decreased to 47,996 events. This
decrease is due to adding more selection cuts while maintaining the same number
of DEER segments. Finally, all crosschecks and tests described in Section 6.6 were
performed for the new DEER+SEER signal, yielding consistent results.

6.7.3 Data Splitting

Beyond SEER, the second analysis method introduced for this new effort aims to

better utilize information from earlier periods of data collection where more DE
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Figure 6.27: Comparison of the measured prompt E,.. spectrum of correlated and
accidental IBD-like candidates during reactor-on and reactor-off data periods, using
the old (left) and new (right) event selection criteria.
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(right) event selection criteria.

152



segments were available. This method denoted as Data Splitting (DS), consists of
parsing the PROSPECT-I data into distinct periods to maximize the number of live

segments in each period. The criteria implemented to split the data were

e Each period encompasses a complete operational cycle of the reactor, leading

to five DS periods.

e In all periods, there is a set of data with the reactor off that frames the included
reactor-on cycle, except for period 1. This deviation arises because the initial
data collected by PROSPECT coincided with the reactor being in operation,

eliminating the possibility of having an off-cycle for period 1.
e The reactor-off data is evenly distributed between adjacent periods.

Calibration campaigns served as convenient breakpoints in three of the four-period
divisions. Additionally, all PMTs that were inoperative at any point during a DS
period were excluded. Fig. 6.29 illustrates the time evolution of DE and SE segments.
Generally, the number of SE segments increased over time, except from periods 1 to 2,
when extra caution was exercised after the initial detection of unstable PMTs. This
resulted in more PMTs being turned off than necessary.

This method results in a multi-period analysis that required modifications to the
primary analysis framework, P2X, to properly handle the different numbers of DE
and SE segments for a given detector configuration. To determine the status of each
detector segment for each DS period, the behavior of each segment was tracked at
the DetPulse level, as illustrated in Fig. 6.30 for segment 48. This figure shows
that segment 48 remained a DE segment for periods 1 and 2; then, in period 3, the
right PMT failed, making segment 48 an SE segment for periods 3 and 4 until it
finally became a blind segment in period 5. This process was repeated for all detector
segments, leading to the final detector configurations shown in Fig. 6.31.

The outer layer was designated as a non-fiducial volume for all detector con-

figurations, and now SE segments are also incorporated. Additionally, segments
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24, 25, 26, and 40, located over the v hot spot, were also designated as non-
fiducial segments. This adjustment to the fiducial cut was integrated into the event
selection criteria. Implementing DS with DEER-only segments and cuts resulted in

the following improvements:

Nigp increased from 50,560 to 64,323

Neg increased from 18,100 to 28,464

S : C'B improved from 1.37 to 2.35

S : AB increased from 1.78 to 1.89

These improvements in all metrics are attributed to the increased active volume by
utilizing different detector configurations. The following section discusses the impact

of incorporating both DS and SEER into the IBD analysis.

Period 1 Period 2 Period 3 Period 4 Period 5

Live Segment Number

SE Segments(RxOn)

~ DE Segments(RxOn)

SE Segments(RxOff)

“~- DE Segments(RxOff)

03/05 - 03/31 04/20 - 05/30 06/05 - 07/16 07/16 - 08/27 08/30 - 10/06
2018 Date

Figure 6.29: Time evolution of DE and SE segment numbers during reactor-on and
reactor-off periods, along with the definition of the 5 DS periods. The number of DE
segments decreases over time, while the total number of DE and SE segments shows a

slight decline. The DE and SE segment numbers at the end of each DS period define
the detector configuration used. Source [68].
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Figure 6.30: DetPulse Event rates for segment 48 for individual and paired pulses
across all data runs. Green vertical lines indicate DS period boundaries.

6.7.4 Results of DS+SEER

Integrating DS and SEER into the IBD analysis produced an optimized multi-period
dataset with significant improvements in statistical power and signal-to-background
ratios. Figures 6.32 and 6.33 display the IBD-like spectra detected in each DS period
using the optimized DEER+SEER selection criteria. Periods 2 and 3 show the highest
performance, while period 5, with a detector configuration nearly identical to the
single-detector setup, exhibits the lowest statistics.

A detector response matrix was generated for each DS period to validate the IBD
signal measured in each DS period, incorporating differences in detector configuration
and the new selection criteria. The resulting F,.. distributions for a 4 MeV neutrino
are shown in Fig. 6.34, illustrating the gradual decline in detector response capabilities
over time. Fig. 6.35 compares the single-detector configuration analysis and the
DS+SEER analysis, with all reactor-on, reactor-off, and IBD signal spectra combined
for each period. Table 6.2 summarizes the relevant event rates for previous and
current analyses. The increase in N is primarily attributed to enhanced background

rejection and an expanded active volume.
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Period 1 Period 2

Figure 6.31: Detector configuration used for the 5-period analysis. Each period
corresponds to a reactor on data taking period; see Fig. 6.29 for the reactor on and
off data used for each period.
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Figure 6.32: Reconstructed visible prompt energy F,.. (black) spectrum of IBD
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is scaled to match the reactor-on live time in each case.
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Figure 6.33: Reconstructed visible prompt energy F.,.. (black) spectrum of IBD
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event selection criteria. The reactor-off spectrum (including atmospheric corrections)
is scaled to match the reactor-on live time in each case.
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Figure 6.34: Comparison of the reconstructed F,.. distributions using the response
matrix for each period, based on a 4 MeV monoenergetic neutrino.
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Figure 6.35: Comparison of the reconstructed visible prompt energy F,.. (black)
spectrum of IBD candidates (statistical error only), along with reactor-on (blue
solid) and reactor-off (red solid) correlated candidates, between the single-detector
configuration analysis and the period-integrated multi-period analysis. The reactor-
off spectrum is scaled to match the reactor-on live time in each case, with atmospheric
scaling applied to adjust the reactor-off background.

Table 6.2: Final IBD event statistics for the previous and current analysis. Reactor-
on (Rx-On) and -off (Rx-Off) data taking time is presented in units of calendar days.
Nigp, Negr and both signal to cosmogenic background (S:CB) and signal to accidental
background (S:AB) ratios are calculated over the IBD energy region of [0.8, 7.2] MeV
for previous analysis in [70] and [0.8, 7.4] MeV for the current analysis. Source [68].

Dataset Rx-On(Off) Days Nisbp Neg | S:CB(AB)
Prev. Analysis 95.65(73.09) 50560 + 406 | 18100 | 1.37(1.78)
DS+SEER Analysis 95.62(72.69) 61029 + 338 | 36204 | 3.90(4.31)
Period 1 9.54(14.58) 6357 £ 100 | 4328 4.03(6.21)
Period 2 22.83(15.71) 16546 + 172 | 10259 | 4.35(4.64)
Period 3 23.20(16.40) 15094 + 166 | 9050 4.04(4.44)
Period 4 22.29(16.79) 13486 + 161 | 7742 3.72(3.39)
Period 5 17.76(9.21) 9546 + 146 | 4825 3.38(2.88)
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The new DS+SEER analysis successfully recovered over 10,000 IBD candidates
and significantly enhanced background rejection, nearly doubling PROSPECT’s
statistical power. This enhancement is evident in the increased effective statistics
and the improved signal-to-background ratio, which rose from 1.58 to 4.11, closely
matching the detector performance predicted during the design phase. The resulting,
more robust multi-period dataset provides a solid foundation for advanced analyses
that align with the experiment’s primary objectives. These include a refined spectral
shape analysis to investigate the 5 MeV bump further and a new neutrino oscillation
analysis that will leverage the increased statistical power to improve the search for

sterile neutrino oscillations.

6.8 Chapter summary

This chapter provided a comprehensive overview of the IBD selection strategy
for the PROSPECT experiment, detailing the development, optimization, and
implementation of various cuts and vetoes, as well as the simulation and validation
of the IBD signal. It included a complete summary of the 2020 results obtained
from a single-detector configuration analysis. Furthermore, a new analysis effort
was described, incorporating novel methods and leading to an enhanced multi-period
dataset with improved IBD statistics. The following chapter will present the final
high-level physics analyses conducted by the PROSPECT experiment using this new

dataset, focusing on spectral shape and sterile neutrino oscillations.
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Chapter 7

Multi-Period Spectral Shape

Analysis

As discussed in earlier chapters, it has become increasingly evident over the past
few decades that phenomenological models do not fully account for the physics
of antineutrino emission from reactor cores. Observed reactor antineutrino energy
spectra consistently differ from predictions [53, 109, 35, 47, 70] based on both
beta-spectrum conversion techniques [142, 149] and ab initio nuclear database
calculations [118], mainly showing an excess in the 5-7 MeV range. The source
of this discrepancy remains unclear, as does whether it arises universally across all
fissioning isotopes or is primarily due to the misrepresentation of a single isotope. This
ambiguity is especially difficult to resolve in commercial reactors with low-enriched
uranium cores, where a time-varying mixture of isotopes is burned. Beyond addressing
this modeling challenge, precise antineutrino spectrum measurements could be crucial
in future reactor-based experiments and applications.

Building on this broader challenge, the PROSPECT experiment offers a targeted
approach by focusing on the antineutrino spectrum from a purely 23*U-fueled reactor.
Following a detailed discussion of the antineutrino detection strategy and the

development of a new multi-period dataset with improved statistics, this chapter
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presents the final PROSPECT-only spectral shape analysis. This analysis delivers
one of the most precise measurements to date of the antineutrino spectrum from a
235U-fueled reactor. Unlike previous PROSPECT analyses, this study is conducted
in neutrino space, where the reconstructed multi-period prompt energy spectra are
unfolded into a single antineutrino energy spectrum. This spectrum is then compared
with the HM model [149] and the spectrum from a commercial reactor burning
multiple fuel isotopes, primarily Daya Bay [55]. A local excess over the model is
observed in the 5-7 MeV energy region. Comparing the PROSPECT results with
those from commercial reactors offers new constraints on the origin of this excess,
ruling out at 2.0 and 3.7 levels the hypotheses that antineutrino s from #*U are
solely responsible for, or are non-contributors to, the excess observed at commercial

reactors.

7.1 Description of previous results

PROSPECT has conducted two spectral shape analyses using the single-detector
configuration dataset described earlier. In both studies, the 23U HM was used as the
reference model for comparison with the measured prompt spectra (M,), assuming
no distortion of the spectrum due to potential sterile neutrino oscillations. The HM
spectrum reference model in prompt space was generated by combining the theoretical
prediction of the antineutrino flux (®pgps235) provided by [149] with the IBD cross-
section (oxrpp) [201], resulting in a predicted spectrum in antineutrino space (Spm)
to which the detector response matrix (Rpros) detailed in Section 6.5 is applied. This
process maps antineutrino energy to the reconstructed prompt energy in PROSPECT,

generating an HM-based predicted prompt spectrum denoted as P,

Shm = PHM 235 - OXIBD (7.1)

Pe = RPROS : §HM (72>

163



The results from both analyses—one based on 40.3 days of reactor-on data and
37.8 days of reactor-off data [74], and the other using the full dataset [70]—are
shown in Fig. 7.1. This figure compares the final M, and P, distributions, including
a modified version of P, incorporating contributions from 28Al, ®He, and non-
equilibrium isotopes in the core, as discussed in Section 4.2.2. A deficit is observed
in the 4-6 MeV range of the prompt energy spectrum, aligning with the bump-like
feature reported by other experiments as mentioned in Section 3.3.1. Furthermore,
constraints on the isotopic nature of this deficit were established using a method
similar to that described in Section 7.5. Statistical uncertainties ultimately limited
both analyses.

In addition to its independent efforts, PROSPECT has conducted joint spectral
shape analyses with the Daya Bay (LEU-based) and STEREO (HEU-based) collabo-
rations. In each of these studies, the 23U prompt spectra from each experiment were
combined and unfolded into a single ?*U spectrum in antineutrino energy space,
enabling a detailed spectral shape analysis. In the case of Daya Bay, the contribution
from 2*U to the total measured prompt spectrum was estimated by using the average
fission fraction for this fissile isotope denoted as (fass) = 0.536. The results of
analyses, both using HM as a reference, are presented in Fig. 7.2. In the PROSPECT-
Daya Bay comparison [56], it was found that the ?3°U prompt IBD energy spectra
measured by Daya Bay and PROSPECT are consistent, with uncertainties in the
jointly determined spectral shape reduced to 3%. In the PROSPECT-STEREO
analysis [48], the unfolded #*°U antineutrino spectrum when compared with $my,
revealed a preference for a bump in the 5-6 MeV region with 2.40 significance. Both
combined studies employed the Wiener-SVD unfolding method [195].

Motivated by the PROSPECT-only and joint spectral shape analyses, the final
multi-period spectral shape analysis will build upon the experience gained from
conducting model-comparison and hypothesis-testing studies in previous work, as
well as the insights gained from implementing unfolding methods while also taking

advantage of the improved dataset.
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Figure 7.1: Left(right) figure illustrates the 2018(2020) PROSPECT spectral shape
analysis. Top: Comparison of the 23U model to the measured PROSPECT E,..
spectrum. Middle: The ratio of the measurement to the HFIR prediction is based on
the HM. Bottom: The local p-value from 1 MeV- and 200 keV-wide sliding windows,
quantifying any local deviations from the model prediction. Error bars on data
points represent statistical uncertainties, while error bands on the model represent
systematic uncertainty contributions. Source [74, 70].
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7.2 Description of datasets

7.2.1 Data inputs

As detailed in the previous chapter, the DS+SEER analysis produced five independent
prompt energy spectra (M, ), which are presented in Fig. 7.3. This figure also includes
the HM-based predicted prompt energy spectra (P.) for each period, which were
obtained by applying the joint response matrix depicted in Fig. 7.4 to Spy just as
in Eq. 7.2. Each response matrix is scaled to align with the Nigp for its respective
period. The response matrices for the spectrum analysis are generated as described
in Section 6.5, where each resulting matrix is 33x26 in size, with 33 representing the
number of prompt energy bins covering the range [0.8, 7.4] MeV, and 26 corresponding
to the number of antineutrino energy bins spanning [1.8, 8.3] MeV.

Fig. 7.5 presents the aggregated sum of all M, distributions, with the lower panels
illustrating the compatibility between periods by showing the ratio of each period’s M,
to the average prompt spectrum M, which is derived from the period-normalized sum
of all M,. The dotted lines represent the ratio of each P, to M,. Despite significant
variations in the number of inoperative PMT channels, the detector response remains
consistent across DS periods, as evidenced by the flatness of these ratio plots. Minor
deviations at the low and high energy edges indicate slight differences in the PG4-
predicted response.

To thoroughly compare the measured spectra with a reference model, whether
in prompt or antineutrino space, it is crucial to fully account for all statistical,
systematic, and model uncertainties. In the PROSPECT experiment, each high-level
analysis requiring comparing data and predictions utilizes a x? test statistic based on
a covariance matrix formalism described in A.1. The following sections detail the
generation and implementation of all relevant covariance matrices for the spectrum

analysis.
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(RxOff) prompt spectra, respectively, for all periods, while the point distribution is
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7.2.2 Statistical uncertainty

Every covariance matrix for the spectrum analysis is presented as a 165x165 matrix,
constructed as a 5x5 block matrix in units of square background subtracted IBD
counts (Nfsp). The diagonal blocks correspond to each period’s prompt covariance
matrix, with each 33x33 diagonal block covering an energy range of [0.8-7.4] MeV and
a bin width of 0.2 MeV. The off-diagonal elements represent the correlations between
different periods.

The statistical covariance matrix, denoted as V¢, is primarily driven by reactor-
on IBD candidates and the cosmogenic background estimate subtracted using reactor-
off IBD candidate data, as illustrated in Eq. 6.5. The impact of subtracted accidental
backgrounds during reactor-on and reactor-off periods on the overall statistical
uncertainty is minimal due to their calculation’s large offset time window. The period-
uncorrelated statistical uncertainties from each DS period dataset, which form the
diagonal of V., are determined by the Poisson error of each energy bin, adjusted
for relative live time and environmental variations across datasets and data periods.

Fig. 7.6 illustrates the total statistical covariance matrix.

7.2.3 Systematic uncertainties

The individual contributions from each systematic uncertainty impacting the spec-
trum analysis were determined through dedicated studies of each effect. A summary
of the systematic uncertainties considered in the spectrum analysis is presented in
Table 7.1.

For each systematic uncertainty parameter listed in Table 7.1, a covariance matrix
V, is generated by analyzing systematically fluctuated MC datasets as described in
A.1.1. The detector configurations shown in Fig. 6.31 are used to create MC datasets
that account for spatial and detector effects, including variations in dead and SE

segments. This process starts with generating 10> MC datasets, each varying a single
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Table 7.1: Systematic uncertainties considered for the spectrum analysis.

Parameter Uncertainty | Description
Variations in background levels
Background Norm. 1%
between reactor on and off periods.
Uncertainty in background subtraction
n-H Peak 3%
within the n-H peak region.
) ) Uncertainty in energy deposition
Detector Non-linearity 0.002
due to Birks’ non-linearity.
L Uncertainty in the contribution of
Cherenkov Contribution | 0.41
Cherenkov radiation to detected photons.
Uncertainty in the calibration
Energy Scale 0.004
of the linear energy scale.
_ Uncertainty in the contribution of
Energy Resolution 5%
photostatistics to energy resolution.
Uncertainty in energy loss
Energy Loss 8 keV
from escaping 511 keV v-rays.
o Uncertainty in the contribution of
Al Activation 100%
Al decay to the spectrum.
Uncertainty in contributions from
Non-equilibrium Corr. 100% long-lived fission products in
antineutrino spectrum.
' Uncertainty in the mass of
Panel Thickness 0.03 mm
scintillator separator panels.
L Uncertainty in event localization
7 Fiducial Cut 25 mm
near the fiducial volume edge.
Uncertainty in the energy threshold
Energy Threshold 5 keV
applied segment by segment.
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Figure 7.6: Total statistical covariance matrix Vg, used in the spectral shape
analysis. No statistical correlation between periods is observed.

systematic uncertainty parameter according to a Gaussian distribution with a lo
width, as specified in Table 7.1.

