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Abstract

The Precision Reactor Oscillation and Spectrum Experiment (PROSPECT) was designed to investigate
anomalies relating to the absolute 
ux and energy spectrum shape of antineutrinos emitted by235U �s-
sions in nuclear reactors, with a particular focus on searching for signs of sterile neutrino oscillations. The
PROSPECT detector collected data from March to October 2018 at Oak Ridge National Laboratory's
High Flux Isotope Reactor. Although considerable work has been done to improve the measurements
and models of the reactor antineutrino 
ux and spectrum, signi�cant questions remain. This disserta-
tion characterizes these anomalies and makes signi�cant progress towards resolving them by using the
PROSPECT dataset to measure the235U antineutrino absolute 
ux, with a goal of obtaining a level of
precision of roughly 2%, similar to the most precise measurement to date of the absolute 
ux made by the
STEREO collaboration in 2023, through precise characterization of the uncertainties in the antineutrino
detection e�ciency.
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Chapter 1

Neutrinos

1.1 Neutrinos and Beta Decay

In the 1930's, a concerning problem emerged from studies of Beta Decays, in which radioactive isotopes
appear to change their atomic number Z while leaving their mass number A unchanged by emitting a
high-energy electron. The emitted electrons had a continuous rather than discrete energy spectrum, as
shown in Fig. 1.1, which would violate conservation of energy and momentum [67]. To explain this,
Wolfgang Pauli theorized that there must be an unseen third particle with low mass and no electric
charge also coming out of Beta Decays to satisfy energy and momentum conservation, which he initially
dubbed the \neutron" [55]. Shortly after, the particle now known as the neutron was discovered, and
Enrico Fermi built upon the new understanding of atomic nuclear structure and Pauli's idea to formulate
something close to our modern understanding of Beta Decay, in which a neutron changes into a proton,
emitting an electron and another particle, which Fermi now called a \neutrino" [69]. A Beta Decay of
an atomic nucleus can be expressed in terms of A and Z:

(A; Z ) ! (A; Z + 1) + �� e + e�

1.1.1 Inverse Beta Decay and the Discovery of Neutrinos

Initially, there appeared to be no way of detecting Fermi's proposed particle, but as the next few decades
saw the discovery of many new particles and the development of Quantum Field Theory, it was realized
that if neutrinos were involved in Beta Decay as expected, they should also give rise to a reverse process,
Inverse Beta Decay (IBD): A neutrino would in this case interact with a proton, and produce a positron
and a neutron:

�� e + p ! n + e+

Clyde Cowan and Frederick Reines used this idea to come up with a way to detect a neutrino:
By setting up a detector near a large enough neutrino source, they could look for the IBD signature by
searching for scintillation light produced by the positron and the gamma rays produced by its annihilation
with an electron, and corresponding gamma rays produced by the neutron thermalizing and capturing
on a target nucleus, a short characteristic timescale after. By looking for the signals of the positrons and
neutrons in close spatial and temporal proximity to each other, they could detect neutrinos [117]. Since
calculations based on known beta decay rates suggested the cross section of neutrino interactions with
nucleons would be of order 10� 44 cm2, they would need a source which emitted neutrinos at a very high
rate in order to detect enough IBD events in this manner to produce a clear discovery of neutrinos [59].
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Figure 1.1: Energy Spectrum of Beta Decays of Radium [67].

Thankfully, in the 1950's, such a source did exist, in the form of nuclear reactors, which typically emit
6 neutrinos per �ssion and undergo on the order of 1020 �ssions per second per GW of reactor power [81].
Cowan, Reines, and their collaborators built a detector consisting of �ve alternating layers, with three
of the layers consisting of tanks full of an organic liquid scintillator, and the other two layers containing
a solution of cadmium chloride dissolved in water, with the Hydrogen atoms in the water serving as a
target for IBD interactions and the dissolved cadmium chloride serving as a target for the IBD neutrons
to capture on. An array of photomultiplier tubes (PMTs) was used to observe the scintillator signal, and
layers of lead and para�n surrounded the detector to shield it from backgrounds [59] [117]. A drawing
of the detector is shown on the left side of �gure 1.2. When a neutrino entered one of the water layers
of the detector and produced an IBD interaction, the IBD positron would quickly annihilate with an
electron and produce two 0.5 MeV gamma rays which would travel in opposite directions, one going into
the scintillator tank above the water tank where the IBD happened and one going into the scintillator
tank below, producing scintillation light in both tanks at roughly the same time. A few � s later, the
neutron would capture on the Cadmium dissolved in the water tank, producing many gamma rays that
would be detected by each of the two surrounding scintillation tanks [118]. A cartoon of this detection
strategy is shown on the right side of �gure 1.2. After initial data collection at the Hanford Nuclear
Site in 1953 gave strong hints of a neutrino, further data taken at the Savannah River Plant in 1956
con�rmed their �ndings, demonstrating the existence of neutrinos [117] [59] [118].
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Figure 1.2: (Left) A drawing of the detector used by Cowan and Reines to detect reactor antineutrinos,
with three layers of liquid scintillator tanks surrounding two layers of water tanks. (Right) A cartoon of
the signal produced when an IBD interaction happens in the detector because of an antineutrino from
the reactor [118].

Cowan and Reines' neutrino detection experiment was followed by a number of other experiments
over the next several decades built to detect and study neutrinos. In 1962, an experiment at Brookhaven
National Lab's Alternating Gradient Synchrotron produced neutrinos from a beam of pions, which decay
mainly into a muon and a neutrino. The neutrinos were then directed into an aluminum spark chamber,
where they were observed to interact with matter and create muons. This experiment established that
the neutrinos generated from pion decays into muons were a di�erent type than the neutrinos that
participate in beta decays and inverse beta decays; the two types became known as \electron (anti-
)neutrinos" and \muon (anti-)neutrinos", corresponding to the charged leptons that were created in
the interactions they participated in [62]. When the tau lepton was discovered in 1975, it implied the
existence of a corresponding tau neutrino and antineutrino, which would be discovered at Fermilab in
2001 [93].

The study of neutrinos and their interactions played a key part in the development of the Standard
Model of Particle Physics. Throughout the 1960's, Sheldon Glashow [75], Abdus Salam, John Ward [119],
and Steven Weinberg [129] developed and proposed a theory unifying the electromagnetic and weak
interactions, in which both types of interactions are mediated by spin-1 gauge bosons; EM interactions are
mediated by massless photons, while weak interactions are mediated by three massive bosons, the charged
W+ and W� bosons and the neutral Z boson [75] [119] [129]. The Z boson mediates \Neutral Current"
interactions, which do not allow particles to change 
avor, but provide a mechanism for neutrinos to
elastically scatter o� of most other particles, and the W bosons mediate \Charged Current" interactions,
such as beta decay and inverse beta decay, which can result in particles changing 
avor, so long as charge
and lepton number are conserved; so, for instance, an interaction such as �� � + p ! n + � + is allowed, so
long as the initial muon antineutrino's kinetic energy exceeds the di�erence between the rest energy of a
proton and the rest energy of a neutron plus a muon, but an interaction such as �� � + p ! n + e+ is not
allowed. Under the Standard Model, neutrinos have no mass, no color charge, and no electric charge, so
can only interact with other particles by means of the weak interaction.
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1.2 Solar Neutrino De�cit

One of the �rst proposed uses of neutrino detection was to study neutrinos from the sun to test the
accuracy of models of fusion in the sun's core. With that purpose in mind, the Homestake experiment
was designed to detect solar neutrinos, using an interaction between solar neutrinos and Chlorine to
produce Argon [57]:

� e + 37Cl ! 37Ar + e�

The experiment consisted of a tank with 615 metric tons of tetrachloroethylene located over a km
underground in the Homestake Gold Mine in South Dakota. After Argon was produced in the tank by
solar neutrinos, the Argon was extracted from the tank and placed into a proportional counter, a device
which produces pulses proportional to the energy of ionizing particles passing through the counter.37Ar
decays into37Cl by electron capture, which produces an emission of Auger electrons and X-rays, usually
with a total energy of 2.8 keV, which is detected by the proportional counter [57]. The experiment was
able to successfully detect solar neutrinos through observation of these decays, but it found a puzzling
result: after accounting for the e�ciency of the experiment at extracting Argon from the tank, the
e�ciency of the counter at observing 37Ar decays, and other e�ects such as the fraction of37Ar atoms
that decayed before being extracted and the production of37Ar in the tank from other sources, the
number of 37Ar atoms being produced in the tank was only around one third of the rate that was
expected from the 
ux of solar neutrinos predicted to pass through the tank and the cross section for
the interaction of neutrinos with 37Cl [57].

Initial explanations for the observed solar neutrino de�cit included an incorrect model of how many
neutrinos were being produced in the Sun, systematic errors related to the detector or the extraction and
counting procedures, or statistical errors from the experiment's low event rate, with the proportional
counters detecting fewer than one37Ar decay per week, but over the next few decades, measurements
of the structure [61] and composition [82] of the solar interior showed that the predicted neutrino rate
was correct or even underestimated [48], careful calibration of the extracting and counting e�ciency
validated that the observed production rates were correct, and the 25-year lifetime of the experiment
enabled enough measurements to show a consistent and clear de�cit in the production rates that could
not be explained by statistical errors, as shown in �gure 1.3 [57].

Figure 1.3: The number of 37Ar atoms produced per day in the Homestake experiment, and the corre-
sponding measurement of the solar neutrino 
ux of 2.56 SNU, well below predicted values, which ranged
from 6.36 to 9.3 SNU [57].
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Follow-up experiments designed to measure the solar neutrino 
ux were conducted to con�rm the
de�cit observed in the Homestake experiment. The Kamioka Nucleon Decay Experiment (Kamiokande),
a large water Cherenkov detector located a km underground in the Kamioka mine in Japan, searched for
solar neutrinos by looking for the Cherenkov radiation produced when a neutrino elastically scattered o�
of an electron, and could determine the approximate direction the neutrino came from by measuring the
outgoing momentum of the electron, as well as the energy of the neutrino [84]. Although Kamiokande
could only detect higher-energy neutrinos coming from 8B decays while Homestake was sensitive to
neutrinos from other sources at energies as low as 0.814 MeV [57], it was able to detect a signi�cant 
ux
of solar neutrinos over the lifetime of the experiment, and as shown in �gure 1.4, observed a signi�cant
de�cit relative to model predictions, although it observed less of a de�cit than the Homestake experiment,
seeing 45% as many neutrinos as expected instead of a third as many [84].

Figure 1.4: Kamiokande's observations of solar neutrinos from 8B decays compared to the predicted
solar neutrino 
ux. The plot on the left is the absolute detection rate of solar neutrinos, and the plot on
the right is the detection rate normalized to the predicted rate [84].

Kamiokande also studied the 
ux of atmospheric neutrinos, which are produced when cosmic rays
interact with the Earth's atmosphere to produce pions and kaons, which decay into either a muon an-
tineutrino and a muon or a muon neutrino and an antimuon, with the muons and antimuons subsequently
decaying into an electron, electron antineutrino, and muon neutrino or a positron, electron neutrino, and
muon antineutrino respectively, producing in total roughly twice as many muon neutrinos and antineu-
trinos as electron neutrinos and antineutrinos [86]. Both 
avors of neutrinos and antineutrinos could be
detected by Kamiokande, and it could distinguish between the muon and electron 
avors, but not whether
they were neutrinos or antineutrinos. The number of electron-
avor atmospheric neutrinos Kamiokande
detected roughly matched expectations from a Monte Carlo simulation of the detector, but the number
of muon-
avor atmospheric neutrinos was signi�cantly lower than expected [85]. A similar de�cit of
muon-
avor neutrinos relative to electron-
avor neutrinos was seen in studies of the atmospheric neu-
trino 
ux by the Irvine-Michigan-Brookhaven detector, another underground water Cherenkov detector
in Ohio [52].

Two other experiments, the Gallium Experiment (GALLEX) at Gran Sasso National Laboratory
underneath the Gran Sasso Massif in Italy [78] and the Soviet-American Gallium Experiment (SAGE) at
the Baksan Neutrino Observatory underneath the Caucasus Mountains in Russia [4] attempted to detect
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solar neutrinos in a similar fashion as the Homestake experiment, but using a neutrino interaction with
Gallium instead of Chlorine:

� e + 71Ga ! 71Ge + e�

This reaction has an energy threshold of 233 keV [3], making the two Gallium-based experiments
sensitive to neutrinos produced in the p + p ! d + e+ + � e reaction that produces the majority of
solar neutrinos [57], allowing them to detect a much larger number of neutrinos than Homestake and
Kamiokande. They likewise observed a signi�cant de�cit in solar neutrinos, but both GALLEX and
SAGE observed a neutrino 
ux slightly above half the predicted result, higher than Kamiokande and well
higher than Homestake [78] [4]. This collection of results implied that the de�cit in observed neutrinos
was dependent on either their energy or on the speci�c process creating the neutrinos, and in particular
suggested that the 
ux of neutrinos coming from the decays of7Be was much more reduced than other
neutrinos [46], as shown in the comparison between the observed de�cits in the various experiments in
�gure 1.5.

Figure 1.5: A comparison of the 
ux de�cits observed in the Homestake Chlorine detector, Kamiokande,
and the Gallium detectors, with the predicted 
uxes of each type of experiment normalized to the same
value. The purple bars show the observed neutrino 
uxes, the other colored bars the predicted 
uxes,
with yellow being the 
ux from 8B decays, green from7Be decays, red from the CNO cycle, and white
from proton-proton or proton-electron-proton fusion [47].
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1.2.1 Neutrino Oscillation as Explanation

The dependence of the Solar Neutrino De�cit on either the energy or source of the neutrinos was nearly
impossible to explain as being due to an incorrect model of the sun [38] and strongly suggested that the
explanation for the de�cits was some type of new physics involving neutrinos that reduced their observed
detection rate far below expectations [48]. Among the theories to explain the Solar Neutrino De�cit was
the possibility that neutrinos could be changing types as they traveled through space. If that was the
case, then by the time the electron neutrinos produced in the Sun reached the detector, the missing two
thirds would have changed into muon or tau neutrinos, and no longer be detectable.