Toy MC distributions for energy resolution, leakage, and linear scale variations
are generated by analytically adjusting the HM-based P, prediction. Similarly, for
background normalization uncertainty, fluctuated datasets are created by systemat-
ically varying the reactor-on cosmogenic background prediction. Additionally, toy
MC distributions for energy threshold variations are produced using the default HM-
based PG4 dataset, with a range of reconstructed pulse energy threshold requirements
incorporated into the analysis chain.

For uncertainties related to reflector panel thickness and scintillator non-linearity
parameters, MC distributions are generated using PG4 IBD datasets with adjusted
simulation parameters regarding the Birks coefficients. For reactor-related spectrum
uncertainties, a 100% uncertainty is assumed for all non-?*U corrections and the

non-equilibrium correction.
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Lastly, jointly unfolding data from closely related measurements requires careful
consideration of correlated uncertainties between datasets. Systematic uncertainties
arising from background variations and IBD spectrum background subtraction are
treated as uncorrelated between periods, while all other systematic uncertainties are
considered period-correlated. Similarly to the final statistical covariance matrix,
the final systematic covariance matrix is built block-diagonally with non-zero
contributions in the off-diagonal blocks.

Each systematic covariance matrix was generated using the procedure described
in Section. A.1.1. Fig. 7.7 shows the total covariance matrix used for this analysis
incorporating both statistic and systematic errors where the period-correlation
contributions from systematic uncertainties can be observed. Furthermore, to
illustrate the relative contribution from different uncertainty sources for the spectrum
analysis, Fig 7.8 shows the relative uncertainty from the diagonal elements of the
various sources of uncertainties for all periods and the impact of the evolving detector
configuration. As observed, statistical uncertainty is the dominant source across all
periods, with detector-related systematic uncertainties being the largest sub-dominant
contributor. The primary sources of detector systematic uncertainties include the
limitations in understanding the detector’s E... scale and non-linearity, as well as the
uncertainty in the total dead mass contributed by the reflecting walls of the optical
grid. The total covariance matrix produced served as one of the main inputs for the

unfolding procedure described in Section 7.3.

7.3 Unfolding strategy

Multi-period detector response unfolding enables the combination of spectra measured
with varying detector responses in the different DS periods into a single antineutrino
energy spectrum that can be compared to reactor models or other experimental
measurements. The final PROSPECT spectral shape analysis uses the WienerSVD
approach to perform the unfolding [195].
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Figure 7.7: Uncertainties for each period of the PROSPECT 2*®Uantineutrino
spectrum measurement, represented by the relative uncertainty in the diagonal
elements.

7.3.1 Unfolding PROSPECT Data

Following the unfolding formalism described in Section. A.2, the final PROSPECT

unfolded #**U spectrum, $p0s, can be obtained as follows:

gpros = AW : (RprosTRpros)i1 : RprosT - M (73)

where Ay, is the smearing matrix containing the effects of regularization using the
Wiener filter We. The response matrix R,0s contains the stacked responses for the
separate periods, and the data matrix M is the stacked absolute prompt energy

spectra (M,) for each data period (1-5).

R} M}
pPros e

Rpos=| + | . M=]|: (7.4)
R?m"os Me5

174



Reconstructed Visible Energy [MeV]

Kl Period 3 Kl Period 4
§0:30 N § 030 —
a —— Total Uncertainties ] —— Total Uncertainties
2 —— Statistical Effects 2 —— Statistical Effects
2 0.25] — Detector Effects 2 0.25] — Detector Effects
2z --- Missing E z --- Missing E
| —— E-Threshold ) —— E-Threshold
g N g N
Zoz0| — 2fid Zoz0| — 2fid
F —-= Nonlinearity F —-= Nonlinearity
3 E-Resolution 3 E-Resolution
] _ i ] _ i
£ 015 Wall Thickness £ 015 Wall Thickness
010
005
0.00

Reconstructed Visible Energy [MeV]

3 Period 1 El Period 2
§0.30 §0.30

2 —— Total Uncertainties 2 —— Total Uncertainties
2 —— Statistical Effects 2 ——— Statistical Effects
S 0.25{ — Detector Effects S 0.25{ — Detector Effects

z --= Missing E z --= Missing E

£ —— E-Threshold 2 —— E-Threshold

£o20{ — Zfid £o20{ — Zfid

H —-— Nonlinearity H —-— Nonlinearity

g 2

2 E-Resolution Z E-Resolution

] - i ] _ i

£ 015 Wall Thickness £ 015 Wall Thickness

Reconstructed Visible Energy [MeV]

E Period 5
13 0.30
g —— Total Uncertainties
2 —— Statistical Effects
2 0.25] — Detector Effects
2z --- Missing E
s —— E-Threshold
5 A
£020] — 2fid
° —-— Nonlinearity
Z E-Resolution
z o )
2 015 Wall Thickness
0.10
0.05
0.00

Reconstructed Visible Energy [MeV]

Reconstructed Visible Energy [MeV]

Figure 7.8: Relative uncertainty from diagonal elements of the different covariance
matrices in the spectral shape analysis for each DS period.
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The Wiener-SVD method relies on an estimate of the true spectrum given by
Shm- A toy study was conducted to estimate the Wiener filter and the corresponding

smearing matrix Ay .

7.3.2 Optimizing the Wiener filter

As outlined in Section A.2, the purpose of W is to optimize the scaling of each bin in
the unfolded spectrum, maximizing the signal-to-background ratio while minimizing
bias. The final W¢ used for unfolding the PROSPECT data was derived as the average
filter across 10,000 MC toys. Each toy was generated from the total covariance matrix
Vit using the procedure outlined in Section A.1.2. The Wiener-SVD technique was
then applied to extract the filter corresponding to each fluctuated toy.

This process was iterated for 10,000 toys, with each iteration refining Wy and
Aw by averaging the results from the preceding N — i toys. As a result, the N
toy comparison with the reference model utilized an optimized smearing matrix
that effectively reduced bias while preserving a high signal-to-background ratio.
Fig. 7.9 illustrates the evolution of the average bias introduced by the process,
calculated as the difference between each unfolded toy and the model, showing that
by approximately 7,000 toys, the filter has been optimized.

In addition, this procedure allowed for the generation of a total unfolded covariance

matrix Vi, ; such that

Viot,spros (k) = N, 2(52(]’) — Aw; - §HM(k)) ) (5’;(1@ — Aw; - éHM(J’)) (7.5)
oy .

where Vit s,...(j,x) corresponds to the (j, k) element of the unfolded covariance matrix
and § represents each of the unfolded toys. The resulting Vi, s is illustrated in

Fig. 7.10 along with the final smearing matrix Ay .
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representing the energy range in antineutrino space from [1.8-8.3] MeV.
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Following the completion of the optimization procedure, the resulting We and Ay,
were applied in Eq. 7.3 to obtain a single PROSPECT unfolded spectrum as depicted
in the top panel of Fig. 7.11. The figure also contains the reference model spectrum
Spm to which the final Ay, has been applied to account for unfolding bias, together

with the reactor’s estimations for non-fuel and non-equilibrium contributions.

7.4 Spectral shape comparison

The agreement between the unfolded spectrum 5, and the model 5, is quantified
using the covariance matrix-based x? test statistic described in Section A.1.1. In this

case, Eq. A.12 can be rewritten as

ATVIA

2
* (7.6)
X* = (8pros — Aw * 8rm) " - Viii4 - (8pros — Aw + 8nm)

where Vinroid = Viot,spr0s + Va,mar is the sum of the respective unfolded covariance
matrices for PROSPECT and the HM covariance [149]. Applying Eq. 7.6 yields a
x? value of ¥%,, = 30.2/25, corresponding to a single-sided p-value of p = 0.22,
indicating general agreement between the data and the model.

The second panel of Fig. 7.11 illustrates the ratio of §, to (Aw - $5,m) Where a local
discrepancy is observed at energies between 5-7 MeV. This discrepancy is further
investigated using a sliding window method [61, 70], where nuisance parameters are
introduced within 1.25 MeV-wide windows along the spectrum. These windows are
chosen based on the scale of deviations observed in previous experiments. The Ay?
relative to the best fit is calculated for each window, along with its corresponding
single-sided p-value. The results, depicted in Fig. 7.11, confirm the presence of a
local excess in this energy range.

As previously noted, the persistent excess observed in the 5-7 MeV energy

range has been consistently reported across various modern reactor antineutrino

experiments [53, 109, 35, 47, 70]. A prominent case study worth comparing against
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The points represent PROSPECT’s unfolded antineutrino spectrum, the magenta line
indicates the HM 25U prediction, and the gray shaded histogram shows the reactor’s
non-fuel and non-equilibrium contributions, which have been subtracted from the
data. Middle: The ratio of data to the model is shown, along with the Gaussian
function Gpro(A - 7, i, o) obtained from the simultaneous fit of the unfolded spectra
from PROSPECT and DYB. Bottom: The local p-value is shown, derived from a 1.25
MeV-wide sliding window analysis. Source [68]
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is the Daya Bay experiment, which analyzed LEU-derived spectra through a time-
evolution study of fission fractions at the Daya Bay nuclear power complex [55]. When
comparing PROSPECT’s HEU-derived unfolded spectrum (8,,.,s) with Daya Bay’s
LEU-derived #3U unfolded spectrum (84,) using Eq. 7.6, where A = (8,05 — Sayp)
and Vinsoid = Viot,spres + Viot,s e & reduced y? value of )ZQDY 5 = 20.2/23 is obtained,
corresponding to a p-value of p = 0.63. It is worth noting that the number of degrees
of freedom presented for both Y%, 5 and Y%, is different because 8y, is presented
as a 26-bin vector spanning an energy range of [1.8,8.3] MeV, while §4, is a 24-bin
vector spanning an energy range of [1.8,7.8] MeV.

This result indicates a higher consistency between the two experimental spectra
than the comparison made with the HM model, highlighting the need for more
accurate models to predict antineutrino yields from nuclear reactors. However, the
origin of the discrepancy observed by both experiments remains unclear, mainly
whether it is a universal feature across all fissioning isotopes or primarily due to
misrepresenting a specific isotope. To investigate the isotopic source of this excess,
its intensity can be compared in composite HEU- and LEU-based measurements [144,
99, 151, 74, 70], as described in the next section. These comparisons utilize the
total unfolded spectrum from Daya Bay, 34y 41, Which includes contributions from all

fissioning isotopes.

7.5 Hypothesis testing

When addressing the question of the isotopic nature of the bump-like feature in
the antineutrino spectrum resulting from data-model comparisons, three primary
hypotheses are commonly discussed in the literature: (1) 2**U exhibits no excess, with
the discrepancy between data and models attributed to sub-dominant fission isotopes
(No-2%U hypothesis), (2) all isotopes contribute equally to the excess (Equal-Isotope
hypothesis), and (3) ?**U is solely responsible for the entire observed excess (All-

2357 hypothesis). To investigate these scenarios, the excess reported when comparing
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both §,,0s and 544 against their respective fuel-modeled HM spectra 8garpros and

SHM.dybau are quantified using a combined Gaussian excess fit procedure.

7.5.1 Gaussian excess fit - procedure

The first step in performing this fit is to quantify the magnitude of the excess observed
by each experiment. This is done by comparing the unfolded spectrum from each
experiment to modified versions of their respective fuel-modeled HM spectra, denoted
as Siarpros A 8pas g - These modifications involve adding a Gaussian function,
Gpros(Npro, A - 1, 1, 0) for PROSPECT and Glayp au(nayb,ai, A, p, o) for Daya Bay, to

each model such that

é/HM,pros = 8HM.pros * (1 + Gpros(Mpro, A - 1, 1, 0)) (7.7)
g/HM,alylo,an = SHM,dyb,all - (1 + Gdyb,all(ndyb,alla A, U)) (7-8)

Since it is assumed that the nature of the reported excess is the same for both HEU
and LEU measurements—where only the intensity of each excess varies depending on
the fissile isotopic composition of the fuel—a common mean p and standard deviation
o are chosen for the Gaussian functions, while their amplitudes are related by a scaling
factor r, such that A = Ay oy and A,os = Agypau - - In addition, a normalization
factor n, to the model, specific to each experiment, is included in each Gaussian
function motivated by the lack of absolute flux information in the analysis.

As detailed in Section 7.3.1, before comparing the perturbed models in Eqs. 7.7-
7.8 to their corresponding experimental data, each model must be carefully adjusted
to account for the specific unfolding effects reported by each experiment by applying
the respective final smearing matrices Ay pros and Aw, gy, aii-

Once the perturbed models have been appropriately smeared, the Gaussian
excess fitting process can be carried out. In this analysis, the process involves the

simultaneous minimization of two functions defined as:
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A1
_ T N7 2
fpros (npr057 A- r, 1, J) - Apros * Vopros 'Apros - Xprosv

L (7.9)
fayb.at (Nayp,ans A, 1, 0) = AdTyb,alz : deb,azz Adyball = XZyb,all’
where
Apros - éplr'os - AW,pros : é/I—IM,pros (7 10)
Adyb,all - édyb,all - AVV,dyb,all : é/HM,dyb,all
Vpros = ‘/tOt,ngOS + (AW,pros : V;fot,§H1\47pros ' AIV;/,pros) (7 11)

” _ T
deb,all - ‘/;Otvgdyb,all + (AWdyb,all ’ ‘/tOtvéHledyb,all ’ AW,dyb,all)
The minimization function adjusts all six parameters to find the minimum value

for the combined sum X3, + XZyp.au-

7.5.2 Gaussian excess fit - results

The simultaneous data-model described in Eq. 7.9 minimization yielded an excess
amplitude of A = 1144% and an HEU-to-LEU ratio of r = 0.791032, with a reduced
chi-square value of Y2 = 34.8/44 (p = 0.84). Making use of these best fit parameters,
the Gaussian function Gpros(npro; A - 7, , o) is plotted in the second panel Fig. 7.11
demonstrated good agreement with the observed data-model ratio. In addition, the
final Ax? profile for the combined minimization is illustrated by the solid line in
Fig. 7.12 obtained by letting r vary while keeping A, p and o fixed. Ax? is defined
as Ax? = x%? —x2,,,, where x2 . was obtained for r = 0.797532. The obtained excess
amplitude for pure U and the LEU spectrum makes it possible to assess spectral
mis-modeling by considering the three hypotheses discussed earlier.

In the No-?*U scenario, a null-excess condition for PROSPECT (r = 0) must
be satisfied irrespective of any excess in the Daya Bay spectrum. This scenario
corresponds to a Ax? = 13.6 (p = 2.26 - 1071), indicating that the PROSPECT
data strongly disfavors this hypothesis, with a significance of 3.70. Under the equal-
isotope hypothesis, PROSPECT and Daya Bay should observe identical excesses,
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corresponding to r = 1.0. In Fig. 7.12, this hypothesis profiles at Ax? = 0.4
(p = 0.53), suggesting that the data from PROSPECT and Daya Bay are consistent
with all isotopes contributing equally to the excess. Finally, according to the All-
235U hypothesis, the excess observed in the Daya Bay composite spectrum would
be attributed solely to the average effective fraction of fissions from 23°U, which is
(f235)=0.564 [55]. This hypothesis implies that PROSPECT should observe a larger
excess amplitude than Daya Bay, specifically r = <fQ—135> = 1.77. This scenario profiles
at Ax? = 3.9 (p = 0.05) in Fig. 7.12, indicating that the PROSPECT data disfavor
the All-233U hypothesis with a significance of 2.0 o.

The full set of uncertainties in the Daya Bay measurement, primarily influenced
by detector systematics not included in previous PROSPECT analyses, are included
in the simultaneous minimization, significantly affecting hypothesis rejection capa-
bilities. The dashed profile in Fig. ??llustrates this impact fig:DeltaChi2, which
shows the effect of downscaling Daya Bay’s covariance matrix by four orders of
magnitude, effectively making Daya Bay’s uncertainties negligible in the fit. In this
adjusted scenario, the hypothesis rejection power for the All-?*>U hypothesis improves
dramatically, approaching nearly 5 o, an enhancement over the results previously
reported by PROSPECT in [70]. Given the substantial influence of uncorrelated
detector systematics on this comparison, future measurements of HEU and LEU
cores using a common detector [125, 71, 39] would be particularly valuable in further

refining and testing the All-?**U hypothesis.

7.6 PROSPECT in the global context

The enhancement in the statistical power of the PROSPECT data and its impact on
the new spectral shape analysis can be demonstrated by comparing the total relative
uncertainties from this analysis with those from previous PROSPECT results and
other reactor-based experiments. Fig. 7.13 presents a comparison of the relative

uncertainties in the diagonal elements of the total covariance matrices for both the
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Figure 7.12: Ayx? distributions for a simultaneous Gaussian-like excess fit of
PROSPECT’s and Daya Bay’s unfolded spectra. The profile from the combined
fit (solid black) shows asymmetric behavior, mainly due to the minimal impact of
Daya Bay’s spectrum in rejecting the No-?*U hypothesis. The best-fit value is
r = 0.79103 with Ax? = 13.6(3.9) relative to r = 0 (No-23U hypothesis, magenta
line) and r = 1.77 (All-***U hypothesis, red line). The green dotted line represents
the equal-isotope hypothesis (r = 1), intersecting the profile at Ay? = 0.4. When
Daya Bay’s uncertainties are significantly reduced (dotted black), the distribution of
the Ax? becomes symmetric. Source [68]
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previous and final PROSPECT-only spectral shape analyses in prompt energy space,
highlighting the improvements in the dataset. A significant reduction in uncertainty
is observed, particularly in the 4-6 MeV region where the ‘bump’ is located.
Furthermore, Fig. 7.14 compares the relative uncertainties in the diagonal
elements of the total unfolded covariance matrices from the latest results of the
PROSPECT, STEREO, and Daya Bay experiments. While this comparison is
somewhat complicated, given that PROSPECT does not include uncertainties related
to absolute flux normalization as the other experiments do, the statistical power of
the PROSPECT data is still clear, particularly in the 5-7 MeV region where the
‘bump’ anomaly has been observed. This highlights the high precision achieved by
the PROSPECT analysis, even with a smaller data set compared to the other two

collaborations.