Ziro Maki, Masami Nakagawa, and Shoichi Sakata had years earlier put forth such a theory to explain
other observations about particle decays and interactions [100], as had Bruno Pontecorvo [115]. Their
work had also speculated about other kinds of unobserved particle decays such as a muon decaying
into an electron and gamma rays or oscillations between neutrinos and antineutrinos, and di�ered from
the current understanding of oscillations in that they only accounted for oscillations between muon
and electron neutrinos, since tau leptons and their associated neutrinos had not yet been discovered.
Nonetheless, the 2-neutrino picture of oscillations is still useful as an approximation of the 3-neutrino
picture.

In the 2-neutrino picture as originally put forth by Pontecorvo, Maki, Nakagawa, and Sakata, neu-
trinos have 2 
avor eigenstates, labeled e and�; and 2 mass eigenstates, labeled 1 and 2. These states
are related to each other by their mixing angle,� 12 [100]:

�
� e

� �

�
=

�
cos�12 � sin� 12

sin� 12 cos�12

� �
� 1

� 2

�

Neutrinos are created in the 
avor eigenstates and always interact with other particles in the 
avor
eigenstates, but they propagate through space in the mass eigenstates, with lighter mass neutrinos
traveling faster than heavier mass neutrinos. A neutrino created in the � e state will then be in a
superposition of the two mass eigenstates� 1 and � 2, which will propagate through space di�erently
depending on their mass, and go in and out of phase with each other as they travel though space. This
causes the overall neutrino state to become a superposition of� e and � � , allowing the original electron
neutrino to become a muon neutrino when it would later interact with other particles. The probability
of oscillation from one 
avor of neutrino to the other will depend on the mixing angle � 12, the di�erence
� m12 between the masses of the two mass states, the baseline distance L from where the neutrino was
created, and the energy E of the neutrino,

Pe! � = sin 2(2� 12)sin 2( 1
4�hc

� m 2
12 L

E )

This equation is more commonly written with 1
4�hc set equal to 1.27 eV� 1� m� 1, � m12 measured in

eV2, and L and E measured in either km and GeV or m and MeV:

Pe! � = sin 2(2� 12)sin 2(1:27� m 2
12 L

E )

In the 3-neutrino picture, the mathematical description is more complex, but the overall conclusion
remains the same of a neutrino created in one 
avor eigenstate as a superposition of three neutrino
mass states,� 1, � 2, and � 3, which propagate as wave packets that go in and out of phase with each
other as they travel through space and allow for oscillations between the three neutrino 
avor states,� e,
� � , and � � . The states are all related to each other by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
matrix [114]:
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The PMNS matrix could also be written in terms of the mixing angles between the three mass
states, � 12, � 13, and � 23, along with a Charge-Parity Symmetry Violating term � CP which would result
in neutrinos and antineutrinos having di�erent appearance and disappearance rates if it is non-zero.
Following the convention cij = cos(� ij ) sij = sin (� ij ), the PMNS matrix can be written:

2

4
1 0 0
0 c23 s23

0 � s23 c23

3

5

2

4
c13 0 s13e� i� CP

0 1 0
� s13ei� CP 0 c13

3

5

2

4
c12 s12 0

� s12 c12 0
0 0 1

3

5 =

2

4
c12c13 s12c13 s13e� i� CP

� s12c23 � c12s23s13ei� CP c12c23 � s12s23s13ei� CP s23c13

s12s23 � c12c23s13ei� CP � c12s23 � s12c23s13ei� CP c23c13

3

5

The PMNS matrix describes the relationship between the neutrino 
avor eigenstates and the neutrino
mass eigenstates when they propagate through a vacuum, but when propagating through baryonic matter,
the relationship changes because electron neutrinos are signi�cantly more likely to interact than the
other two 
avors are, slowing them down in a manner akin to photons slowing down while traveling in
a medium with an index of refraction above 1, an e�ect known as the Mikheyev-Smirnov-Wolfenstein
(MSW) e�ect [130] [105] [101]. This results in the Hamiltonian describing the neutrino states to be
modi�ed from the Hamiltonian for neutrinos in a vacuum, adding a potential term V, which changes the
mixing angles between the neutrino states, depending on the density of the medium the neutrinos are
propagating through [130]. At relatively low matter densities such as those in the Earth's atmosphere,
this e�ect is minimal and neutrinos propagate much as they would in a vacuum, while at a certain
critical \resonance" density inversely proportional to the neutrino energy, the interaction potential shifts
the mixing angles to 45� , maximizing oscillations, and as the density increases well beyond this point,
the mixing angles all approach 90� , causing the 
avor eigenstates to equal the mass eigenstates and
stopping oscillations completely [130] [105]. The resonance e�ect could result in oscillations occurring as
neutrinos propagate through matter even if they did not occur in a vacuum [130].

In the case of solar neutrinos, since the core of the sun has very high matter density which varies
slowly, neutrino propagation through the sun would then take on the form of adiabatic 
avor conversion,
in which the electron neutrinos produced in the core would slowly convert into three mass eigenstates
which lose coherence with each other as they propagate through the sun, emerging at the surface not
as a mixed-state wave packet but as three separate wave packets, which do not oscillate as they travel
through space to Earth because they are not mixed [101]. These mass eigenstates will then convert back
into a superposition of 
avor eigenstates when they reach a detector, with the probabilities of detecting
any 
avor dependent on the relative amplitudes of the mass eigenstate waves, which are dependent on
the energy of the initial neutrino. Lower-energy neutrinos have their mixing angles changed less by
the MSW e�ect, with the densities in the solar core being too low for neutrinos with E < 2 MeV to
reach resonance, so these lower-energy neutrinos produce mass eigenstates with relative amplitudes that
are close tojUe1j, jUe2j, and jUe3j, while higher-energy neutrinos produce di�erent levels of each mass
eigenstate, lowering the probability that the higher-energy neutrinos will be electron neutrinos when they
reach the detector on Earth [101]. Additionally, if the neutrino states pass through the Earth before
reaching a detector, the MSW e�ect can cause them to oscillate again, resulting in slight di�erences in
detection rates depending on whether the neutrino was detected during the day or during the night [101].