7.7 Chapter summary

Leveraging the improved multi-period dataset, one of the most precise measurements
of the *°U antineutrino energy spectrum to date has been achieved from the HFIR
HEU reactor by PROSPECT through a simultaneous multi-period unfolding using
the WienerSVD formalism. Comparisons of the measured spectra with the HM 235U
model and LEU-based measurements reveal consistent high-energy spectral excesses
between HEU and LEU reactors, effectively disfavoring both the No-23*U and All-23°U
hypotheses at 3.70 and 2.00, respectively, as explanations for the 5-7 MeV excess. In
alignment with recent advancements in modeling and fission beta measurements [118,
157], these final PROSPECT-I results further reinforce the theoretically plausible
scenario that all primary fission isotopes are subject to incorrectly predicted reactor

antineutrino spectra.
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Figure 7.13: Comparison of the relative uncertainty contributions from the diagonal
elements of the total prompt covariance matrices between the PROSPECT-only
analyses. The new results (solid lines) and the old (dashed lines) illustrate the
significant enhancement provided by the DS+SEER analysis.
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STEREQ, illustrating the high precision achieved by the new multi-period analysis.
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Chapter 8

Multi-Period Sterile Neutrino

Oscillation Analysis

Reactor neutrino experiments, as discussed in earlier chapters, have played a crucial
role in precisely determining three of the six parameters that describe neutrino mixing
within the Standard Model: 613, Am2,, and |Am3,| [194]. However, discrepancies
between the observed and predicted reactor 7, fluxes [172] have prompted the
development of new experiments and analyses aimed at exploring the active-sterile
neutrino mixing parameters Am32, and 614 [127]. As outlined in Section 2.7.1 ,the
possible existence of a sterile neutrino, which would indicate new BSM physics,
could account for observed deficits in electron-flavor neutrino detection rates when
compared to theoretical predictions in reactor [170] and radioactive source neutrino

experiments [50, 7]. The disappearance probability describes these deficits:
Pyis = sin? 20, sin® | 1.267Am] (eVQ)ﬂ (8.1)
dis 14 . 41 EV(MGV) y .

where Am3, represents the mass-squared difference, 614 is the mixing angle that
quantifies the electron flavor content of the new mass state, and E, and L are the

neutrino energy and travel distance (baseline), respectively.
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Sterile neutrino oscillations in the PROSPECT dataset are analyzed by comparing
prompt F,.. spectra across different detector baselines. The following chapter will
discuss the distribution of the PROSPECT datasets across various baseline bins,
outline the statistical methods employed to detect unexpected relative variations in
E.. spectra between baselines and present new findings based on the multi-period
dataset described in Chapter 6. These findings establish new constraints on sterile
neutrino oscillations in previously unexplored regions between 0.2 and 20 eVZ2. This
analysis results in the exclusion, at the 95% confidence level, of sterile neutrinos in
the areas above 3 ¢V?, previously unprobed by terrestrial experiments, including the
entire region below 10 eV? suggested by the recently reinforced Gallium Anomaly [88].
Moreover, the best-fit point of the Neutrino-4 [190] reactor experiment’s claimed
observation of short-baseline oscillation is excluded at more than five standard

deviations.

8.1 Description of previous analysis

PROSPECT has conducted two searches for sterile neutrino oscillations using the
single-detector configuration dataset described in Chapter 6: one based on a partial
dataset [82] and the other on the full dataset [70]. Both analyses compared relative
spectral shapes across detector baselines ranging from 6.7 to 9.2 meters, as shown in
Fig. 8.1. The first analysis employed a uniformly spaced baseline binning with six
intervals. The second used a non-uniform binning with ten intervals to ensure equal
statistics across baselines, thereby minimizing potential biases. Both analyses utilized
16 energy bins covering a prompt energy range of 0.8 to 7.3 MeV. To assess sensitivity
and exclusion contours, as well as to establish confidence level intervals indicating
the preference of the PROSPECT data for the no-oscillation (Null) hypothesis, both
studies employed statistical methods such as Gaussian CLs and Feldman-Cousins,

which are detailed Sections A.4 and A.5 respectively. The results, shown in Fig. 8.2,
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reveal that the first analysis disfavored the RAA best-fit point at a 2.2 ¢ confidence
level, while the second analysis disfavored it at 2.5¢.

Despite the success of these rigorous analyses in expanding the neutrino com-
munity’s understanding of the sterile neutrino oscillation phase space, particularly
in addressing the RAA, both efforts—like the initial spectral shape studies—were
constrained by statistical limitations. Building on the development of the improved
multi-period dataset, a new oscillation analysis was undertaken, leveraging the

enhanced statistical power provided by DS and SEER.

8.1.1 Motivation shift since last oscillation result

Recent findings in the reactor experiment sector, including Daya Bay’s 7, flux
measurements [62], along with advances in nuclear theory [145, 118, 181] and
experimental work [158], suggest that inaccuracies in reactor 7, model predictions are
likely responsible for the observed 7, deficits. This has led to a diminished interest
in the RAA as a direct indicator of BSM physics.

Nonetheless, the acquisition of additional high-precision data from short-baseline
reactor experiments remains crucial, particularly in light of the Neutrino-4 experi-
ment, which recently reported a deficit with an amplitude similar to the RAA and
an L/FE, dependence indicative of sterile-induced oscillations [190]. Furthermore,
electron-flavor deficits continue to be observed in MeV-scale radioactive source
measurements, known as the ’Gallium Anomaly’ [88], which cannot be explained
by the reactor model inconsistencies that are believed to account for the RAA [128].
Both of these serve as motivation for a new search for sterile neutrinos with the

PROSPECT-I dataset.

The Neutrino-4 experiment

The Neutrino-4 experiment [190], conducted at the SM-3 reactor in Dimitrovgrad,

Russia, aimed to detect possible oscillations of reactor antineutrinos into sterile states
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Figure 8.1: Ratio of the measured IBD prompt E,e., spectra to the baseline-
integrated spectrum for the first (top) and second (bottom) PROSPECT oscillation
analyses. Also shown are the no-oscillation (flat) expectation and the oscillated
expectation corresponding to the RAA best-fit oscillation parameters [170] for both
analyses. Source [82, 70].
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Figure 8.2: Exclusion contours from the first (left) and second (right) sterile neutrino
oscillation analyses performed by PROSPECT. Both analyses show a preference for
the null oscillation hypothesis. Source: [82, 70].

by measuring their flux and spectrum at varying distances from the reactor core.
The experiment employed a compact, movable detector system capable of measuring
antineutrino flux at distances ranging from 6 to 12 meters from the reactor core. The
detector, segmented into 50 sections filled with gadolinium-doped liquid scintillator,
was explicitly designed to detect IBD events. The detector was encased in heavy
passive shielding composed of steel, lead, and borated polyethylene to minimize
background noise, particularly from cosmic rays and fast neutrons. The mobility
of the detector was crucial for identifying potential oscillation effects.

Similar to the approach used in the PROSPECT experiment, Neutrino-4 alter-
nated between reactor-on and reactor-off periods to distinguish antineutrino signals
from background noise. The collected data revealed a deficit in the expected
antineutrino flux, consistent with neutrino oscillations involving sterile neutrinos.
The analysis focused on determining the oscillation parameters, Am2, and sin?(26,4),
which describe the mass-squared difference and mixing angle between the active and
sterile neutrino states. The best-fit parameters were Am?, = 7.3 & 1.17 eV? and
sin?(26014) = 0.36 4 0.12, derived from the observed antineutrino flux deficit as a

function of distance from the reactor core. These oscillations were detected with a
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statistical significance of 2.90, suggesting the presence of sterile neutrinos. The main
results from this experiment are illustrated in Fig. 8.3.

The authors plan to enhance the Neutrino-4 experimental setup to achieve greater
sensitivity and reduce systematic uncertainties. By improving measurement accuracy
by a factor of three, they aim to provide more definitive evidence regarding the
existence of sterile neutrinos. Future experiments will focus on extending the range

of measurement distances and further refining background suppression techniques.

The BEST experiment

The Baksan Experiment on Sterile Transitions (BEST) [88], conducted at the Baksan
Neutrino Observatory deep in the Caucasus mountains of Russia, was specifically
designed to test the hypothesis of electron-neutrino transitions to sterile states.
Utilizing two concentric zones of liquid gallium (Ga) as the neutrino target, BEST
employed a 5'Cr radioactive source, which emits primarily monoenergetic neutrinos,
ideal for probing short-baseline oscillations. This two-zone design enabled the
experiment to measure neutrino interaction rates at two different distances from the
source, providing a unique opportunity to search for oscillations on a meter scale.
The inner zone of the target contained approximately 7.47 tons of liquid Ga,

while the outer zone held around 39.96 tons. The experiment focused on measuring
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Figure 8.3: Allowed region for the Neutrino-4 result reporting a best-fit at Am?2, =
7.3 4 1.17 eV? and sin?(2614) = 0.36 £ 0.12, as well as an apparent oscillatory L/E,
data distribution. Source [190].
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the production rates of the radioactive isotope "'Ge, which is produced by the
interaction of electron neutrinos (v.) with Ga. From July 5 to October 13, 2019,
the °!Cr source irradiated the Ga target with an activity of 3.414 MCi, resulting
in 20 independent extractions of 'Ge. These extractions were analyzed using
low-background proportional counters, with rigorous calibration and event selection
procedures to ensure accurate differentiation between true "'Ge decay events and
background noise.

The experiment observed deficits in the "'Ge production rates in the inner
and outer target zones, compared to the predicted rates based on known neutrino
interaction cross sections. Specifically, the measured production rates were ap-
proximately 54.9 atoms/day for the inner zone and 72.6 atoms/day for the outer
zone, showing significant deviations from the expected values without sterile neutrino
oscillations. These observed deficits were analyzed under the ‘341’ framework of
neutrino oscillations involving sterile neutrinos (see Section. 2.7.1). The best-fit
parameters for this model indicated a mass-squared difference of Am? = 3.375% eV?
and a mixing angle of sin?(20) = 0.427512. These results, illustrated in Fig. 8.4
suggest that if sterile neutrinos are responsible for the gallium anomaly, they would
involve a surprisingly large mixing angle with active neutrinos, a characteristic not

typically expected in sterile neutrino models.

8.2 Description of datasets

To perform the final oscillation analysis, the prompt spectra (M,) from each data
period are divided into 6 different groups based on segments of common baseline (L)
range, where L is defined as the distance from the IBD 7 cluster’s S,.. midpoint to
the reactor center. Unlike in previous analyses, IBD candidates in each baseline group
are further categorized by their cluster’s E,.. into 0.2 MeV wide bins, ranging from
0.8 to 7.4 MeV. This ensures that the prompt energy binning aligns with the final
spectrum analysis described in Chapter 7. The choice for both L and E,.. binning
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Figure 8.4: Allowed regions for two BEST results. The best-fit point is sin?26 =
0.42%572, Am? = 3.375% eV? and is indicated by a point. Source [88].

resulted from the optimization procedure described in the next Section 8.4.4. Fig. 8.5
illustrates the baseline assignment for each segment in every detector configuration

across all DS periods.

8.2.1 Data inputs

Using the binning scheme described in the previous section, the PROSPECT data
can be represented by the measured prompt spectra for each baseline, denoted as

M, ., where:

6
M, = Z M, (8.2)
I=1

Figures 8.6-8.10 illustrate these distributions, showing the correlated and acci-
dental IBD candidates during reactor-on and reactor-off periods, along with the
background-subtracted IBD candidates for each data-taking period. These figures
correspond to the M. distributions, analogous to Fig. 6.33, which presents the

baseline-integrated M, distributions. For the oscillation analysis, a total of 990 bins
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are used: 5 data-taking periods, 6 baseline bins, and 33 reconstructed energy bins,

resulting in 5 x 6 x 33 bins.

Response matrices

In addition to the format in which the measured spectra are presented, a fundamental
difference in this analysis is the method used to generate the response matrices,
as described in Section 6.5. Unlike in the spectral shape analysis, the response
matrices here are generated by treating each active detector segment in each period
as an independent volume. As a result, a separate response matrix is generated for
every active segment by simulating 10,000 random IBD vertices for monoenergetic
antineutrinos with energies ranging from 1.8 MeV to 10.0 MeV in 0.1 MeV bins, using
the PG4 framework, following the procedure outlined in Section 6.5. Considering the
distribution of DE, SE, and blind segments for period 5, illustrated in Fig. 6.31, it
is expected that the more SE and blind segments surrounding a DE segment, the
poorer the energy response will be. This effect is demonstrated in Fig. 8.11, which
shows the reconstructed prompt energy distributions for three different antineutrino
energies obtained from the response matrices of segments 45, 90, and 138 in period
5. Segment 90 has the best response, while segment 45 has the worst.

A similar check can be performed by comparing the response of a single segment
across different periods, as shown in Fig. 8.12. This figure demonstrates how changes
in the distribution of DE, SE, and blind segments over time affect the response of an
individual segment, specifically segment 45. It is evident that the energy response of
segment 45 deteriorates over successive periods. By utilizing these response matrices
for each segment in every period, both un-oscillated and oscillated spectra can be

simulated accurately for each segment and subsequently for each baseline.
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Figure 8.5: Baseline binning designation and operational status for each
PROSPECT detector segment. The number and color of each segment represent its
assigned baseline bin. In contrast, the colors of the small boxes within each segment
indicate its operational status across the five DS periods (P1 to P5). Segments that
are unnumbered and non-fiducial are displayed in light gray. Source [178].
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Figure 8.6: Period 1 - Reconstructed visible prompt energy F,.. (black) spectrum

of IBD candidates (statistical error only), along with reactor-on (blue solid) and
reactor-off (red solid) correlated candidates for each baseline bin.
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Figure 8.7: Period 2 - Reconstructed visible prompt energy F,.. (black) spectrum
of IBD candidates (statistical error only), along with reactor-on (blue solid) and
reactor-off (red solid) correlated candidates for each baseline bin.
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Figure 8.8: Period 3 - Reconstructed visible prompt energy F,.. (black) spectrum
of IBD candidates (statistical error only), along with reactor-on (blue solid) and
reactor-off (red solid) correlated candidates for each baseline bin.
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Figure 8.11: FE,.. distributions obtained from three different monoenergetic neutrino
simulations using the response matrices for segments 45, 90, and 138 in period
5. Segment 90 shows a better response overall, as more DE segments surround it
compared to segments 45 and 138.
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8.3 (Generating predictions of un-oscillated and
oscillated spectra

Rather than using the PG4 framework to generate simulated spectra, the oscillation
analysis employs a standalone framework known as PROSPECT-CNP [153]. This
framework handles the entire oscillation analysis, including the modeling of the
HFIR reactor and the PROSPECT detector, generation of un-oscillated and oscillated
prompt energy distributions per baseline (P,.), data input handling, statistical and
systematic covariance matrix generation, data-model comparison, hypothesis testing,
and the generation of sensitivity and exclusion contours.

Unlike the approach used by the PG4 framework, PROSPECT-CNP simulates the
HFIR core as a finite-sized cylinder, accurately reflecting the dimensions described
in Section 4.2. The PROSPECT detector is modeled as a rectangular prism with
dimensions (z,y,z) = (2044.7 mm, 1606.6 mm, 1176 mm), subdivided into segments
by imaginary boundaries based on a segment width of 14.605 cm. The detector is
positioned at coordinates (6.08721 m, 0 m, 5.08508 m) relative to the reactor, with an
azimuthal angle of 11.31°. This coordinate system corresponds to the one in Fig. 4.2
translated into cylindrical coordinates.

The generation of P, distributions begins with an event generator that simulates
approximately 107 reaction points, representing the locations where neutrinos are
produced within the reactor and the corresponding detection points where IBD
interactions occur within the detector. To ensure consistency with the procedures
for generating detector response matrices, the segment in which each simulated IBD
interaction occurs is designated as the reconstructed IBD event’s prompt segment,
Srec- While this method effectively disregards a potential source of worsened
resolution in the true 7, baselines, this contribution is minimal compared to the
position resolution smearing caused by the finite geometry of the reactor core and the

L bin width.
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Figure 8.13: Left: Baseline coverage of each segment. Right: Baseline distribution
of segment 124 fitted with a normal distribution.

Using the dimensions of the detector and the reactor core, the true baseline

coverage for a detector segment ¢ can be calculated as

W 1 Pp - Vdet
Li rue — il = =
! T Amr? New

* Preactor * tRxOn; (8.3)
where W;; is a position weight factor for each neutrino detection-reaction event.
Here, r is the distance between the detection and reaction vertices, p, is the proton
density, Ve is the volume of the detector, Pieactor 1S the reactor thermal power, Nyt
is the number of simulated events, and tryo, is the reactor-on livetime. Fig. 8.13
illustrates the effective baseline coverage for each active segment and the effective
baseline covered by segment 124 during period 2.

Similar to the approach used in the spectral analysis, a reference un-oscillated
model for the antineutrino spectrum was employed. Specifically, this analysis utilized
the Daya Bay #*°U E, model [55], denoted as 8, with all non-fuel and non-equilibrium
HFIR contributions, as detailed in Section 4.2.2, added to it. The model § was
extrapolated to form an 82-bin E, spectrum spanning the energy range of 1.8-10 MeV,
matching the binning for each response matrix. Using the position weight factor W;
from Eq. 8.3, which accounts for the effective baseline coverage of each segment, the
un-oscillated antineutrino energy distribution per segment (Pslj;%u) can be expressed

as:
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N
Py, iy = 55 ° Z Wi, (8.4)
=1

where NN, represents the number of true baseline bins, illustrated on the y-axis of the
left panel of Fig. 8.13. In this equation, 7 denotes the segment index, and 7 denotes the
E, index. Fig. 8.14 shows the resulting un-oscillated Pyeg g, distribution for period 1,
along with the modified Daya Bay model spectrum used as the reference, normalized
to the Nigp for period 1.

Before applying the detector response to generate prompt E,.. distributions for
each segment, the true 7, energy distributions for IBD interactions in each segment
can be modified to account for potential sterile neutrino oscillations. To simulate
the oscillation effect for a given (sin®2614, Am?2,) parameter pair, the oscillation
probability in each segment is first calculated as a function of neutrino energy using

Eq. 8.1.

N

L
Osc A . 1
Pseg,Ey{j,i} = S{j} . Z W{i}J SlIl2 (1267AmilE—V) (85)

=1
The calculation of the neutrino oscillation probability depends on both the
neutrino energy and the true baseline, as shown in Eq. 8.1. However, in a binned

analysis, the discrete binning can obscure the oscillation signature, especially at high
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Figure 8.14: Left: Predicted antineutrino spectrum based on the Daya Bay
25U reference spectrum, with HFIR contributions included. Right: Un-oscillated
antineutrino energy predicted distributions for all DE segments in period 1.
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oscillation frequencies. To mitigate the smearing effect introduced by finite baseline
binning, the position weight factor for each segment, W, is incorporated. To address
energy smearing, two methods are commonly used in the literature [? ]: the bin-
center method and the bin-edge method. The bin-center method uses the center
of each bin as the neutrino energy, E,, whereas the bin-edge method considers the
bin edges [E?, E®]. The bin-edge method provides a more accurate estimate when
the oscillation frequency is comparable to the bin width, which was chosen for this
analysis. The approximation of the neutrino oscillation frequency using the bin-edge

method is given by Eq. 8.6.

. 2Am2, L . 2Am2, L
I sin ( 1.267=—%#— ) —sin ( 1.267=—2
>> = 0.5+ ( = ) ( = ) (8.6)

in? [ 1.267Am2, —
<s1n < mag 1.267Am3, L (% 5 )

v O

After properly correcting for both baseline and energy smearing effects, the resulting
oscillated distribution, Ps(e)gstV Ui based on the best-fit point reported by Neutrino-4,
(sin? 2014, Am?2,) = (0.36,7.3eV?) [190], is shown in Fig. 8.15.

Next, the response matrix for each detector segment is applied to both the

un-oscillated and oscillated predictions to convert antineutrino energy into prompt
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Figure 8.15: Oscillated antineutrino energy predicted distributions, based on
Neutrino-4 best-fit point, for all DE segments in period 1.
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energy, resulting in Pé\f;gluéosc Segment bins are then mapped into one of the six

baseline bins according to the segment map shown in Fig. 8.5, producing the E...
distributions per baseline: Pp' and PESECM. The final oscillated distribution, PLS,%rVer
is obtained by calculating the survival probability associated with the distortion

dictated by a given pair of parameters, (Am?2,,sin?261,), as follows:

Surv Null s 2 Osc
PLyEreC — PLaEreC — Sin 2914 * PL7EreC. (8-7)

Both PLS}E’GC and Pg%rlec are then normalized to the integral of the background-
subtracted IBD signal M, for each period. For the remainder of this chapter (and

the next), Pi\h};“ distributions will be referred to as P, ., where:

6
P.=) P.. (8.8)
=1

The distinction between Null and oscillated distributions will be made in the
text. Figures 8.16-8.20 illustrate the measured background-subtracted prompt M,
distributions for all DS periods, along with the Null and Neutrino-4’s best-fit point
predicted P, . distributions.

To minimize the impact of uncertainties related to the shape and normalization
of the reference model on the oscillation analysis, PROSPECT’s approach focuses
on relative comparisons between the measured prompt FE,.. distributions. The

M, . distributions are compared to the normalized predicted per-baseline spectra,

represented as M, - P}.ﬁ—j. This approach helps reduce the influence of the reactor v,
model and adjusts for energy response differences across the baseline bins.

The ratios of these two quantities for each baseline and period are shown in
Figures 8.21-8.25. In the absence of short-baseline oscillations, M, will produce a
flat ratio at unity. However, if oscillation effects are present in M;. and M., this
ratio will deviate from unity. This behavior is also illustrated in Figures 8.21-8.25,
where, instead of representing measured data, M; . and M, correspond to Asimov un-

fluctuated predictions based on the Neutrino-4 best-fit point, allowing for comparisons
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Figure 8.16: Period 1 - Reconstructed visible prompt energy E,.. distributions
(black) of IBD candidates per baseline bin M, .. Also shown are the predicted prompt
spectra per baseline P, for the null oscillation case (magenta) and an oscillation
scenario predicted by the Neutrino-4 best-fit point (cyan).
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Figure 8.17: Period 2 - Reconstructed visible prompt energy E,.. distributions
(black) of IBD candidates per baseline bin M, .. Also shown are the predicted prompt
spectra per baseline P, for the null oscillation case (magenta) and an oscillation
scenario predicted by the Neutrino-4 best-fit point (cyan).
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Figure 8.18: Period 3 - Reconstructed visible prompt energy E,.. distributions
(black) of IBD candidates per baseline bin M, .. Also shown are the predicted prompt
spectra per baseline P, for the null oscillation case (magenta) and an oscillation
scenario predicted by the Neutrino-4 best-fit point (cyan).
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Figure 8.19: Period 4 - Reconstructed visible prompt energy E,.. distributions
(black) of IBD candidates per baseline bin M, .. Also shown are the predicted prompt
spectra per baseline P, for the null oscillation case (magenta) and an oscillation
scenario predicted by the Neutrino-4 best-fit point (cyan).
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Figure 8.20: Period 5 - Reconstructed visible prompt energy E,.. distributions
(black) of IBD candidates per baseline bin M, .. Also shown are the predicted prompt
spectra per baseline P, for the null oscillation case (magenta) and an oscillation
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between oscillated and un-oscillated predictions. Upon examining the measured
ratios in Figures 8.21-8.25, there are no clear indications of non-flat trends that
would suggest the presence of large-amplitude sterile neutrino oscillations. However,
a proper statistical analysis is required to make quantitative statements about the

absence or presence of oscillations in the data.

8.3.1 Visualizing data in L/E; space

Neutrino oscillations can be visualized by grouping IBD data into bins of common
L/E,. While a full mapping from E,. to E, would require a comprehensive per-
baseline unfolding procedure, this analysis instead follows the approach of Ref. [59],
where the mapping is performed to a common bin of average neutrino energy, (E,).
(E,), is determined for each E,. bin in each period using the segment-integrated
energy response matrix R,.,s for that period. This allows each prompt energy bin,
E\ce, to be mapped to a corresponding (F,) bin as follows:

1 82

<El/> = F Z =§zx : Rpros,{u,e}a (89)

Yov=1

where N, is the total number of neutrino energy bins in the response matrix R, . over
the range 1.8-10 MeV, and § denotes the reference model. This method results in a
one-to-one mapping from the 33 F,.. values to their corresponding (F,) values.

Fig. 8.26 shows the results of this mapping for all periods. As illustrated in the
right panel, variations in detector response introduce small differences in the F,.. to
(E,) mapping across different periods. To maintain a consistent binning definition
when transitioning from M;,. to a measured per-baseline average neutrino energy
M, g,), the lowest (E,) value from period 2 was chosen as the lower bin-edge, and
the highest (F,) value from period 5 as the upper bin-edge. This resulted in a binning
scheme of 33 bins spanning a range of (E,) values from 2.32 to 8.39 MeV. With this

binning definition, both M; () and the relativized P (g,) can be constructed for each
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Figure 8.21: Period 1: Measured prompt E,.. spectrum ratios (Ajﬁ’e, corrected by

];Qe) for the six baseline bins defined in Figure 8.5. Predicted ratios in the presence

of sterile neutrino oscillations, corresponding to the best-fit point of Neutrino-4, are
shown as solid cyan lines. In the absence of oscillations, the predicted ratio is unity
for all energy-baseline bins. Error bars represent statistical uncertainties.
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Figure 8.22: Period 2: Measured prompt E,.. spectrum ratios (Ajﬁ’e, corrected by

];Qe) for the six baseline bins defined in Figure 8.5. Predicted ratios in the presence

of sterile neutrino oscillations, corresponding to the best-fit point of Neutrino-4, are
shown as solid cyan lines. In the absence of oscillations, the predicted ratio is unity
for all energy-baseline bins. Error bars represent statistical uncertainties.
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Figure 8.23: Period 3: Measured prompt E,.. spectrum ratios (Ajﬁ’e, corrected by

];Qe) for the six baseline bins defined in Figure 8.5. Predicted ratios in the presence

of sterile neutrino oscillations, corresponding to the best-fit point of Neutrino-4, are
shown as solid cyan lines. In the absence of oscillations, the predicted ratio is unity
for all energy-baseline bins. Error bars represent statistical uncertainties.
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Figure 8.24: Period 4: Measured prompt E,.. spectrum ratios (Ajﬁ’e, corrected by

];Qe) for the six baseline bins defined in Figure 8.5. Predicted ratios in the presence

of sterile neutrino oscillations, corresponding to the best-fit point of Neutrino-4, are
shown as solid cyan lines. In the absence of oscillations, the predicted ratio is unity
for all energy-baseline bins. Error bars represent statistical uncertainties.
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Figure 8.25: Period 5: Measured prompt E,.. spectrum ratios (Ajﬁ’e, corrected by

];Qe) for the six baseline bins defined in Figure 8.5. Predicted ratios in the presence

of sterile neutrino oscillations, corresponding to the best-fit point of Neutrino-4, are
shown as solid cyan lines. In the absence of oscillations, the predicted ratio is unity
for all energy-baseline bins. Error bars represent statistical uncertainties.
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The final period-integrated measured M; g,y and M. distributions are shown in

Fig. 8.27.

) . (8.10)

e=

Once total distributions for both M; g,y and P (g, ) - <%> have been generated,
L/(E,) distributions can be sampled from them. The effective range of these
distributions is [0.83, 3.84] m/MeV, where 0.83 m/MeV is the ratio of the lowest
L to the highest (E,) value, and 3.84 m/MeV is the ratio of the highest L to the
lowest (F,) value. For a given pair i = (I, (F,)) of L and (E,) values, each bin in the
total L/(E,) distribution can be defined as:

L L
— | = —M . A1
((Eu>)z E) o) 1(Ey) (8.11)
Fig. 8.28 presents the background and measured IBD signal for all 990 (L, Eyec)

bins, regrouped into bins of common L/(E,). The structure observed in both the
signal and background in Fig. 8.28 results from the interplay between the shape of
the E, spectrum, the (L, E.) binning, and the geometry of the detector. This

representation of the full dataset demonstrates meaningful statistical sensitivity
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Figure 8.26: Left: Relationship between each E,.. and the corresponding (F,) for
each period. Right: Differences in the E. to (E,) mapping across periods.
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Figure 8.27: Left: Period-integrated measured M, distributions. Right: Period-
integrated measured M g,y distributions after applying the mapping shown in
Fig. 8.26.

above 1.0 m/MeV, with the average signal-to-background ratio improving from
approximately 2 below 1.5 m/MeV to over 6 in the range of 1.5-2.75 m/MeV.
Correlated cosmogenic events constitute the largest background to M; . at the lowest
L/(E,) (corresponding to the highest Ei..), while accidental backgrounds dominate
at higher L/(E,) (corresponding to lower F..). The L/(E,) distribution based on
the relativized Null oscillation prediction, P, is also shown in Fig. 8.28.

Un-oscillated and oscillated behaviors can be visualized in L/(E,) space by taking
the ratio of the distributions (<E_L">)IBD to (ﬁ)NUH, as shown in Fig. 8.29. Any
deviation of this ratio from unity indicates L-dependent variations in the observed
energy spectrum within PROSPECT, rather than L-independent deviations from
a reference F, model. Fig. 8.29 also shows the predicted ratio for fluctuation-free
Asimov M, . datasets based on the best-fit point reported by Neutrino-4. This ratio,
denoted as (ﬁ)}m to (ﬁ)NUH, allows for comparisons between the predicted and
Null oscillation scenarios.

It is important to note that while a non-zero 6,4 induces L/(E,) oscillations in
M,

P factor. As a result, an L/(E,) representation

M., it also affects the applied
that aggregates multiple (L, Ey.) bins—each with different %@ values—will exhibit
suppressed oscillation features compared to the original (L, Ee.) representation. This

suppression effect is minimal for oscillation wavelengths shorter than the detector size,
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Figure 8.28: The L/(E,) spectrum of background-subtracted IBD signals (black
points) alongside the estimated correlated (solid red) and accidental (solid blue)
backgrounds during PROSPECT-I reactor-on periods. The predicted IBD signal
for the null oscillation scenario is shown as a dashed black line. Error bars represent
1o statistical uncertainties. Source [178].
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Figure 8.29: Ratio of L/(F,) features between the PROSPECT IBD signal
and its null oscillation prediction. As detailed in the text, the predicted (FE,)
spectra are adjusted by the ratio of the detector-integrated measured to predicted

spectra, (%) P;.. Error bars represent the statistical uncertainty of the measured

IBD spectrum, M;.. Also shown are the expected ratios from oscillations at the
best-fit points of the PROSPECT data (magenta line) and Neutrino-4 (blue line).
Source [178].
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as is the case for Neutrino-4’s most favored oscillation parameters, where oscillatory
features are distinguishable below 2.5 m/MeV. At higher L/(FE,) values, the damping
is primarily due to energy smearing caused by IBD positron and annihilation gamma
energy leakage into non-active detector regions and, to a lesser extent, by baseline
smearing due to the finite size of the reactor.

Based on Fig. 8.29, the measured data appears to be qualitatively consistent with
the Null hypothesis of no oscillations. It is important to emphasize that the L/(F,)
representation is only intended for visualization. All inputs required for the statistical
analysis, including those needed to perform the fit for sterile neutrino searches (as
described in the next section), are based on E,.. per baseline distributions, specifically

Ml,e and B,e~

8.4 Strategy for sterile neutrino search

Previous sections have described the datasets that serve as inputs for the final multi-
period oscillation analysis. Although visual inspection of Figures 8.21-8.29 suggests
that the measured data may favor the Null oscillation hypothesis, a rigorous statistical
analysis is necessary to provide quantitative statements about this observation. To

test for the possible existence of sterile neutrino oscillations, the measured M,

Pl,e
P

distributions are quantitatively compared to the relativized predicted spectra, M,
in the presence of oscillation effects in P, and P,, governed by the parameters Am?,
and sin® 20,... This comparison is performed using a covariance matrix-based x? test

statistic, as described in Section A.1, of the form:

2= ATV A, (8.12)

where, in contrast to the spectral analysis, A is a 990-element vector representing the

data-prediction agreement in per-baseline F,.. spectra, with each period contributing
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198 elements:

Pie
Ape =M, — M, 1;’ : (8.13)

Statistical and systematic uncertainties, along with their correlations between
energy bins, are incorporated into Eq. 8.12 using the covariance matrix Viy. This
matrix is constructed as the sum of the individual statistical and systematic matrices,
Vgtat and Vg, similar to the approach used in the spectrum analysis. However,
the covariance matrices for the oscillation analysis differ because they also include
correlations between baseline bins and between energy bins and data periods. As a
result, each cumulative covariance matrix is a 990x990 matrix that spans the entire
baseline-prompt energy phase space. The following sections describe the different

statistical and systematic uncertainties that impact the oscillation analysis.

8.4.1 Statistical uncertainties

A key component of the final sterile neutrino analysis is the implementation of a
new statistical method, the Combined Neyman-Pearson (CNP) approach [153], which
reduces biases introduced by bins with low statistics. Unlike previous analyses that
used uneven baseline binning to ensure equal statistics across all bins, the CNP
method allows for an even binning scheme in both baseline and energy. The CNP y?
test is defined as a linear combination of the Neyman [176] and Pearson [186] x? test

statistics:

1
XQCNP = g (X12\Ieyman + 2X%earson) : (814)

Using Eq. 8.12, the statistical uncertainty for the CNP method can be expressed

in terms of covariance matrices as:

(X2Neyman + 2X12:’earson)
2
3

2 _
XcNp =

D wi=

1 -1
T (_VNeyman + VPearson + ‘/sys) A7 (815)

3
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where Viveyman and Vpearson Tepresent the Neyman and Pearson statistical uncertainty
contributions, respectively, and Vs is the total systematic covariance matrix.