1.3 Discovery of Neutrino Oscillations

With the evidence increasing that neutrinos were not behaving as the Standard Model expected they
would, new experiments were designed with enough sensitivity to determine whether oscillations were
responsible. In the Standard Model, neutrinos are massless, which would make oscillations impossible, so
a discovery of oscillations would prove that the Standard Model's description of neutrinos was incomplete.
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1.3.1 Early Oscillation Experiments

In the late 1990's and early 2000's, two experiments were able to resolve the atmospheric and solar
neutrino 
ux de�cits and show that neutrino oscillations were the likely cause of the de�cits. One, Super
Kamiokande, was an upgrade on the earlier Kamiokande detector, with a similar design as Kamiokande
but a volume more than 10 times larger and a much denser arrangement of photomultiplier tubes to
detect Cerenkov radiation and remove background events, giving it much better detection sensitivity
and better energy, position, and directional resolution [123], while the other, the Sudbury Neutrino
Observatory, was a heavy water (orD2O) based detector in a mine in Ontario that detected neutrinos
through scattering o� electrons or through charged and neutron current interactions with deuterons [12],
which allowed it to be sensitive to all three neutrino 
avors instead of just the electron 
avor, through
observing the following types of interactions, where� x is any of the three neutrino 
avors:

� e + d ! p + p + e� (CC)

� x + d ! p + n + � x (NC)

� x + e� ! � x + e� (ES)

This allowed SNO to measure not just the 
ux of solar electron neutrinos but also other types of
neutrinos, and compare the total rate of observed neutrinos to the predicted rate of electron neutrinos.
If the total 
ux of all three types equaled the predicted electron neutrino 
ux, that would be a clear sign
that the solar neutrino de�cit was due to electron neutrinos oscillating into the other 
avors [12].

Super Kamiokande measured the rate of electron and muon neutrino scattering events as a function
of the angle the neutrinos came from. These neutrinos are generated in the Earth's atmosphere from
cosmic ray interactions at roughly the same rate all over the Earth's atmosphere, so in the absence of
oscillations, SK should observe a roughly equal 
ux of both neutrino 
avors from all angles. However, SK
instead observed that the muon neutrino 
ux was signi�cantly higher for neutrinos coming from above
the detector than for neutrinos coming from below, and that the 
ux di�erence was dependent on the
energy of the neutrinos, exactly the pattern that would be expected if muon neutrinos were oscillating,
as seen in the left of �gure 1.6 [71].

SK could not discern a similar variation in the electron neutrino 
ux, as seen in the right of �gure 1.6,
which suggested that if the muon neutrino 
ux de�cit was caused by oscillations, it would be oscillations
between muon neutrinos and either tau neutrinos or another type of non-interacting \sterile" neutrino.
The de�cit seen was consistent with two of the neutrino mass states having a mass squared di�erence of
2.2 * 10� 3 eV2 and the maximum allowed mixing between states, withsin 2(2� ) = 1.0, parameters that
are very close to the current best-�t measurements for the� 2 and � 3 mass states [71] [112].

SK also measured the solar neutrino 
ux. The detector observed a similar de�cit as had been seen
in Kamiokande, with a 
ux roughly half the expected value, and was able to measure the value more
precisely than Kamiokande had. However, it could not observe any clear signs that this de�cit was from
neutrino oscillation; while it observed slightly more solar neutrinos during the night than during the
day, an e�ect that was predicted to occur because of the MSW e�ect, the di�erence was too small to be
statistically signi�cant [70].

The Sudbury Neutrino Observatory was able to provide a de�nitive answer to the solar neutrino
de�cit. It �rst measured the rate of neutrino-electron elastic scattering interactions and neutrino-
deuteron charged current interactions and used these measurements to determine the solar neutrino

ux. The result obtained from ES was in good agreement with Super Kamiokande's solar neutrino 
ux
measurement, roughly half the value predicted by solar models, but the result obtained from the charged
current interaction was much lower, with the 
ux based on CC interactions being closer to one third
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Figure 1.6: Left: The distribution of the muon neutrino 
ux observed in Super Kamiokande as a function
of the zenith angle. The number of neutrinos seen coming from below was far too low to be explained
without oscillations, but explained well with oscillations [124]. Right: The di�erences observed in the
electron and muon neutrino 
uxes in Super Kamiokande, as a function of both direction and neutrino
momentum. \U" refers to upward-going events (� 1 < cos(�) < 0:2) and \D" to downward-going events
(0:2 < cos(�) < 1) [71].

the value predicted by solar models, in good agreement with the Homestake Experiment's prediction.
Since the CC interaction is only sensitive to electron neutrinos while the ES interaction can happen with
all neutrino 
avors, this strongly implied that some component of the solar neutrino 
ux was coming
from muon and tau neutrinos [13]. Finally, SNO measured the 
ux based on neutrino-deuteron neutral
current interactions, which are equally likely to happen with all neutrino 
avors while elastic scattering
happens much more often from electron neutrinos, and calculated a 
ux which was in agreement with
the value solar models predicted for the solar neutrino 
ux, as shown in �gure 1.7, which could only
be explained by oscillations of solar neutrinos from electron neutrinos at the point they were created to
muon or tau neutrinos at the point they were detected [12]. The values that each of their three measured
rates implied for the portion of the 
ux that was made up of electron neutrinos also agreed very well, as
shown in �gure 1.8.

For resolving the solar and atmospheric neutrino de�cits and discovering neutrino oscillations, Super
Kamiokande and SNO shared the 2015 Nobel Prize in Physics, after the oscillation parameters had been
su�ciently well measured by SK, SNO, and several other experiments [111].

1.3.2 Measurements of Oscillation Parameters

While SNO and Super Kamiokande studied solar neutrinos and SK studied atmospheric neutrinos, several
other experiments throughout the 2000's and early 2010's studied neutrinos from accelerators or nuclear
reactors to measure the mixing angles and mass di�erences between the three neutrino mass states.
The �rst experiment to measure the oscillation parameters with reactor neutrinos was the Kamioka
Liquid scintillator Anti-Neutrino Detector (KamLAND), a 1 kiloton liquid scintillator detector built in
the former location of the Kamiokande detector, which searched for electron antineutrinos from nuclear
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Figure 1.7: The results of all of the solar neutrino 
ux experiments, with SNO's measurement of the 
ux
from all neutrino 
avors agreeing with predictions and the measurements that only (or primarily) were
sensitive to electron neutrinos seeing signi�cant de�cits [45].

Figure 1.8: A comparison of the solar electron neutrino and muon/tau neutrino 
uxes that would explain
the results of SNO and SK [124].
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reactors at a range of distances from tens to hundreds of km, and detected reactor antineutrinos from
dozens of reactors in Japan as well as a small number of antineutrinos from reactors outside of Japan,
mainly from South Korea [65] [6]. KamLAND was able to see a signi�cant disappearance of electron
antineutrinos relative to other reactor experiments that had been built closer to the reactors they were
observing, which was in agreement with the oscillation parameters expected from the electron neutrino
de�cits seen in the solar neutrino experiments, as seen in �gure 1.9 [65].