As a result, the total statistical covariance matrix for the CNP method is defined
as Viar = %VNeyman + %Vpearson. A full derivation of both Neyman and Pearson

uncertainties for a relativized analysis is provided in Section A.3, resulting in:

M,
O-I%Ieyman (Ml,e — ?Pl,e) = (1 — 2]{:) . UQ(Ml,e) + k2. gQ(Me), (816)
M, o(P)\: | (o(P)\ o (Pu)
2 |\ M.—=P,.|~ M.k — e — )
OPearson ( l, Pe 1, e Pl,e + Pe Pl,epe )
(8.17)
where k = P}.ﬁ—j. Inserting these expressions into Eq. 8.15 provides the final covariance-

based x&yp test. Additionally, it is important to note that accidental and cosmogenic
uncertainties from reactor on-off subtraction are incorporated into the uncertainty of
the un-oscillated Asimov dataset ;. when constructing the total statistical covariance

matrix, as described in Eq. 8.20:

Uz(Pl,e) = UIQBD (8.18)

2
ton
= U%n + U%H,acc + <£_ﬁ) (U(2)ff + O—(Q)ff,acc) (819)

2

ton

= (NOn + (aaccadt>2NOn,acc> + (t&) O‘itm (NOH + (aaccadt>2NOff,acc)
Off

(8.20)

Statistical uncertainties, represented by Vy.i, are primarily driven by reactor-on
IBD candidates and the subtracted cosmogenic background estimate based on the
reactor-off IBD candidate dataset. The subtracted accidental backgrounds during
reactor-on and reactor-off periods contribute minimally to the statistical uncertainty

due to the large offset time window used to determine them. Uncorrelated statistical
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uncertainties from each dataset, which form the diagonal elements of V.., are mainly

determined by a combination of both Neyman and Poisson errors for each (I, e) bin,

M,

Pg) applied to the prediction P .

given the presence of the relativization factor (
Additionally, since each M. is a subset of the baseline-integrated spectrum M.,
correlations in the statistical uncertainties of A; . will exist between different [, leading
to off-diagonal contributions in V. Fig. 8.30 illustrates the total V. used in the

analysis.

8.4.2 Systematic uncertainties

As mentioned earlier, the oscillation analysis shares most of the systematic uncer-
tainties included in the spectrum analysis (see Section 7.2.3). The main difference
is that the oscillation analysis considers energy, baseline, and period correlations
for each systematic uncertainty. One systematic uncertainty not included in the
spectrum analysis is a relative signal normalization uncertainty, which accounts for
variations in volume and efficiency between different baseline bins, as well as a baseline
uncertainty related to the precise determination of the distance between the reactor
core and each detector segment. Toy MC P, distributions for baseline and relative
signal normalization were generated by analytically adjusting the Null P, . prediction.
Table 8.1 summarizes the systematic uncertainties used in the oscillation analysis and
their corresponding uncertainty values, nominal values, and correlation assignments
between baseline and energy bins.

A covariance matrix for each systematic uncertainty was generated using a
method similar to that employed in the spectrum analysis, involving the creation
and characterization of fluctuated Asimov datasets (see Section 7.2.3) and following
the procedure outlined in Section A.1.1. In addition, signal and detector response
systematics are treated as correlated across periods, while background systematics are
considered uncorrelated, consistent with the approach taken in the spectrum analysis.

A key difference from the spectrum analysis is that each systematic covariance matrix
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Figure 8.30: Total statistical covariance matrix used for the oscillation analysis,
computed using the CNP formalism.

Table 8.1: Summary of systematic uncertainties taken into account in the oscillation
systematic covariance matrix Vg,. Where applicable, nominal parameter values are
provided. Source [70].

Parameter Nominal Value | Uncertainty Correlations
Absolute background normalization - 1.0% Correlated between energies and baselines
Absolute n-H peak normalization - 3.0% Correlated between energies and baselines
Relative signal normalization - 5% Correlated between energies
Baseline uncertainty - 10 cm Correlated between energies and baselines
First-order Birks constant 0.132 MeV/cm | 0.004 MeV/cm Correlated between baselines
Second-order Birks constant 0.023 MeV/cm | 0.004 MeV/cm Correlated between baselines
Cherenkov contribution 3% 2% Correlated between baselines
Absolute energy scale - 0.6% Correlated between baselines
Absolute photostatistics resolution - 5% Correlated between baselines
Absolute energy leakage - 8 keV Correlated between baselines
Absolute energy threshold - 5 keV Correlated between baselines
Relative energy scale - 0.6% Uncorrelated between baselines
Relative photostatistics resolution - 5% Uncorrelated between baselines
Relative energy leakage - 8 keV Uncorrelated between baselines
Relative energy threshold - 5 keV Uncorrelated between baselines
Reflector panel thickness 1.18 mm 0.03 mm Uncorrelated between baselines
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here is formulated as a reduced covariance matrix, which serves as a statistics-agnostic

counterpart to the conventional covariance matrix. Fach covariance matrix, V', is
defined by modifying Eq. A.14 as follows:

N, —
v o L N B-P)P P

V,, = ul , 8.21
»J NToy ot Pi . Pj ( )

where P, and P; represent the fluctuated and un-fluctuated P, . distributions,
respectively. The use of a reduced covariance matrix is motivated by the need to
compute Y%y p grid points in the (sin®26;4, Am2,) parameter space, as described in
the next section.

Fig. 8.31 presents zoomed-in views of the reduced covariance matrices for the
relative signal normalization and absolute energy scale systematics, highlighting the
correlations between periods 1 and 2. A zoomed in view of the complete reduced
systematic covariance matrix, Vs, is shown in Fig. 8.32 illustrating energy, baseline

and period correlations between periods 1 and 2.

8.4.3 Y2 Grid search

With all necessary inputs defined—mnamely, the measured and predicted prompt
energy per baseline, M;. and Fj., as well as the total statistical and reduced
systematic covariance matrices, V. and Vsys—a X%NP scan over the (sin2 2014, Amfu)

oscillation parameter space can be performed. For each grid point, Eq. 8.15 becomes:

Xene = AT (Vi)' A (8.22)
= AT (Vygar + Vigs) " A (8.23)

P\ (1 2 _ !
- (Ml,e - Me ;6) (gVNeyman + gvPearson + (]Dl,e : Vsys . Pl,e)) <Ml,e - Me

(8.24)
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Figure 8.31: Left: Baseline-uncorrelated relative signal normalization reduced
covariance matrix, illustrating correlations between periods 1 and 2. Right: Baseline-
correlated energy scale reduced covariance matrix, showing correlations between
periods 1 and 2.
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Figure 8.32: Total reduced systematic covariance matrix for periods 1 and 2
highlighting energy, baseline and period correlations.
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where P, corresponds to the oscillated prediction derived from each set of (sin” 26,4,
Am3,) values.

A minimum xZxp, i, of 863 is identified for the measured dataset at (0.421,15.2eV?).
The predicted L/(E,) behavior at this point is illustrated in Fig. 8.29. This result,
corresponding to x7,;,/DOF = 1.04, differs from previous results where a xgyp, i, had
been reported at (0.11,1.78eV?) [70] and (0.35,0.5eV?) [82], with x2, /DOF values
of 0.84 and 0.74, respectively. The resulting Ay? values relative to the best-fit point
in phase space are shown in Fig. 8.33. Additionally, Ax? values for three points of
interest are summarized in Table 8.2, corresponding to the Null oscillation point, the
Neutrino-4 best-fit point, and the left-most point at the boundary of the Neutrino-4
exclusion. Before drawing any conclusions from the obtained Ax? values regarding
the preference of the measured data for a given hypothesis, a proper statistical method
is required to define the oscillation parameter space regions allowed and excluded by

the data.

8.4.4 Sensitivity and exclusion contours

Using the Ax? map shown in Fig. 8.33, the Gaussian CL, method [182], described in
Section. A.4, was implemented to generate exclusion contours. Additionally, median
sensitivity curves for the full dataset were obtained using the Gaussian CLg method,
where the Ay? distribution was generated by replacing M. in Eq. 8.22 with the Null

un-fluctuated Asimov prediction P, .. The sensitivity contours at the 95% confidence

Table 8.2: Difference in chi-square between the minimum and relevant oscillation
parameters.

Test point | Parameters (sin” 20, Am?) | Ax? = X{in? 20.Am?) — Xdata, min
Null (0.0021, 0.0187) 2.64
N-4 edge (0.36, 7.3) 1.42
N-4 (0.1, 7.3) 29.36
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level (C.L.) for each DS period are shown in Fig. 8.34. As expected, period 2 provides
the best sensitivity, attributed to having the largest number of DE segments.

Furthermore, the individual impact of each systematic uncertainty can be assessed
using sensitivity projections, as illustrated in Fig. 8.35. Here, the median sensitivity
for period 2 is calculated by adding each systematic uncertainty one at a time. As
observed, the most significant impact comes from the baseline-uncorrelated relative
normalization uncertainty.

Lastly, both the L and F,.. binning configurations were optimized for the final
oscillation analysis by assessing the impact of each configuration on the expected
sensitivity. Fig. 8.36 shows the results of this binning optimization, where the
sensitivity contour for period 2 was calculated in two scenarios: one with a fixed
L while varying FE..., and the other with a fixed F,.. while varying L. As a result, 6
L bins spanning a baseline range of [6.94-8.94] m and 33 F\.. bins spanning a prompt
energy range of [0.8-7.4] MeV were used.

8.4.5 Results

Fig. 8.37 presents the final 95% confidence level (C.L.) and 50 exclusion contours,
along with the expected median sensitivity obtained with the entire dataset. As
shown, most of the region suggested by Neutrino-4 lies outside the 95% C.L. exclusion
contour, with the Neutrino-4 best-fit point excluded at more than 50 C.L. The 95%
C.L. contour also excludes regions of the 341 sterile neutrino parameter space above
3 eV? that were previously unexplored by other neutrino experiments [154, 43, 49,
14, 38], including the entire region below 10 eV? suggested at 20 C.L. by the BEST
and other Gallium Anomaly experiments [88].

While the Gaussian CLs method provides a conservative exclusion region that can
be easily combined with results from other experiments, it does not directly assess
how consistent the data is with the 3 points of interest outlined in Table 8.2. To

address this, a Feldman-Cousins frequentist compatibility test [120] was conducted
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Figure 8.33: The value of Ax? obtained for each (sin?26,4,Am?,) grid point, relative
to the best-fit point (white square) at (0.421,15.2 eV?). The x? definition is provided
in Eq. 8.22. The white spot corresponds to the location of the best-fit point (Ax? = 0).
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Figure 8.34: Median expected sensitivity for each DS period calculated with
the Gaussian Cls method. These sensitivity projections include all systematic
uncertainties.
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Figure 8.35: Illustration of the impact of statistical and systematic uncertainties on
the expected sensitivity projections for period 2. The black curve represents statistical
errors only, the pink curve includes both statistical errors and relative normalization
uncertainty, and the cyan curve incorporates statistical errors plus all systematic
uncertainties. The relative normalization uncertainty has the largest impact on the
sensitivity.
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Figure 8.36: Binning optimization results illustrating the impact of each binning
configuration on the expected sensitivity for period 2. Left: L binning optimization
shows that the choice of 6 baseline bins is reasonable, as the differences in sensitivity
obtained with 6, 10, and 20 L bins are negligible. Right: E,.. binning optimization
demonstrates the gain in sensitivity when increasing the number of E,.. bins. A
configuration of 33 bins was chosen to match the binning used in the spectrum
analysis. Although a 64-bin configuration provides slightly greater sensitivity, the
increase is insignificant enough to justify the added computational complexity.
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Figure 8.37: The phase space for 3+1 sterile neutrino oscillations excluded by the
multi-period PROSPECT-I dataset. The solid and dotted curves show the exclusion
and sensitivity limits at the 95% confidence level (C.L.), generated using the Gaussian
CL; method. The dashed line also indicates a 50 C.L. exclusion limit. The shaded
regions correspond to the phase space suggested by the Gallium Anomaly [88] (light
pink) and Neutrino-4 [190] (red). Source [178§]
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to calculate the p-value, which quantifies the statistical significance of the measured
data compared to specific oscillation parameters.

This test involved generating 2000 toy datasets (either Null or oscillated) for
each of the three points of interest. These toy datasets included both statistical and
systematic fluctuations, applied using Cholesky decomposition of the total covariance
matrix, Ve, as described in Section A.1.2. For each toy dataset, denoted as 7, a full
x? grid search was performed following the method outlined in Section 8.4.3, using

the equation:

P, T 1 2 _ -1 P,
X?}NP = (Tl,e - Te ; ) (gVNeyman + ngearson + (PLG . Vsys . Pl,e)) (TI,e o Te%) )

(8.25)

This process allowed for the calculation of the minimum X%NP, toy, min Value for
each toy dataset. A Axf, value is obtained by comparing X&wp, 1oy, min t0 the x?

value at the toy’s reference true grid point, denoted as Xgxp, 1oy, tgp> Such that:

2 .2 2
AXtoy = XCNP, toy, min — XCNP, toy, tgp (826)

This procedure is repeated for each of the 2000 toy datasets for every point of
interest, generating a Axfoy distribution. Additionally, a Ax3.,, value is calculated
by comparing Xgxp, oy, min With XExp, data, min fOr €ach case. Fig. 8.38 shows the Ay,
distributions for all points of interest, along with the corresponding Ax?3. ., value. The
frequentist p-value is then calculated as the area of the Ax7, distribution that falls

to the right of the Ax3,,, value, divided by the total area of the A7, distribution:

b= ZOAOX(%M& P(Axfoy)
>0 P(AxZ,)

(8.27)
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Based on the results shown in Fig. 8.38, a p-value of 0.73 was determined for
the comparison between the data and the Null hypothesis, indicating consistency of
the measured data with the absence of sterile neutrino oscillations. In contrast, the
comparison between the data and the Neutrino-4 best-fit point yielded a p-value of

0, indicating strong (>30) incompatibility with PROSPECT’s data.

8.5 PROSPECT in the global context

The enhancement in the statistical power of the PROSPECT data provided by
the multi-period analysis, compared to previous results, and its impact on the
new oscillation analysis are illustrated in Figures 8.39 and 8.40. Fig. 8.39 shows
the improvement in relative statistical uncertainties for each L/(FE,) bin when
comparing the multi-period and single-period analyses. Additionally, Fig. 8.40
presents the exclusion contours obtained by the PROSPECT experiment over the
years, highlighting the significant increase in phase space coverage observed in the
final results.

This new result contributes to global efforts by short-baseline reactor-based
neutrino experiments searching for sterile neutrino oscillations, as illustrated in
Fig. 8.41. It demonstrates that the final limits set by the PROSPECT experiment
on eV-scale sterile neutrinos are the most stringent among short-baseline reactor
efforts for most Am?, values above 3 eV?. Fig. 8.42 further compares this result
with those from long-baseline reactor experiments and non-reactor-based experiments,
highlighting that reactor-based constraints on 6,4 are significantly stronger across
most of the phase space explored by terrestrial experiments.

Additionally, Fig. 8.42 compares the final PROSPECT exclusion with the eV-
scale sterile neutrino mixing limits derived from cosmological data. Cosmological
constraints are obtained from a combination of CMB measurements, including
temperature and polarization anisotropies [25] and the lensing power spectrum [24],

as provided in the Planck 2018 data release [40, 23]. Late-time measurements of

233



Toys

102

10

b b b L by o e L L
0 5 10 15 20 25 30

,35 40
AX - XTTUE - X

'min

Toys

102

10

5 10 15 20 25 30

10"

o

o0 S, K

Figure 8.38: Ax;, distributions for the Null oscillation (top) and Neutrino-4 best-fit
point (bottom). The orange vertical lines show corresponding Ax? . . The observed
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Figure 8.39: Relative statistical uncertainty improvements for the multi-period
analysis compared to the single-period analysis across each L/(FE,) bin.
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Figure 8.40: Exclusion contours obtained by the PROSPECT experiment over time,
demonstrating the increased phase space coverage in the final results.
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distances and the cosmic expansion rate are also incorporated using baryon acoustic
oscillation (BAO) data from the 6dFGS [93], SDSS-MGS [185], and BOSS DR12 [41]
surveys. While cosmology-derived limits impose strong constraints in phase space
regions below sin®(26;4) = 1072, tensions remain relative to terrestrial measurements,
particularly in the reactor sector.

These findings emphasize the importance of future short- and long-baseline reactor
antineutrino experiments to explore the remaining uncharted parameter space. Key
initiatives include the second phase of the PROSPECT experiment, PROSPECT-
IT [67], for short-baseline studies and the future JUNO [51] medium-baseline reactor

experiment.

8.6 Chapter summary

Using the new multi-period dataset, a new neutrino oscillation analysis was performed
using the complete data sample from the PROSPECT-I detector operated at the
High Flux Isotope Reactor in 2018. The analysis was able to set new limits
on electron-flavor disappearance caused by mixing. The data excludes at 95%
confidence level the existence of sterile neutrinos in regions above 3 eV? previously
unexplored by terrestrial experiments, including all space below 10 eV? suggested by
the recently strengthened Gallium Anomaly. The best-fit point of the Neutrino-4
reactor experiment’s claimed observation of short-baseline oscillation is ruled out at

more than five standard deviations.
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Figure 8.41: Comparison of the final exclusion contours obtained by the
PROSPECT experiment against results from other SBL reactor antineutrino
experiments [49, 165, 154]. It can be observed that PROSPECT provides world-
leading limits for sterile neutrino oscillations for Am3,; values above 3 eVZ,
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Figure 8.42: Comparison of the final exclusion contours obtained by the
PROSPECT experiment with results from a long-baseline reactor antineutrino
experiment [55], an accelerator-based experiment [103], and an absolute neutrino
mass-focused experiment [36] highlights the unique strength of reactor experiments
in constraining 6. Cosmological limits, derived from CMB and BAO
measurements [138], are shown in green, emphasizing the persistent tension between
cosmological and terrestrial experimental results.
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Chapter 9

Joint Oscillation Analysis

9.1 Introduction

The final benchmark results from the PROSPECT-I experiment, as described in
Chapters 7 and 8, include a high-precision measurement of the 2**U spectrum from a
highly enriched uranium reactor and new limits on electron-flavor disappearance due
to mixing with sterile states for most Am?, values above 3 eV2. These results present
new opportunities for collaboration with other experiments.