Figure 1.9: The disappearance of reactor antineutrinos seen by KamLAND compared to earlier reactor
antineutrino detectors at shorter baselines. The dotted curve and shaded region indicate the range of
values expected from the best �t oscillation parameters based on the solar neutrino measurements [65].

Continued data taking allowed KamLAND to demonstrate the dependence of this disappearance on
the distances to the reactors it observed and the energies of the antineutrinos it was detecting, which was
sinusoidal in nature, as seen in �gure 1.10, providing clear evidence of oscillation of reactor antineutrinos
caused by the large mixing angle� 12 and small mass di�erence � m2

21 in the neutrino mass states� 1 and
� 2 [6].
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Figure 1.10: The reactor antineutrino disappearance seen by KamLAND as a function of the average
distance to the reactors it was observing and the energy of the antineutrinos it was detecting, and the
oscillation parameters that would result in that disappearance [6].

In the early 2010's, three other liquid scintillator detectors- Daya Bay, at the Daya Bay reactor
complex near Shenzhen, China [26]; RENO, at the Hanbit Nuclear Power Plant in South Korea [14],
and Double Chooz, at the Chooz Nuclear Power Plant in France [7]- began to make measurements of
electron antineutrino disappearance at distances to reactors of hundreds of meters to slightly over a
km, to measure the shorter-wavelength and lower-amplitude oscillations caused by the mixing angle� 13

and the mass di�erence between the� 1 and � 3 states. Daya Bay and RENO both consisted of multiple
detectors at both shorter (hundreds of km) and longer (over a km) baselines to the reactors at their
experimental sites, and compared the di�erences between the rates of antineutrinos they observed at
shorter distances to longer distances, while Double Chooz had only a single detector at a baseline of
slightly over a km, and compared its observed rate of antineutrinos to a model of the reactor 
ux. All
three observed de�cits in the reactor antineutrino 
ux of between 5 and 8% at a baseline of roughly a
kilometer, which is consistent with oscillations caused by a small mixing angle� 13 [26] [14] [7].

The measurements of� 23 and � m2
23 made by Super Kamiokande's studies of atmospheric neutrinos

were further re�ned by searching for the disappearance of muon neutrinos and antineutrinos produced
in particle accelerator beamlines. Two such accelerator experiments, KEK to Kamioka (K2K) and Tokai
to Kamioka (T2K), used Super Kamiokande to detect muon neutrinos and antineutrinos coming from
the KEK-PS and J-PARC Main Ring accelerators, respectively. Both accelerators are a few hundred
km away from the Super Kamiokande detector. In both of these experiments, the rate of muon-
avor
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neutrino detections observed in SK was compared to the rate observed at another \near" detector a
few hundred m away from the accelerator beamlines, and both observed signi�cant de�cits in the muon
neutrino 
ux at SK relative to the near detector, measuring oscillation parameters consistent with the
parameters calculated from SK's observations of atmospheric neutrino 
ux disappearance [15] [5]. The
Main Injector Neutrino Oscillation Search (MINOS), a similar experiment using a near detector and far
detector to detect muon-
avor neutrinos coming from the Neutrinos at the Main Injector Accelerator at
Fermilab, obtained similar results [9].

The mass di�erences in mixing angles result in the three-neutrino oscillation e�ectively being ap-
proximated as two separate two-neutrino oscillations, one relatively rapid oscillation between muon and
tau neutrinos, and one slower oscillation between electron neutrinos and a superposition of the other
two 
avors. This occurs because electron neutrinos are almost entirely composed of the� 1 and � 2 mass
states, which are much closer to each other in mass than� 3 is to either of them, while muon and tau
neutrinos have a more even mix of the three mass states and are much more similar to each other than
to the electron neutrino.

Since most oscillation experiments are sensitive only to the squared di�erence between two of the
three mass states, and not to which state is more massive, it is not yet clear whether� 3 is the heaviest
of the three neutrino mass states or the lightest- these two cases are known as the \Normal Ordering"
and \Inverted Ordering" of the neutrino mass hierarchy, respectively, since� 3 being the heaviest state
would give the electron neutrino an e�ective mass considerably lighter than the e�ective masses of the
muon and tau neutrinos, matching the mass ordering for the charged leptons, while� 3 being the lightest
state would make electron neutrinos e�ectively the heaviest 
avor. However, it is known from the solar
neutrino experiments that � 2 must be heavier than � 1, because if the opposite was true, the MSW e�ect
would result in a signi�cantly di�erent de�cit of high-energy solar electron neutrinos.

The current best understanding of neutrino mixing angles and mass di�erences gives the following as
the parameters controlling neutrino oscillation, where all mixing angles and� CP are in degrees, and �m3l

is the mass di�erence between the� 3 state and � 1 state if the mass states are in the normal ordering, or
the di�erence between � 3 and � 2 if the mass states are in the inverted ordering [112]:

� 12 = 33:68+0 :73
� 0:70

� 23 = 43:3+1 :0
� 0:8

� 13 = 8 :56+0 :11
� 0:11

� CP = 212+26
� 41

� m2
21 = 7 :49+0 :19

� 0:19 � 10� 5eV2

� m2
3l = 2 :513+0 :021

� 0:019 � 10� 3eV2

Figure 1.11 illustrates the probability of a neutrino initially created in the electron 
avor state oscil-
lating into one of the other two states or remaining an electron neutrino, depending on the neutrino's
energy and how far it has traveled since its creation.

1.4 Neutrinos in the Standard Model and Beyond

In the Standard Model of Particle Physics, there are a few dozen fundamental particles and antiparticles,
which interact with each other mainly through the exchange of virtual particles. Standard Model Particles
can be thought of as excitations of �elds corresponding to that particle which permeate all of spacetime
and have characteristics based on their coupling strength with other �elds. One of these characteristics
is mass, which comes from the potential energy generated through interactions with the gauge bosons
such as the Higgs boson.
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Figure 1.11: The probability that a neutrino created in the electron 
avor state will later be detected
in that state or oscillate into one of the other 
avor states, as a function of the neutrino's energy
and the distance between where it was created and where it was detected, ignoring matter e�ects,
based on all current best-�t parameters from NuFit [112], assuming Normal Ordering and including
Super Kamiokande's atmospheric neutrino data. The short-wavelength, small-amplitude wiggles in the
probability that the neutrino remains in the electron 
avor state come from the mixing angle � 13 [104].

The Standard Model is one of the most exceptionally well-tested theories in Physics, but there are
several phenomena it cannot explain, and Neutrino Oscillations are a prime example- the only example,
in fact, of Beyond Standard Model (BSM) Physics that have been well-studied.

1.4.1 Neutrino Masses

Neutrinos in the standard model do not couple with the Higgs boson and have no electromagnetic or
color charge, which should result in them having no mass. But the existence of oscillations proves they
must have mass- if they were massless, all neutrino states would propagate through space as waves at
the speed of light and experience no passage of time, preventing any oscillations. This necessitates some
form of BSM Physics to explain the origin of neutrino masses.