Joint analyses among different neutrino experiments are essential for advancing
our understanding of neutrino physics. By combining data from experiments with
varying types of detectors, baseline distances, neutrino sources, and energy ranges,
these analyses maximize scientific output, improve sensitivity to rare phenomena,
and enhance measurement precision. This comprehensive approach increases the
overall sample size, reduces statistical uncertainties, and provides broader parameter
space coverage. Consequently, it allows for more accurate determination of critical
parameters, such as mixing angles, mass-squared differences, and the CP-violating
phase, which are essential for testing theoretical models and understanding the

fundamental properties of neutrinos.
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Additionally, joint analyses increase sensitivity to physics beyond the Standard

Model, such as sterile neutrinos or non-standard interactions. They are also crucial

for global fits that provide the most precise estimates of oscillation parameters,

contributing to a more complete understanding of neutrino behavior. Some notable

examples of joint analyses include:

Super-Kamiokande and IceCube Collaboration on Supernova Neutri-
nos: Merging data from Super-Kamiokande and IceCube to detect neutrino
bursts from core-collapse supernovae, improving temporal and directional

resolution [4].

Joint Analysis of Neutrinoless Double-Beta Decay (0v(3) Searches:
Combining results from GERDA, MAJORANA, EXO-200, and KamLAND-Zen
to increase sensitivity to OvB3 decay through different isotopes and detector

technologies [27].

Combined Reactor Neutrino Analysis (Daya Bay, RENO, Double
Chooz): Refining the measurement of the mixing angle ¢;3 and examining
the reactor neutrino flux by integrating data from multiple reactor neutrino

experiments [64].

IceCube and ANTARES Collaboration for Neutrino Point Source
Searches: Enhancing the search for high-energy neutrino point sources by
combining data from IceCube and ANTARES, thereby achieving full-sky

coverage [42].

Global Neutrino Analysis by NuFit: Conducting global fits of all known
neutrino oscillation parameters by consolidating results from various neutrino

oscillation experiments [117].

KM3NeT and ORCA/PINGU for Neutrino Mass Hierarchy: De-
termining the neutrino mass hierarchy by integrating data from atmospheric

neutrinos observed at different locations, depths, and detector technologies [20].
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In 2023, a joint analysis was initiated between the Daya Bay, STEREO, and
PROSPECT collaborations. This effort marks the first time that data from these
three experiments will be combined to simultaneously extract the sterile neutrino
parameters 1, and Am?,, the 2*°U fission neutrino spectrum, and the combined
fission neutrino spectrum of 2°Pu and ?*'Pu. By uniting their data, the experiments
will not only assess compatibility among their results but also compare their findings
against the HM [149] and Kopeikin [157] flux and spectrum models, providing valuable
insights for future particle and nuclear physics research.

This joint analysis will extend the sensitivity of oscillation parameter studies into
the large Am?, region, potentially motivating further measurement of the 3*U fission
neutrino spectrum to enhance precision. Such comprehensive objectives exceed any
single experiment’s capability, underscoring this collaborative approach’s importance.
This chapter presents a summary of the current status of the oscillation-only approach
led by the PROSPECT collaboration in the Daya Bay-PROSPECT-STEREO (DPS)
analysis, resulting in the projected median sensitivity obtained by combining the
235U spectra measured by PROSPECT and STEREO while using the 23°U Daya Bay

unfolded spectrum as a reference model.

9.2 DMotivation and strategy

The development of the necessary frameworks capable of performing both multi-
period spectrum and oscillation analyses (see Chapters 7 and 8) enables the possibility
of a new joint study with the Daya Bay [55] and STEREO [49] collaborations. This
effort will focus on a combined search for sterile neutrino oscillations using the final
datasets from all three experiments. STEREO recently published their final datasets
presented in a multi-period analysis. For the joint analysis, STEREQO’s data will be
integrated into the existing framework as two new data periods, each with its detector

response and covariance matrix.
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Additionally, the primary modification to the statistical analysis described in

Section 8.4 involves a slight adjustment to Eq. 8.12:

XQCNP,DPS = ATV;;A, (9.1)

where

Al,e = Ml,e - -Pl,e‘ (92)

In this modified approach, the covariance-based y? test statistic is constrained by

using Daya Bay’s 23°U antineutrino spectrum as a reference for the spectral shape,

without incorporating the normalization term (2{:), resulting in a model-dependent

analysis. While the spectral shape information is included in the fit, flux information
is excluded from this analysis.

The combination of data from two HEU short-baseline experiments and one LEU
long-baseline experiment provides unique sensitivity to different Am?2, regions, as

illustrated in Fig. 9.1. Specifically:

e For Am?, < 1072 eV% The oscillation period is too long to be observed at the

given baselines, resulting in no sensitivity for all three experiments.

e For Am3, € [1073,107!] eV?: The sensitivity will be dominated by the Daya

Bay experiment due to its kilometer-long baseline.

e For Am3, € [1071,10] eV? The sensitivity will be primarily driven by the
STEREO and PROSPECT experiments.

e For Am3, > 10 eV%: The oscillation induced by sterile neutrinos occurs
relatively rapidly. In this scenario, the survival probability becomes consistent
across the three experiments due to their long baselines relative to the sterile

neutrino oscillation length.

This new joint analysis will result in enhanced sensitivity at low Am3, from the

‘near-far’ 23U spectrum comparison and improved sensitivity at high Am?, due
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to the combined statistics from PROSPECT and STEREO. It will also mitigate
the statistical limitations inherent in the model-independent method. The following
sections briefly describe the Daya Bay and STEREO experiments and the respective

inputs incorporated into the DPS analysis.

9.3 Daya Bay

9.3.1 Experimental description

The Daya Bay experiment is located near the Daya Bay Nuclear Power Plant and the
Ling Ao Nuclear Power Plant, approximately 55 km northeast of Hong Kong. The
site was chosen for its proximity to powerful nuclear reactors that produce a high
flux of electron antineutrinos. The experiment employs a total of eight antineutrino
detectors (ADs), which are grouped into three experimental halls: two ‘near halls’
(EH1 and EH2) situated 360-500 meters from the reactor cores, and one ‘far hall’
(EH3), located about 1.6 km away, as illustrated in Fig. 9.2. Each AD consists of three
nested cylindrical vessels: the innermost vessel contains a liquid scintillator doped
with gadolinium to detect IBD events, the middle vessel contains a layer of undoped
liquid scintillator for shielding purposes, and the outermost vessel holds mineral oil
to protect against background radiation. Surrounding the ADs are photomultiplier
tubes that detect the light emitted when antineutrinos interact with the scintillator.
Fig. 9.2 shows a schematic of an AD.

With almost 6 million IBD events detected, the experiment has produced
significant findings in antineutrino spectrum analysis, flux measurement, and neutrino
oscillation studies, significantly advancing the field of neutrino physics. One of
the most notable results is the consistent observation of a bump in the 4-6 MeV
prompt energy region. Additionally, Daya Bay reported a total antineutrino flux
approximately 6% lower than theoretical predictions, consistent with the Reactor

Antineutrino Anomaly, indicating potential inaccuracies in reactor models, especially
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Figure 9.1: Recent results from the search for eV-scale sterile neutrinos by the
PROSPECT [178], STEREO [49], and Daya Bay [19] experiments demonstrate the
potential of a combined analysis that leverages their sensitivities.
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Figure 9.2: Left: Layout of the Daya Bay experiment, showing the arrangement of
its components; Right: schematic of one of the Antineutrino Detector (AD) modules.

Source [52].
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regarding contributions from different fission isotopes such as 23°U, 23U, 239Pu, and
24Py, The experiment’s precise flux measurements have contributed to refining these
models and understanding the complexities of antineutrino production.

In terms of oscillation studies, Daya Bay achieved the first high-precision
measurement of the neutrino mixing angle 63, finding sin?(20;3) = 0.092 +
0.016 (stat.) £ 0.005 (syst.), confirming that 6,3 is non-zero. This measurement was
a key result for the three-neutrino oscillation model and opened new possibilities for
investigating CP violation in the lepton sector. The experiment also provided a precise
value for the effective mass-squared difference, Am?, ~ (2.50+0.08) x 1073 eV?, which
is crucial for understanding neutrino oscillations. Fig. 9.3 illustrates some of the main

results from the different studies conducted by the Daya Bay collaboration.

9.3.2 Inputs for DPS analysis

As mentioned earlier, the oscillation-focused DPS analysis uses the ?3°U unfolded
spectrum (S4,,) and its corresponding unfolded covariance matrix (Vi s dyb). The
reference spectrum is presented as a 24-element vector in antineutrino energy space,
spanning an energy range of 1.8-7.8 MeV, which means that the covariance matrix
corresponds to a 24x24 matrix. Both of these inputs are illustrated in Fig. 9.4.

The implementation of 54y, into the PROSPECT-CNP framework to generate
P, . predictions was explained in Section 8.3; however, a new aspect of the DPS
analysis involves the incorporation of Vi s, , into the analysis. This matrix must be
transformed into the prompt energy space of both the PROSPECT and STEREO

experiments. This procedure is outlined in Section 9.5.1.
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Figure 9.3: Top: Unfolded energy spectra of antineutrinos, including contributions
from 23°U and combined plutonium isotopes, weighted by the IBD cross-section.
Bottom: Observed disappearance probability plotted as a function of the ratio
between the effective baseline, Leg, and the average antineutrino energy, (FEy).
Source: [55, 57].
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Figure 9.4: ?3°U antineutrino spectrum and covariance matrix resulting from Daya
Bay data unfolding. Spectrum is presented as a 24-element vector in antineutrino
energy space, spanning an energy range of 1.8-7.8 MeV, which means that the
covariance matrix corresponds to a 24x24 matrix. Source [55].
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9.4 STEREO

9.4.1 Experimental description

The STEREO (Search for Sterile Reactor Neutrino Oscillations) experiment aims to
detect eV-scale sterile neutrinos by measuring antineutrinos from 23°U fission at the
Institut Laue-Langevin (ILL) research reactor in Grenoble, France. The detector has
six cells filled with 1.8 cubic meters of gadolinium-doped liquid scintillator, allowing
independent measurements of antineutrino spectra at 9-11 meters from the reactor
core. The cells are surrounded by a ‘y-catcher’ with an undoped liquid scintillator to
reduce energy leakage. The detector is shielded with lead and polyethylene to block
external gamma rays and neutrons.

As in the case of PROSPECT, STEREO operates above ground, subjecting it to
significant cosmic ray backgrounds. To mitigate this, it uses a water Cherenkov muon
veto, iron, and boron-loaded rubber shielding, and a water channel above the detector
to reduce vertical muon flux by about four times, lowering cosmic ray backgrounds
to levels comparable to the antineutrino signal. Fig. 9.5 shows a schematic of the

STEREO detector and the phases of its data collection campaign.
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Figure 9.5: Left: Diagram of the STEREO detector, detailing its primary
components. Right: Summary of the STEREO data-taking campaigns, illustrating
the alternation between reactor-on and reactor-off periods, the changes in reactor
power, and the total number of neutrinos detected. Source [49].
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The analysis focused on data from Phases II and III, detecting over 100,000 IBD
events. This data allowed STEREO to exclude the parameter space favored by the
RAA up to a few eV? at a 95% confidence level and rule out the Neutrino-4 best-fit
points with a significance of 3.30. It also established a new reference for the 23°U
antineutrino spectrum and found a flux deficit of 5.5% =+ 2.1% compared to the
Huber-Mueller prediction, suggesting that the deficit is likely due to biases in nuclear
data or conversion models rather than the presence of sterile neutrinos. Fig. 9.6

illustrates some of the final results from the STEREO collaboration.

9.4.2 Inputs for DPS analysis
Data and response matrices

The STEREO data are incorporated into the DPS analysis in the same format as
the PROSPECT data described in Section 8.2.1, specifically as the measured prompt
energy spectra per baseline, M., for both Phases II and III. In Phase II (III), the
STEREO experiment recorded approximately 43,420 (63,122) IBD counts with an
average signal-to-background ratio (S:B) of 0.8 (1.0), covering a prompt energy range
of 1.625-7.125 MeV in 500 keV bins, which differs from the binning used in the
PROSPECT experiment. As illustrated in Fig. 9.5, the STEREQO detector consists
of six cells, allowing each baseline bin to correspond directly to a different detector

cell, spanning a total baseline range of 9.43-11.18 m.

cell,phase
Rste )

Additionally, response matrices for each detector cell in both phases (
are included in the analysis. Each response matrix is formatted as an 11x82 matrix,
where 11 represents the number of prompt energy bins, and 82 represents the number
of antineutrino energy bins, covering an energy range of 1.8-10 MeV, consistent with

the format used in the PROSPECT experiment.
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Statistical and systematic errors

STEREQ’s oscillation analysis employed a model-independent approach similar to
the one used by PROSPECT, as described in Section 8.4. Consequently, the
total statistical covariance matrix, Viestat, derived from the uncertainties in the
background-subtracted IBD spectra, includes off-diagonal contributions resulting
from the normalization process. The matrix Vgrggstat, along with the cumulative
systematic covariance matrices for STEREQ, are represented as 132x132 matrices,
corresponding to 6 baseline bins, 11 FE,.. bins, and 2 detector phases.

For systematic uncertainties, the STEREO experiment utilized a different method
for their y? test statistic, adopting a pull-term approach rather than a covariance
matrix-based approach. To incorporate these systematic uncertainties into the
DPS analysis, systematic covariance matrices were generated based on the reported
uncertainty contributions, as summarized in Table 9.1.

The PROSPECT-CNP framework is equipped to reproduce the energy recon-
struction systematic, as it is the same as the baseline-uncorrelated energy scale
systematic described in Section 8.4.2. It also incorporates the relative cell volume
and neutron efficiency systematics, whose combined contributions are equivalent to
the relative signal normalization included in the PROSPECT analysis. However, the

selection cuts and relative phase normalization uncertainties will not be included, as

Table 9.1: Summary of systematic uncertainties incorporated in STEREQ’s final
oscillation analysis. Source [49].

Type Source Nuisance parameter | Uncertainty Correlations
Energy | Cell | Phase
Energy reconstruction aFS“l"U 1% 1 0 1
Energy scale
Time stability qfscaleC 0.25% 1 1 0
Signal Selection cuts aCuts 0% to 2% 1 1 1
igna ) i
Reactor background apieactorBe 5% to 0% 1 0 1
Relative cell volume aNormU 0.83% 1 0 1
Normalization | Neutron efficiency aNermU 0.63% 1 0 0.91
Relative norm phase-1I/phase-IIT | Il vs I norm 1.5% 1 1
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these uncertainties are related to the absolute flux normalization from STEREOQO,
which is excluded from the oscillation-only approach due to the absence of flux
information. Fig. 9.7 illustrates the total reduced covariance matrix Vste,pmmpm BU,
including the contributions from the energy scale and relative signal normalization
baseline-uncorrelated uncertainties for the STEREO experiment.

All relevant baseline-uncorrelated uncertainties for the DPS from STEREO can
be easily reproduced using the PROSPECT-CNP framework. However, incorporating
the STEREQO baseline-correlated systematics, as summarized in Table 9.2, requires
a different procedure. These baseline-correlated uncertainties correspond to those
considered during the spectral shape oscillation analysis conducted by the STEREO
experiment. Similar to the PROSPECT experiment, the STEREO collaboration
performed a multi-period unfolding procedure, combining data from each phase to
produce a single unfolded antineutrino energy spectrum, Sy, accompanied by an
unfolded covariance matrix, Vies,... To incorporate these uncertainties into the
analysis, the matrix Vi s, must be transformed into the prompt energy space for
each detector cell in each experimental phase. This transformation is achieved using
a joint-response matrix that includes the response matrix for every cell in each phase,
denoted as Rite joint -

Thus, the resulting vectorized cumulative spectra-per-baseline, Sprompt, in prompt
space, and the cumulative baseline-correlated covariance matrix, Ve prompt,BC, can be

defined as:

1,11
Rste
II 6,11
o Sprompt . Rste A
Sste,prompt = - * Sste (93)
III Rl,IH
Sprompt ste
6,111
R

ste

250



10°

——— RAA95% CL x10742
%  RAA: best fit L Huber model 235U
0.20 —
- —— STEREO phases Il and IlI
3 L
= L
. L 0.15—
s s [
1 8 L
o< =
a‘- -
2 0.10#
E -
A L
k] L
STEREO 95% CL 2 [
= == CLs sensmylty 2 005
m— CLs exclusion = L
= == 2D sensitivity -
2D exclusion B 0 4 8 12 16 20 —
10-1 - Bin
102 101 ] Foy M U AR RRE SN AR B

3 4 5 6 7

)
sin®(26,e) Antineutrino energy (MeV)

Figure 9.6: The final exclusion region from the STEREO experiment, incorporating
all data from Phases II and III, along with the 2*°U antineutrino spectrum derived
from multi-phase data unfolding. Source: [49].
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Figure 9.7: STEREQ’s baseline-uncorrelated reduced covariance matrix for the DPS
analysis.

251



Table 9.2: Summary of Systematic Uncertainties incorporated in STEREQ’s final
spectral shape analysis. Source [49].

Type Source Uncertainty Correlations
Energy Phase
Energy reconstruction 0.41% 1 1
Energy scale | Time stability 0.25% 1 0
— Total 0.5% 1 0.73
Signal Selection cuts 0% to 2% 1 1
Reactor background 5% to 0% 1 1
Non 25U flu Off equilibrium 30% 1 1
BAl 5% 1 1
Reactor thermal power 1.4% 1 046
Proton number 1.0% 1 1
Neutron efficiency 0.7% 1 092
Normalization | Neutrino extraction method 0.7% 1 1
Solid angle 0.5% 1 1
Others® 0.3% 1 1
— Total 2.1% 1 0.72
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1,11 1,11
R R

ste ste

1 11,111 6,11 6,11
V. Bo = V;Drompt ‘/prompt _ Rste Vo Rste (9 4)
ste.prompt, BC VHLIT 1 pLII tot,8ste pLII :

prompt prompt ste ste

6,111 6,111
Rste Rste
where s/, and s[IT  represent the vectorized M, distributions for phases II and
III. In addition, the diagonal elements VL . VT correspond to the absolute

covariance matrices for phases II and III. In contrast, V;,ITIO,;IPQ and %ﬁ%{zft represent
the off-diagonal contributions to the cumulative covariance matrix describing the
correlation between phases. As a result, the total reduced baseline-correlated

covariance matrix is defined as Ve prompt, BC

II 11,111
Vprompt Vprompt
J— g1 t_SII . oy t-SIII .
— prompt “promp prompt “promp
Vste,prompt,BC - 11,11 VI (95)
prompt prompt

111 117

sp'r‘ompt' prompt

prompt “prompt
Finally, the total reduced covariance matrix for STEREQO in prompt space is given

by Vste,pTompt = Vste,prompt,BU + Vste,prompt,BC’ and it is illustrated in Flg 9.8.

20 40 60 80 100 120

Figure 9.8: STEREOQ’s total reduced systematic covariance matrix for the DPS
analysis, showing correlations between energy, baseline, and detector phase bins.
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9.4.3 Reproducing STEREOQO results

After describing how all the STEREO inputs were incorporated into the analysis
framework, the joint fit can be performed. However, before combining PROSPECT
and STEREO data, it is necessary to ensure that the STEREO-only results can
be reproduced with the PROSPECT-CNP framework. Figs. 9.9-9.9 illustrates the
measured M, distributions and the predicted P, distributions generated with the
PROSPECT-CNP framework, demonstrating good agreement between measurements
and predictions.

In addition, by using the Gaussian CLg method as well as the model-independent
fit, the median projected sensitivity for STEREO can be computed and compared
with the final results from STEREO, as shown in Fig. 9.11. The small differences
between the published sensitivities, described by the dashed lines, and the sensitivity
curve reproduced with the PROSPECT-CNP framework can be attributed to
differences in how the analyses are conducted and the implementation of systematics.

STEREQO’s model-independent fit utilizes a normalization factor obtained after the fit,

resulting in an optimized parameter, in contrast to the Age factor used by PROSPECT.
Despite these minor differences, the results were sufficient to proceed with the joint

analysis.

9.5 Expected combined median sensitivity

The previous sections described the inputs from the STEREQO collaboration required
to perform a joint fit between PROSPECT and STEREQO. Combined with the same
inputs used in the PROSPECT-only analysis, the total size of the Mppg ;. and Ppps .
objects in Eq. 9.2 is 1122. This is based on the PROSPECT data, which includes 5
periods, 6 baseline bins, and 33 E,.. bins, and the STEREO data, which consists of 2
phases, 6 baseline bins, and 11 E,.. bins. Consequently, the total covariance matrix,

Vbps tot, 15 a 1122x1122 matrix.
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Figure 9.9: Phase II - Reconstructed visible prompt energy FE,.. distributions
(black) M, for STEREO. Also shown are the predicted prompt spectra per baseline
P, . for the null oscillation case (red).
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Figure 9.11: The expected median combined sensitivity for STEREO Phases
I and II, as reproduced using the PROSPECT-CNP framework. The plot also
includes the original sensitivity projections reported by STEREO, demonstrating
strong agreement with the reproduced results.
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For the remainder of this chapter, the model-independent xZyp with statistic

Ape =M, — ME% will be referred to as Method 1 (M1), while the model-dependent
approach used in the DPS analysis with A;, = M;. — P, is denoted as Method
2 (M2). Before calculating sensitivity contours using these inputs, the uncertainty
from the Daya Bay reference spectrum, Vig s, ,,, must be included. This is the only

systematic uncertainty considered to be correlated across baseline, period/phase, and

experiments.

9.5.1 Incorporating Daya Bay’s >**U model uncertainty

The procedure for including Vi s,,,, in the fit is similar to the one used to incorporate
STEREQ’s baseline-correlated uncertainties, as outlined in Section 9.4.2, with the
additional consideration of correlations between PROSPECT periods and STEREO
phases. For example, this matrix can be generated to account for correlations between
period 1 of PROSPECT and phase 2 of STEREO using a joint response matrix,
Rpps joint, Which includes the response matrices for all live segments in PROSPECT’s
period 1 and all cells in STEREO’s phase 2. Consequently, a model uncertainty

covariance matrix in prompt space, Viayp prompt, can be constructed as

0,1
Rpros
prosi 153,1
- Sprompt o Rpros ~ 9.6
Sdyb,prompt — stery — LI * Sdyb ( . )
Sprompt Rste
6,11
R

ste
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RPTOS Rpros

prosi prosi,sterr 153,1 153,1

v o V;)rampt V;)rompt o Rpros Vs . Rpros (9 7)
dyb,prompt — ste — LI tot,3qyb LI .

V/sterrprosy Vsten RY RY

prompt prompt ste ste

6,11 6,11

R R

ste ste

Before calculating the final reduced covariance matrix, it is important to note
that when incorporating the PROSPECT inputs, a response matrix is provided

for each segment rather than for each baseline. This requires modifications to

pros,1 Vpr051 Vprosl,sten and Vsten,prosl

prompt> Vprompts Vprompt > rompt 0 ensure that the contributions from each

s
segment are correctly mapped to their corresponding baseline bins. The modified

. ~pros; ( 7Pros; Crprosy,sterg rsterr,prosy
inputs are denoted as S,omots Vorompts Vorompt > and Viomoe +, such that the reduced

covariance matrix V gqyb prompt fOr this case can be computed as:

 7Prosy Crprosy,stery

prompt prompt
§pros,1 _gpros,l gpros,l L Ste Il
prompt “prompt prompt “prompt

dyb,prompt — Vsten,prosl VsteH ( : )
prompt prompt
ste,Il ~pros,1 ste,IT ste,IT

Sprompt 'Sprompt Sprompt'sprompt

where the diagonal elements correspond to the reduced covariance matrices for
PROSPECT’s period 1 and STEREO’s phase 2, while the off-diagonal elements
represent contributions to the cumulative reduced covariance matrix describing the
correlation between the experimental periods. Fig. 9.12 illustrates both of the
off-diagonal terms in Eq. 9.8, showing the difference in F,. binning between the
experiments, which results in non-square off-diagonal reduced covariance matrices.
This procedure was repeated for all PROSPECT periods and STEREO phases,
resulting in the total reduced model uncertainty covariance matrix, deb7pmmpt7t0t

illustrated in Fig. 9.13.
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Figure 9.12: Model uncertainty reduced covariance matrices illustrating the
correlations between PROSPECT’s period 1 and STEREQ’s phase 2.
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Figure 9.13: Total reduced model uncertainty covariance matrix for all PROSPECT
periods and STEREO phases.
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9.5.2 Current Results

After a detailed description of all the inputs incorporated into the DPS analysis, the
expected sensitivity for this joint effort can be calculated. Following a xZ p.pps grid
search, as detailed in Section 8.4.3, the Gaussian CL; method was used to determine
the sensitivity. Fig. 9.14 presents a comparison of sensitivity contours obtained
with different inputs and methods. This figure shows the final PROSPECT-only
sensitivity obtained with Method 1 (M1) and the impact of combining PROSPECT
and STEREO data using M1. Additionally, it shows the combined sensitivity for
PROSPECT and STEREO using Method 2 (M2), where an increase in sensitivity
is observed due to the inclusion of spectral shape information constrained by the
reference spectrum from Daya Bay.

The most significant improvement in phase space coverage is observed in the region
of Am?, < 3 eV? attributed to the inclusion of Daya Bay inputs, which allow for
a "near-far” comparison. As of this writing, a full exclusion contour and hypothesis
testing exercise have not yet been performed. These procedures require inputs from
separate analysis groups within the DPS collaboration regarding the compatibility of
the spectra measured by all three experiments, as well as a potential refinement of
the 23°U unfolded spectrum from Daya Bay. However, this effort demonstrates the
potential of a joint analysis among all three experiments in achieving a phase-space
coverage unattainable by any single experiment. These results will serve as inputs for
a comprehensive fitting framework aimed at performing both spectrum and oscillation

joint fits.

9.6 Chapter Summary

This chapter presented the current progress of a new joint analysis effort involving

the Daya Bay, PROSPECT, and STEREO collaborations. While PROSPECT has
previously collaborated with Daya Bay and STEREO individually, this marks the
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Figure 9.14: The expected median combined sensitivity for the DPS analysis is
shown by the cyan curve. The plot also includes results from the PROSPECT-only
and PROSPECT+STEREO model-independent analyses. A significant increase in
sensitivity is observed with the addition of STEREOQO data and by using the Daya Bay
spectrum as a model for the spectral shape.
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first instance where all three experiments have joined forces for a unified analysis.
Although the ultimate goal is to perform a comprehensive study of both the spectral
shape and neutrino oscillations, the current focus for PROSPECT has been on an
oscillation-only approach using spectra solely from 23°U. This choice was driven by
the capabilities of the PROSPECT-CNP framework, which supports multi-period
oscillation studies.

The PROSPECT-CNP framework has been adapted to accommodate different
detector geometries, reactor power characteristics, and energy binning schemes,
enabling the integration of STEREO data. A preliminary result of the expected
median sensitivity was achieved by combining data from PROSPECT and STEREO
and using a model-dependent analysis that utilizes Daya Bay’s 23°U data as the
reference spectral shape. This result highlights the promising potential of this
collaborative effort to significantly extend the phase space coverage for sterile neutrino

searches beyond what any single experiment could achieve alone.
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Chapter 10

Conclusion

Discrepancies reported by reactor-based antineutrino experiments, such as the
Reactor Antineutrino Anomaly (RAA), have motivated the development of high-
precision short-baseline experiments to search for the hypothesized sterile neutrino
as a potential solution to these discrepancies. One example of a successful high-
precision experiment is PROSPECT (Precision Reactor Oscillation and Spectrum
Experiment), which was designed to search for eV-scale sterile neutrino oscillations.
Using approximately 4 tons of pulse shape discrimination (PSD)-capable °Li-doped
liquid scintillator as a target within a highly segmented detector, PROSPECT
demonstrated exceptional on-surface antineutrino detection capabilities, detecting
over 60,000 inverse beta decay (IBD) events with an average signal-to-background
ratio of 4.11.

This dissertation presents the development of the final multi-period data set
collected by the PROSPECT-I detector at the compact High Flux Isotope Reactor
(HFIR) at Oak Ridge National Laboratory, along with the final physics analyses of the
235U spectral shape and the search for sterile neutrino oscillations. Using the new data
set, one of the most precise measurements of the 23U antineutrino energy spectrum
from a high-enriched uranium (HEU) reactor was achieved through a simultaneous

multi-period unfolding using the WienerSVD formalism. This measurement revealed
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consistent high-energy spectral excesses between HEU and LEU reactors, placing new
constraints on the origin of the observed 5-7 MeV excess. These findings align with
recent advances in reactor modeling and fission beta measurements, suggesting that
the predicted antineutrino spectra for all primary fission isotopes may be inaccurate.

Furthermore, a new neutrino oscillation analysis has set world-leading limits on
short-baseline eV-scale sterile neutrino oscillations, with results consistent with the
null hypothesis of no sterile neutrino oscillations. The data exclude the existence
of sterile neutrinos at a 95% confidence level in regions above 3 eV?, previously
unexplored by terrestrial experiments, including the entire parameter space below
10 eV? suggested by the recently updated Gallium Anomaly. Additionally, the best-fit
point from the Neutrino-4 reactor experiment’s claimed observation of short-baseline
oscillation is ruled out at more than five standard deviations.

Lastly, this final data set can be combined with results from other experiments
to enhance the search for sterile neutrinos. The first sensitivity projections for a
combined model-dependent fit among the Daya Bay, STEREO, and PROSPECT
experiments have been obtained, providing additional evidence supporting the null

oscillation hypothesis.
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Appendix A

Statistical Methods

A.1 Covariance matrix formalism

In hypothesis testing and parameter estimation, constraints on the parameters of
interest are typically established by constructing confidence intervals. This process
involves defining a test statistic, which is a function that depends on both the
parameters of interest and the observed data. In the large statistics regime, where the
data can be approximated by a Gaussian distribution, a commonly used test statistic

for a set of N variables is given by

M(60) — ei(0) = I ys@)]

X(0) =) . +) ol (A1)

i=1 ¢ j=1

where M; and e; are the observed and expected counts for the i*" variable given the
parameters @, with an associated statistical uncertainty o;. The term sj; represents
the systematic uncertainty from the j' source in the i*" bin, considering K sources
of systematic uncertainty. The statistical uncertainty o; may depend on @ depending
on the specific formulation of the test statistic [175, 177]. The nuisance parameters
a; are adjusted along with @ to minimize the test statistic, yielding x*(6)min. The

best-fit parameters are then defined as 6,,;, = argmin x?(6).
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Eq. A.1 could be represented in matrix form as

X’ = (u — RTa)T (u — RTa) +a'a

(A.2)
=u'u—-2a"Ru+a'RRTa+ o'«
where M
u; = PG , with dimensions Nx1
o
oy = k'™ fit parameter with dimensions Kx1 and (A.3)
R; = &, with dimensions KxN

The minimum values of the nuisance parameters could be found analytically by
taking the derivative with respect to a and setting it equal to zero.
>
n* _,
da (A.4)
Ru+ RR Y, + o = 0.

Multiplying Eq A.4 on the left side with o, gives

al Ru+al, RRYan, +al. amnm =0 (A.5)

min min min

Solving for au,;, produces
win = R (RTR +1x) " u (A.6)

where I is the unit matrix in K X K dimensions. The existence of an inverse for
the matrix (IK + RRT) follows from the assumption that the x? of Eq. A.1 has a
unique analytical minimum. As a result, if (IK + RRT) is invertible, then so must

be (Iy + RTR)

(In + RTR) ™ =1y — R” (Ix + RR") 'R (A7)
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As a result, it can be shown that:

(v + R'R) Ly — R (1x + RE") "' R|

=1y +RTR— (Iy + R"R) RT (Ix + RRT) 'R
—1Inx+ R"R— (RT + RTRR") (Ix + RR") ' R
= Iy + R"R— R” (Ix + RRT) (Ix + RR") 'R
=Iy+R"R—R'R

— 1y

The equality of the left-inverse and the right-inverse follows from the symmetry
of the matrix (IN + RTR). Having proved the existence of (IN + RTR)_l, Qpin Can

be redefined as follows:

1

tmin = (L + RRT) " R (Iy + R™R) (Iy + RTR) 'u
(

1

Ix + RRT) " (R+ RR™R) (Iy + RTR) ' u

(A.8)
— (Ix + RRT) "' (Ix + RR™) R (Iy + R"R) ' u
=R(Iy+ R"R) 'u
Substituting Eq A.4 in Eq A.2 for a=al, gives
i =ulu—al, Ru (A.9)
Substituting the value for iy, from Eq. A.8 in Eq. A.9 for x2,. produces
Ciw =uT (RTR+1y) 'u (A.10)
Separating the matrix u into two parts:
Ai = Mz — €;
(A.11)
Sij = 0:0ij,
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the Eq. A.1 can be written as

Cin = AT (ST(RTR+1y)S) " A

(A.12)
=A"VA.
where V is the resulting covariance matrix defined by:
K
Vij = O‘?(Sij + Z S15S1; (A13)
l

Using a covariance matrix provides the advantage of automatically including
correlations between all bins through the non-diagonal elements. Because the
covariance matrix inherently accounts for systematic variations, there is no need
for explicit fitting over nuisance parameters, resulting in a significant reduction in

computation time. This derivation followed closely from [177].

A.1.1 Covariance matrix generation

In the context of the PROSPECT experiment, Eq. A.13 can be reformulated to

generate the covariance matrix for each systematic uncertainty as follows:
V=B [(X - p)(X - p)7] (A14)

Here, X represents a toy vector sampled from a nominal distribution g, with
fluctuations determined by the specific systematic uncertainty under consideration.
Depending on the covariance matrix being constructed, these toy vectors were gener-
ated either by varying parameters in PG4-simulated distributions or by analytically
modifying the HM-based spectrum passed through the full detector response. The
values for each uncertainty were derived from a dedicated study of the respective
effects. After applying this procedure to each systematic uncertainty, the total

covariance matrix, defined as
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Vtot == Vstat + V5y57 (A15)

is constructed and serves as the main input in Eq. A.17.

A.1.2 Toy generation with covariance matrices

The previous section described the need to use toy distributions containing fluctua-
tions based on a given uncertainty parameter to construct a covariance matrix for each
systematic uncertainty. However, for various statistical methods employed in high-
level analyses, such as constructing the Wiener filter (see Section A.2) for the spectral
shape analysis or establishing confidence intervals in the search for sterile neutrino
oscillations (see Section A.5), it is required to use toy datasets that incorporate the
fluctuations arising from the full range of statistical and systematic uncertainties
represented by the total covariance matrix V.. This can be accomplished by means
of the Cholesky decomposition [130].