To date, a non-zero neutrino mass has never been measured, with the most stringent limits having
been placed on the combined mass of all three neutrino mass states by measurements of the beta decay
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spectrum of 3H by the Karlsruhe Tritium Neutrino (KATRIN) experiment, which most recently set a
limit of 0.45 eV on the sum of the three mass states [16]. Cosmological measurements of the expansion
of the universe suggest even lower bounds for the neutrino masses, with the most recent results of the
Dark Energy Spectroscopic Instrument (DESI) �nding an upper limit obtaining an upper bound of 0.053
eV, which is in disagreement with the measurements of the mass di�erences by oscillation experiments.
Since the mass di�erences are measured well, a more likely explanation of this result is that the standard
cosmological model �CDM is incorrect in its assumption that Dark Energy is constant throughout space
and time- instead, it evolves over time [66].

1.4.2 Sterile Neutrino Oscillations

In the 1990's, the Liquid Scintillator Neutrino Detector (LSND) searched for neutrino oscillations at a
proton beam at the Los Alamos Neutron Science Center (LANSCE). Like the other accelerator-based
oscillation experiments, it searched for the disappearance of muon neutrinos produced by pion decay,
and also searched for the appearance of electron neutrinos in the beam. Unlike K2K, T2K, and MINOS,
LSND operated at a very short baseline, tens of meters from the LANSCE beamline. LSND found an
excess of electron neutrinos, but this excess was far too large to be explained by the standard oscillation
parameters behind solar and atmospheric neutrino oscillation, instead implying oscillation driven by a
mass squared di�erence on the order of 1 eV2 [11]. One explanation for this would be if there was at least
one additional unseen \sterile" neutrino mass state which, unlike the known states, does not participate
in the Weak interactions and so has no other interaction with the rest of the particles in the Standard
Model, but which does result in additional oscillations between the active neutrino states and the sterile
neutrino state and then back into the active states, which could explain the excess electron neutrinos
seen by LSND [11], and which could in combination with other interactions result in the active neutrino
states having a small but non-zero amount of mass [1].

The simplest theory of sterile neutrino oscillations is the 3 + 1 model, with the 3 active neutrino

avors and one sterile 
avor, � 4. In the Standard Model, neutrinos all have left-handed chirality while
antineutrinos have right-handed chirality. The 4th neutrino 
avor would be the opposite, having right-
handed chirality as a neutrino and left-handed chirality as an antineutrino. Since the Weak interaction
couples only to left-handed fermions and right-handed antifermions, this sterile neutrino would not
participate in weak interactions. However, if there are non-zero mixing angles between the sterile and
active neutrino mass states, there would be oscillations between them, parametrized by a 4-neutrino
extension to the PMNS matrix [1]. Sterile neutrinos could also obtain mass by coupling with the Higgs
boson, which could in turn generate mass in the active neutrinos, explaining why they are not massless.
In such a scenario, neutrino masses would be the eigenvalues of a mass matrixM � , depending on mass
terms mL for the left-handed active neutrinos, M R for the right-handed sterile neutrinos, and the Dirac
mass termmD that comes from the coupling between active and sterile neutrinos [1]:

M � =
�

mL mD

mT
D M R

�

In such a case, the sterile neutrino state would have a mass of roughlyM R , while the active states
would have masses of roughlym 2

D
m R

, which is known as the \seesaw mechanism" because the heavier the
sterile neutrino is, the lighter the active neutrinos are. M R being of order eV or 10 eV whilemL = 0 could
potentially yield the correct values for the active neutrino masses and explain the LSND anomaly [1].

There are several compelling theoretical reasons to investigate the existence of sterile neutrinos. As
massive particles with no other interactions outside of neutrino oscillation, they could form a component
of dark matter, and in addition to explaining neutrino mass and the excess electron neutrinos seen by
LSND, could explain several other neutrino anomalies, which will be discussed in the next chapter.
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Chapter 2

Neutrino Anomalies

2.1 Gallium Anomaly

In the 1990's, two Gallium-based experiments, the Gallium Experiment (GALLEX) and the Soviet-
American Gallium Experiment (SAGE) attempted to detect solar neutrinos via an IBD interaction with
Gallium:

� e + 71Ga ! 71Ge + e�

This reaction has an energy threshold of 233 keV [3], considerably lower than most other IBD target
interaction thresholds. The IBD interaction using a proton as a target, which was used by Cowan
and Reines and many other neutrino detection experiments, has a threshold of 1.8 MeV, and the Cl-
target interaction used in Homestake has a threshold of 814 keV [57], both too high to detect the
lowest energy solar neutrinos- of particular interest, the reaction on Gallium can detect the neutrinos
from the proton-proton interaction that forms the start of the chain of fusion reactions in the sun, and
which produces neutrinos with a maximum energy of 420 keV [57]. This low energy threshold allowed
GALLEX and SAGE to be sensitive to a larger fraction of the solar neutrino 
ux than other solar
neutrino experiments, making their measurements a necessary part of understanding the Solar Neutrino
De�cit. The two experiments were successfully able to detect low-energy Solar Neutrinos and con�rmed
the �ndings of Homestake [57] and Kamiokande [84] that the amount of detected solar neutrinos was
well below the expected number without neutrino oscillations, helping provide more evidence for the
existence of oscillations [78] [4]. They also uncovered evidence of a completely di�erent anomaly in their
calibration data, which has since been termed the Gallium Anomaly [73].

GALLEX was �rst to observe the anomaly. While doing calibrations of their detector, the GALLEX
collaboration irradiated it with neutrinos from a 51Cr source and compared the number of recovered
Germanium atoms to the number expected from the source's neutrino emissions. Their �rst calibration
run recovered almost exactly the expected number, giving good evidence that their results on the Solar
Neutrinos were correct, but their second run found only 84% as many neutrinos as expected [79]. SAGE
observed a similar result shortly after [3]. In both cases, the de�cit was small enough to be attributed
to high statistical error and uncertainty in models of neutrino production, but when SAGE repeated the
test with an Argon source in 2006, they found an even larger de�cit, detecting only 79% of the expected
neutrino number, which could not be explained so easily [2].