Cholesky decomposition is a mathematical technique used to decompose a
symmetric, positive-definite matrix into a product of a lower triangular matrix and its
transpose. In the context of covariance matrices, which are by nature symmetric and
positive semi-definite (and often positive definite in practice), Vi, can be Cholesky

decomposed as

Vit = LLT (A.16)

where L is a lower triangular matrix, and L’ is its transpose (which is upper

triangular) with

i—1 12
o L= \/Vtot,z'z‘ — D1 L
_ 1 Jj—1

L Lij =1, (Wot,ij — 2k=1 Liijk)

e and i < j, L;; = 0 since L is lower triangular.
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A Cholesky decomposition is often used to generate samples from a multivariate
normal distribution. Given the total covariance matrix V,ot, correlated samples can
be generated by applying L to a vector of independent standard normal variables z.
With this in mind and going back to Eq. A.16 it can be shown that a toy distribution

generated this way incorporates all fluctuations described by the covariance matrix

Vit = LL"
(A.17)
=LE [zz"| L"
In this equation, since the elements of z are uncorrelated random variables, we have
E [ZZT] = I. Given that expectation is a linear operator:
Vi = E [Lzz'L"]
(A.18)
=E|[(Lz)(Lz)"]
confirming that the expectation value of Lz(Lz)T is the input covariance matrix.
Referring back to the definition of the covariance matrix in Eq. A.14, and recognizing
that Cholesky decomposition yields a unique result, Eq. A.18 demonstrates that Lz =
X — p implying that

X = l,l; —+ LZ = Xtot <A19)

where Xyot is a toy vector containing fluctuations from all statistical and systematic

errors for a given analysis.

A.2 Wiener-SVD unfolding technique

The entire derivation of the Wiener-SVD filter presented in this section is derived
from [195]. Data unfolding is a technique commonly used in high-energy physics
(HEP) to estimate the true distribution of a physical quantity, such as an energy

spectrum, from measurements affected by detector response and uncertainties (both
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statistical and systematic). The challenge lies in that a simple inversion of the detector
response matrix can result in an amplified contribution of low-statistics and high-noise
bins, leading to unrealistic results.

The unfolding problem in HEP is typically formulated as the minimization of a
x? test function such as Eq. A.12. By replacing A in Eq. A.12 with A =m —r - s,
where m is the vector of measured data, r is the response matrix that maps the true
signal to the observed data, and s is the unknown vector representing the true signal,

a Y2 test statistic as a function of s can be defined as

Y(s)=m—-r-s)7 -V, .- (m—r-s) (A.20)

with Vi being the total covariance matrix for the analysis. Employing the Cholesky
decomposition of V,; explained in Section A.1.2 such that Vs = LT - L, Eq. A.20 can

be rewritten as

7

XQ(S):(M_R‘S)T'(M—R‘S):Z(Mi_ZRij‘5j> (A.21)

with M := L-m and R := L-r, and this process is commonly referred to as pre-scaling
or pre-whitening. The primary goal is to estimate the true signal s from the measured
data m while accounting for the detector’s response and associated uncertainties. The
solution after minimizing Eq. A.21 leads to the estimation § of the true signal S;ye.

This can be expressed as:

§=(R"R)'R"M (A.22)

which can, in turn be rewritten as

5=(R"R)"'R"(R - sypue + N) (A.23)
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where N represents the noise introduced by statistical and systematic uncertainties
associated with m and r. Drawing a parallel to the discussion about toy generation

using covariance matrices detailed in section A.1.2, it can be noted that
N=M-R -Syye=L-(m—1-Sye) =Lz (A.24)

implying that z =m — r - Sye-
Furthermore, to further reduce the impact of noise present in the pre-scaled

response matrix R, R can be decomposed using Singular Value Decomposition (SVD):

R=U-D-V'T (A.25)
where

e U is an m x m orthogonal matrix.
e /" is an n x n orthogonal matrix.

e D is an m x n diagonal matrix containing the singular values of R d;.

Incorporating Eq. A.2 into Eq. A.23 it yields

5=V -D - U" (R 54y +N)
= V/ . Dil . (RU’ * Strue NU’) (A26)
v

This last expression illustrates why a regularized unfolding procedure results in an
unfolding signal with large fluctuations. Specifically, the presence of smearing in the
matrix r or R causes the magnitude of the singular values d; to decrease significantly
as ¢ increases. Beyond a certain point, the value of d; may become extremely small,
resulting in an exceedingly large value in the corresponding element of D~!. In an
ideal scenario with no noise Ny, these large diagonal elements are effectively canceled

out by the small values in the signal R - 4., allowing for the unbiased recovery of
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the signal after data unfolding. However, the situation changes drastically in the
presence of noise Ny;. Since this noise is greatly amplified when multiplied by D1,

the unfolded results exhibit substantial fluctuations.

A.2.1 Traditional Regularization Approach

Regularization is typically used to address the noise amplification issue. Two common
regularization methods in HEP are the Tikhonov regularization and the Bayesian

unfolding methods:

Tikhonov Regularization:

This method introduces a penalty term into the chi-square function to regularize the
solution by adding constraints on the strength or smoothness of the unfolded results.
The regularization strength 7 controls the trade-off between bias and variance. To

zeroth order, the regularized unfolded spectrum is given by an expression of the form:

§=V'-F-D (Ry  Strue + Nur) (A.27)

2

d*? . . . . .
where Fj; = 2%~ is an n X n diagonal matrix favoring small values of the signal.

The optimal value of 7 is typically determined by scanning and minimizing a chosen

metric, such as the sum of variance and bias. For small values of d;, the corresponding

d;
d? +7

noise components in Ny are now mitigated by the factor at a finite 7, rather than
being amplified by %. This modification effectively reduces the large fluctuations in

the unfolded results arising from noise Ny.

Bayesian Unfolding:

In Bayesian unfolding, the approach starts with an initial guess of the true signal.
The estimate is iteratively refined based on the difference between the measured

data and the prediction from the current guess. The process stops early to prevent
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overfitting, which is a regularization mechanism. The Bayesian method is beneficial

when positivity constraints (e.g., non-negative unfolded data) are essential.

A.2.2 Wiener-SVD Approach

The Wiener-SVD approach is introduced as a powerful alternative to traditional
regularization methods. This method constructs a Wiener filter W that optimizes
the signal-to-noise ratio directly in the space of the measurement M, defined by
the SVD transformation. The Wiener filter is constructed based on the following

considerations:

e Signal Expectation: The filter takes into account the expected signal (3),
which is obtained from the transformation of the measured data. s is used

instead of sy, since the true signal is often unknown.

e Noise Characteristics: It also incorporates knowledge about noise, ensuring
that the filter maximizes the ratio of signal power to noise power in each effective

frequency bin.

In the regularization methods described above, the functional form of F;, =
d?/ (d? + 7) is independent of the signal shape. With the concept of the Wiener
filter, we can construct W (replacing F' in regularization) directly to optimize the
signal-to-noise ratio. In general terms, the Wiener filter W is constructed as the ratio
of the average expected signal to the average expected signal plus noise

W = _RQ—EZ_ (A.28)

R? -5+ N?

Making use of the SVD decomposition of R Eq. A.28 can be rewritten as

2 (S,vs)

e d; <Z]~ Vi'jT§j>2 +1

(A.29)

where
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o W, is the Wiener filter applied to the i-th singular value of the measured signal.
e d; are the singular values from the SVD decomposition.
e 5; represents the components of the expected signal.

The key advantage of the Wiener-SVD approach lies in its ability to automatically
adjust the level of filtering based on the signal-to-noise ratio in each signal bin.
This results in a solution that effectively balances the trade-off between bias and
variance without manually tuning a regularization parameter. The Wiener-SVD
method is particularly well-suited for situations where prior knowledge about the
signal and noise can be leveraged to improve the accuracy of the unfolded results. By
incorporating this knowledge directly into constructing the Wiener filter, the method
provides a more robust and efficient solution to the data unfolding problem. With

this in mind, the final regularized spectrum becomes:

§=Aw-(R"R)" -RT-M (A.30)

where Ay, is the smearing matrix defined as Ay = C~1- Vo - W - Vg - C' containing
the effects of the regularization, with C' being an additional matrix representing a
measure of the average curvature of the expected signal, imposing a constraint on the
smoothness of the signal. Furthermore, the term (R” R) 1. RT removes the noise from
directly applying the response matrix R to the measured signal M. In addition, since
the unfolded results are a linear transformation of the measurement, the covariance

matrix can also be unfolded as follows

(A.31)

Va3
I
=
S
=

with
Rw = Aw - (RTR)" -R”- L (A.32)
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Then, the covariance matrix of § can be deduced from the Cov (the covariance matrix
of M ) as
Vtot,§ - Rtot : vtot 'Rg;t <A33>

A.3 Combined Neyman-Pearson Y’ test

An essential component of the final sterile neutrino analysis is using a new statistical
method, the Combined Neyman-Pearson (CNP) approach [153], which helps reduce
biases arising from bins with low statistics. Unlike previous analyses that employed
uneven baseline binning to achieve equal statistics across all bins, the CNP method
allows for uniform binning in both baseline and energy, thereby enhancing the
robustness and consistency of the analysis.

For the relativized comparison between measured and predicted prompt spectra
per baseline used in the oscillation analysis, the statistical covariance matrix is
calculated as follows:

Ple

Vitat = 0-2 (Ml,e - M, P’ ) . (A34)

For the Neyman (Pearson) contribution, the statistical uncertainty is defined
based on the measured (predicted) value M;.(P,.). Consequently, the statistical
uncertainty in Eq. A.34 can be separated into the corresponding Neyman and Pearson

contributions as:
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Pie P
Ul%earson (Ml,e - Me L ) = Me20'2 (L)

(M)Z (@)Q_QCov(Pz,e,Pe)

P Pe
P 2
~ M? ——
‘ <<P€) Pl,e Pe Pl,ePe
(A.36)

To calculate the covariance of two variables, where one is a subset of the other,

Cov (Aje, Ae), with A = {M, P}, new variables can be defined such that:

)

X = Al,ea
Y = A, (A.37)
Y =X+2

allowing Cov (X,Y") to be expressed as:

Cov(X,Y) = Cov(X, X + Z)
= Cov(X, X) + Cov(X, Z) (A.38)
= o*(X).
Substituting the result from Eq. A.38 into Eq. A.35 and Eq. A.36, the resulting

uncertainty contributions from both Neyman and Pearson statistics for the relativized

comparison are:

P,
vaeyman (Mhe — Me%) =(1—2k)- o2 (M) + k2. 52 (M,),

e

P o (Pe)\* | (o (P)\ 0 (Pe)
) v e e e Zel) _ogZ kel
OPearson ( le € Pe € k PL@ + Pe 2 Pl,ePe

= 55 [(1=2k)0 (Bo) + K0 ()]

(A.39)
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where k = P,./P,. Based on these results, and within the CNP formalism, the final
statistical covariance matrix is defined as a linear combination of the Neyman and

Pearson x? uncertainty contributions:

1

‘/stat - 3

(VNeyman + 2VPearson) . (A40)

A.4 Gaussian CLs method

The Gaussian CLg; method [182] is employed when the Feldman-Cousins approach
(see next section) is too computationally intensive due to the need to construct a
large number of toy MC experiments. For this method, three quantities must be

calculated for each (sin® 26014, Am?2,) pair:

AT = X2 (@)1 — Xom (2o, (A.41)
ATy = X2 (Tasim,0)1, (A.42)
ATy = —xZin (T asim, 1 )o- (A.43)

In these equations, the subscript 0 indicates that the x? is calculated using
predictions based on the null hypothesis (no oscillations). The subscript 1 indicates
calculation under the assumption of the chosen Amil—sin2 2014 pair. Tagm represents
the Asimov dataset [105], either un-oscillated or oscillated (subscript 0 or 1). Ax2..
is the difference in x? between the chosen (sin?2614, Am2,) pair and the pair that
yields the lowest x2.

Once these quantities are known, confidence regions can be constructed using the

approximation for the p-value:

1+ Erf (ATl__AT(I))

_ 1—p N 8| ATy |

— Do - ATo—AT(z) .
1+ Erf <—\/m )

CL, (A.44)
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A point can be considered approximately excluded at a given confidence level if
CL, is less than 1 — «, where « is the stated confidence level. For example, at a 90%
confidence level, points with CL,; < 0.1 would be excluded. It should be noted that
the use of the Gaussian CL; method is valid only when the following three conditions

are satisfied:

1. The nuisance parameter space is continuous under null and alternative hypothe-

Ses.

2. The dataset is large enough for the Gaussian approximation of the AT test to
be valid.

3. The difference between the predictions of both hypotheses is small, which is
typically true for modifications to the Standard Model.

If any of these conditions are not met, the Feldman-Cousins (FC) method should

be used to calculate the exclusion region.

A.5 Feldman-Cousins method

To evaluate the statistical power of an oscillation experiment, it is crucial to
understand how the measured statistics, such as propagation length and energy, relate
to the goodness of fit for different theoretical parameters. An experiment typically
measures a distribution of an observable x, which is then used to infer the likelihood of
a theoretical parameter p. Following Feldman and Cousins [120], the true parameter
values are denoted with subscript ¢, while the measured values are represented by
subscript 0. The goal is establishing confidence intervals for the theoretical parameters
1 based on the observed distribution x.

This approach uses classical statistics for discrete distributions, as developed by

Neyman [176], and applies an ordering principle based on likelihood ratios proposed
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by Feldman and Cousins [120]. This method transitions smoothly between an upper
limit and a two-sided confidence interval, avoiding undercoverage.

Neyman’s confidence intervals are defined by:

P(u € [p1, pa]) = v, (A.45)

where z is a function of i, a set of theoretical parameters. The Bayesian approach,

in contrast, estimates the probability of u; given a measurement x:

P(u)

P(ui|zo) = £($0|Mt)P(x0)a

(A.46)

where L is the likelihood function, and P represents probability densities. In
neutrino oscillation experiments, selecting an appropriate prior P(p;) is difficult due
to the unbounded nature of the squared-mass difference parameters. Thus, classical
confidence intervals are generally preferred.

In Neyman’s construction, « is the fraction of experiments with a fixed unknown
iy that result in a measured jp within the interval [y, ps]. A parameter p is covered
if P(p € [p1, p2]) = o; undercovered if P(u € [u1, po]) < a; and overcovered if P(u €
(111, to]) > a. Overcoverage is conservative but can prevent rejecting false hypotheses,
while undercoverage means the intervals do not meet the claimed confidence level. To
construct confidence intervals, the confidence belt method [112] selects a range [x1, 2]

for a given p such that:

P(z € [x1,x9)|11) = . (A.47)

An upper limit is defined by:

Pz <xp) =1—a, (A.48)

and a central interval by:

309



11—«

Ple < mlp) = Plz > o)) = —

(A.49)

Feldman and Cousins [120] proposed ordering intervals based on likelihood ratios
to avoid undercoverage. For a given p, identify fipes; that maximizes P(x|u) and

compute:

P(z|p)

R=——"H_
P(x‘:ubest)

(A.50)

sum P(z|u) in descending order of R until the desired confidence level is reached.

This procedure, known as the Feldman-Cousins (FC) method, is repeated for each p.

A.5.1 Example: Determining the Mixing Angle in a Neu-

trino Oscillation Experiment
Background

Neutrino oscillation experiments aim to measure the parameters governing the
oscillation of neutrinos between different flavors (e.g., electron neutrinos, v,, muon
neutrinos, v, and tau neutrinos, ;). These oscillations are described by parameters
such as the mixing angles (612, 613, f23) and the squared mass differences between the
neutrino mass eigenstates (Am3;, Am3,).

A typical experiment detects a certain number of neutrinos of a specific flavor (e.g.,
v,) at a distance from the source. The number of detected neutrinos is compared to
the expected number in the absence of oscillations to determine the values of the

oscillation parameters.

Problem

Suppose a neutrino oscillation experiment measures the disappearance of muon

neutrinos as they travel from a source to a detector. The probability P(v, — v,)
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that a muon neutrino remains a muon neutrino after traveling a distance L through

a vacuum is given by:

1.27Am2L
P(v, — v,) = 1 — sin®*(20) sin® (Tm) :
where:
e () is the mixing angle.

e Am? is the squared mass difference between the two neutrino mass eigenstates

(in eV?).
e [ is the distance traveled by the neutrinos (in kilometers).

e [ is the neutrino energy (in GeV).

The experiment detects N muon neutrinos at the detector, and the goal is to use this

measurement to estimate the mixing angle # and establish a confidence interval.

Applying the Feldman-Cousins Method

1. Define the Likelihood Function:

Let Nyps be the observed number of muon neutrinos and Nex, (6, Am?) be the
expected number of neutrinos in the detector for a given set of oscillation

parameters 6 and Am?. The expected number N, can be modeled as:

Nexp (0, AmQ) =Ny Py, —v,),

where g is the number of neutrinos expected without oscillation.

The likelihood of observing Ng,s given the expected number is Poisson-

distributed:

(Nexp(e, Amz))NObse_Nexp(e,Am2)

L(Nops | 0, Am?) = N
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2. Construct the Confidence Intervals:

To construct a confidence interval for the parameter 6, the Feldman-Cousins
method ranks possible outcomes (in this case, the values of 6) based on the

likelihood ratio:

L(Neps | 0, Am?)
£<Nobs | 0best7 AmQ)’

R(0) =

where O, is the value of 8 that maximizes the likelihood for the observed data

Nobs-

Then, the confidence interval is constructed by including values of 6 in
descending order of R(#) until the cumulative probability reaches the desired
confidence level (e.g., 90%).

3. Determine the Critical Region:

By Monte Carlo simulation, generate many sets of pseudo-experiments for
various hypothetical true values of # and Am?. Calculate the distribution
of R(0) for each true value. The critical region is determined by finding the

outcomes corresponding to the desired confidence level.

4. Extract the Confidence Interval:

Based on the observed number of events N, and the calculated likelihood
ratios, determine the range of # values that fall within the critical region. This

range constitutes the confidence interval for 6 at the chosen confidence level.
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