It is certainly possible that the Gallium anomaly stems from some kind of signi�cant misunderstanding
in nuclear and atomic physics leading to a lower than expected cross section for the interaction between
neutrinos and Gallium nuclei. A much more intriguing possibility is if the de�cit is caused by the
electron neutrinos oscillating into another, undetectable neutrino. The energies and baselines involved
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in the SAGE and GALLEX measurements could not result in any signi�cant oscillations between � e and
� � and � � , but a 4th sterile neutrino state of su�ciently large mass and mixing angles with the active
states could result in a signi�cant amount of � e disappearance. Such a large mass di�erence between the
4th neutrino state and the other three would mean the oscillation probability could be simpli�ed as:

Pe! sterile = sin 2(2� 14)sin 2(1:27� m 2
14 L

E )

2.1.1 BEST Measurements

The Gallium Anomaly motivated the construction of the Baksan Experiment on Sterile Transitions
(BEST), which used a 51Cr source inside of a detector composed of an inner sphere and an outer cylinder
both �lled with Liquid 71Ga to con�rm the existence of the Gallium Anomaly and test for whether Sterile
Neutrino Oscillations could be an explanation [51]. BEST had good sensitivity to search for very short
oscillation wavelengths despite the relatively low neutrino energies ranging from 427 to 752 keV, thanks
to the short baselines in the experiment, with the inner sphere separated from the source by as little
as 3.0 cm and having a radius of 66.75 cm, giving it an average baseline of a few tens of centimeters,
while the outer cylinder had a radius of 109 cm and height of 211.2 cm, giving it an average baseline of
roughly 1 meter [51]. Like GALLEX and SAGE, BEST compared the number of extracted 71Ge atoms
in their inner and outer detector to the expected numbers from the radioactive source's neutrino 
ux,
and they too found a de�cit, observing 79% of the expected Ge in the inner detector and 77% in the
outer detector; combining the BEST results with the GALLEX and SAGE results yields an overall result
of the measured Ge production rate divided by the expected Ge production rate of R = 0.80� 0.047, a
slightly more than 4 sigma deviation from the expected value [51].

While this is not proof of sterile oscillations, it is certainly a strong hint of some unknown process.
The lack of a signi�cant di�erence between the inner and outer volumes suggests that if oscillations are
the cause, the scale of the oscillations is over even shorter baselines than those in the BEST experiment,
which gives a good hint to the scale of the mixing angle and places a strong lower limit on the mass of
the � 4 state, though it gives no upper limit to the mass, as shown in Fig. 2.1.

Figure 2.1: The best �t of the mixing angle and mass di�erence for sterile neutrino oscillations from
BEST, GALLEX, and SAGE data [51].
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2.2 Reactor Neutrinos

Nuclear reactors emit roughly 6 neutrinos per �ssion, and produce roughly 1020 �ssions per second per
GW of reactor power [81], with the neutrinos mainly coming from beta decays of �ssion fragments.
Reactors can be divided into two types: Low Enriched Uranium (LEU), which are composed of a mix
of 235U, 238U, 239Pu, and 241Pu, and High Enriched Uranium (HEU), which are almost pure 235U
reactors. Commercial reactors are typically LEU reactors, while research reactors are typically HEU.
Studying both types of reactors is critical to understanding neutrino properties and nuclear decays, and
this research has strong applications in reactor monitoring for the purpose of antiproliferation of nuclear
weapons.

2.2.1 Models of the Antineutrino Flux and Spectrum

Of key importance to understanding reactor neutrinos is understanding the total 
ux of emitted neutrinos
and the energy spectrum of those neutrinos. The energy spectrum can be written in terms of the
cumulative spectrum of each individual �ssion isotope:

S(E � ) =
WthP
i f iei

X

i

f i
dNi

dE��

Where Wth is the total thermal power of the reactor, f i is the fraction of �ssions from each isotope
i, ei is the average energy released per �ssion from isotope i, anddN i

dE �
is the cumulative antineutrino

spectrum of i, normalized per �ssion [81]. The energy spectrum can be integrated over all energies to get
the reactor's total antineutrino 
ux. For a LEU reactor, the spectrum and 
ux will change substantially
over time, since an LEU reactor typically only changes out its fuel around once a year. Near the start of
a reactor cycle, the fuel will be entirely the two Uranium isotopes, with 235U making up the majority of
the �ssions, though most of the fuel is actually composed of238U. Over the course of the cycle, neutron
captures will cause a substantial amount of the238U to become 239Pu and 241Pu, gradually increasing
the contributions to the antineutrino spectrum and 
ux from those isotopes over time [81]. By contrast,
an HEU reactor contains little to no 238U and much more regularly has its fuel recycled, meaning it has
a more constant antineutrino 
ux that is nearly 100% from 235U.

Ab initio method There are two methods for calculating the reactor antineutrino spectrum and 
ux:
The ab initio method, and the beta spectrum conversion method. The ab initio method calculates the
spectrum by summing over the antineutrino 
uxes of all beta decay branches of all �ssion fragment
isotopes:

dNi

dE ��
=

X

n

Yn (Z; A )
X

i

bn;i (E i
0)P�� (E �� ; E i

0; Z )

Where the index n indicates whether a fragment is in the ground state or nth excited state and the
index i sums over fragment isotopes,Yn is the number of beta decays of an isotope with the given atomic
numbers Z and A, bn;i is the branching ratio of each decay endpoint energyE i

0, and P�� is the normalized
antineutrino energy spectrum for the branch n, i.

While this method has advantages in that it computes the total spectrum from �rst principles, it is
also very computationally intensive due to the hundreds of possible fragment isotopes for each initial
�ssion isotope, each of which can have many excited states, and there are large uncertainties in many of
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the fragments involved. Many of the branching ratios are not well-known, and� 30% of the aggregate
spectrum comes from forbidden transitions and decays. These issues, along with other uncertainties
arising from complications such as corrections from the size and shape of nuclei, result in signi�cant
overall uncertainties in the resulting spectrum [81].

Beta spectrum conversion method Instead of trying to calculate the antineutrino spectrum from
�rst principles, one can instead directly measure the spectrum of emitted� particles from each �ssion
isotope, and from this, calculate the antineutrino spectrum. First, the beta spectrum is divided into
bins, de�ned with a set of virtual endpoint energies E i

0. Then a �t is applied to each endpoint, using the
amplitudes ai of each beta branch and the normalized beta energy spectrum for branch i, to determine
the total cumulative beta spectrum:

dNi

dEe
=

X

i

ai P(Ee; E i
0; Z )

From this, dN i
dE ��

can be determined simply through setting the beta spectrum for each branch,Ee, as
equal to E0 � E �� , by conservation of energy, treating the small nuclear recoil energy as negligible [81].

This method has the advantage of always reproducing the experimentally measured beta spectrum
and not depending on as many poorly-known �ssion fragment yields. However, it still depends on the
details of the shape factors and on knowledge of forbidden transitions which make up a large portion of
the neutrino spectrum, which is in turn dependent on largely unknown details of the size and shape of
nuclei, and so also results in signi�cant uncertainties in the antineutrino spectrum [81] [88].

For a long time, the best reactor antineutrino spectrum and 
ux model has been a combination
of the two methods known as the ILL-Vogel model. It uses measurements performed at the Institut
Laue-Langevin (ILL) reactor in the 1980's of the beta spectra of235U, 239Pu, and 241Pu to predict
the antineutrino spectrum of those isotopes with the conversion method [128] [120] [77], along with
the summation method as used by Petr Vogel and others in 1981 for the spectrum of238U [127]. In
2011, this model was updated by Thiago Mueller and others, by combining the beta spectrum measured
by ILL and improved measurements in nuclear databases to get a more accurate prediction of the
antineutrino spectrum [106], and the same year, Patrick Huber applied higher-order corrections to ILL's
measurements [87]. The current gold standard is the Huber-Mueller model, using Huber's updated
calculations to the beta conversion method for the antineutrino spectra of235U, 239Pu, and 241Pu, and
Mueller's summation method for 238U. Both methods saw an increase in the predicted 
ux of roughly
3% compared to the ILL-Vogel model, which would soon result in tension with improved measurements
of the spectrum by reactor experiments [87] [106] [103].

2.2.2 Reactor Antineutrino Anomaly

In the 2010's, increasing precision in both the models and measurements of reactor neutrinos showed some
disagreements between data and theory. The Daya Bay Reactor Experiment, which used Gadolinium-
doped liquid scintillator detectors at a range of baselines from 100's of meters to kilometers from LEU
reactors, made precision measurements of the� 13 oscillation parameter, the absolute 
ux of the reactor
antineutrinos, and the antineutrino energy spectrum [27] [28]. The last two measurements signi�cantly
di�ered from the models, with Daya Bay roughly agreeing with the measured average across many
previous 
ux experiments of a 6% de�cit in the absolute 
ux relative to the updated predictions of the
Huber-Mueller Model, as seen in �g 2.2, a de�cit which was termed the \Reactor Antineutrino Anomaly
(RAA) [103]." The energy spectrum also deviated signi�cantly from the predicted shape, in particular
showing a signi�cant excess in antineutrinos at energies centered around 5 MeV, as seen in �g 2.3, which
has been called either a \shoulder" or a \bump" in the neutrino spectrum [27] [88]. Both anomalies
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were also observed by the other reactor antineutrino detectors built to measure� 13, RENO [56] and
Double Chooz [64], with RENO's analysis further suggesting that the de�cit was largely being caused
by antineutrinos from 235U, but not ruling out that other isotopes could have been responsible [49].

There are many possible potential causes of the 5 MeV excess, all of which have to do with either
errors in earlier measurements that are used in the Huber-Mueller model, leading to incorrect predictions
of the total number of neutrinos produced in reactors, or poor understanding of the beta decays of some
of the isotope �ssion fragments leading to incorrect predictions of the neutrino spectrum shape in that
region of the energy spectrum [88].

Figure 2.2: The de�cit in the antineutrino 
ux seen in the Daya Bay experiment [27].

Figure 2.3: The excess in antineutrino energy centered at 5 MeV seen in the Daya Bay experiment [27].
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2.3 Explanations for Anomalies

The excellent precision in Daya Bay's Flux Measurement and the average of it along with many other
experiments disfavored a statistical error as the cause of the disagreement with models. This suggests that
the models are incorrect due to the uncertainty in the branching and end points of beta decay branches,
or alternatively, that some sort of unaccounted-for BSM Physics is causing fewer neutrino detections than
we expect to see. The de�cit cannot be explained by oscillations between the active neutrino states- at
the baselines and energies involved in Daya Bay's measurement, no signi�cant oscillation takes place
from electron antineutrinos to the other two 
avors. But oscillations to a sterile neutrino state could
potentially cause the de�cits seen in both the RAA and the Gallium Anomaly [103].

2.3.1 Sterile Neutrino Oscillations

If there is a Sterile Neutrino with a mass di�erence of at least 1 eV2 and the right level of mixing with
the � 1 and � 2 states that primarily make up electron-
avor neutrinos, the oscillations resulting from this
mixing would rapidly smear out over baselines beyond 10 m, meaning that the reactor neutrino exper-
iments would not see any clear oscillatory e�ects such as the neutrino 
ux de�cits they observed being
baseline or energy dependent, but would instead see a consistent de�cit in the antineutrino 
ux relative
to the predicted 
ux. However, at shorter baselines, the oscillatory e�ects of sterile neutrinos with a mass
at this scale could be observed as a baseline- and energy-dependent electron antineutrino disappearance
at baselines of roughly 10 m or smaller, as shown in �gure 2.4. A sterile neutrino with a mass at this
scale could also explain the Gallium and LSND anomalies [1]. This motivated the construction of �ve
new short-baseline reactor experiments that operated in the late 2010's with the goal of searching for
sterile neutrino oscillations and investigating the bump in the 235U energy spectrum: STEREO, at the
ILL reactor in France [19], the Neutrino Oscillation at Short baseline (NEOS) experiment, at the Hanbit
Nuclear Power Plant in South Korea [91], the Precision Reactor Oscillation and Spectrum (PROSPECT)
experiment, at the High Flux Isotope Reactor in Tennessee [39], the Detector of AntiNeutrino based on
Solid Scintillator (DANSS) project, at the Kalinin Nuclear Power Plant in Russia [17], and the Neutrino-4
experiment, at the SM-3 reactor in Russia [121], all of which are discussed in more detail in the following
chapter.

Figure 2.4: A comparison of measurements of the235U antineutrino 
ux from several decades of reactor
experiments. The red curve shows the rate expected from active neutrino oscillations, and the blue curve
shows the rate expected from additional sterile neutrino oscillations [1].
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2.3.2 Beta Spectrum Ratio Recalculation

One possible explanation for the Reactor Antineutrino Anomaly is that the measurements performed
at ILL of the 235U, 239Pu, and 241Pu beta spectra have relative normalization errors, resulting in the
Huber-Mueller model incorrectly predicting the relative numbers of neutrinos coming from each �ssion
isotope. Daya Bay's measurements of the reactor antineutrino 
uxes found a de�cit in the 235U 
ux
but not the 239Pu 
ux, with the 239Pu 
ux agreeing almost perfectly with the Huber-Mueller model as
shown in the left of �gure 2.5 [29], which couldn't be explained by sterile neutrino oscillations since the
two isotopes have antineutrino energy spectra with very similar shapes and a similar-sized excess in the
region of the 5.0 MeV spectrum \bump", as shown in the right of �gure 2.5 [10], but could be explained
by relative normalization errors in the ILL measurements [94].

Figure 2.5: (Left) The Daya Bay Experiment's measurements of the235U 
ux and 239Pu 
ux in com-
parison with the prediction of those 
uxes from the Huber-Mueller model. The 235U 
ux is 92% of the
expected value, but the239Pu 
ux is 99% of the expected value [29]. (Right) The energy spectra of235U
and 239Pu normalized to the expected 
uxes of each. Both have similar shapes and signs of an excess
centered around 5.0 MeV [10].

In 2021, Vladimir Kopeikin and others performed a new measurement of the ratio between the235U
and 239Pu beta spectra at the Kurchatov Institute (KI) using an experimental apparatus that measured
the beta spectra of the two isotopes simultaneously rather than separately as the ILL measurements
had done so that the KI measurement could avoid any normalization uncertainties. This measurement
found a similar result to the ILL measurements for the relative shape of the235U and 239Pu spectra,
but found that the ratio between the two cumulative beta spectra,

e S5
e S9

, where the indices 5 and 9 refer
to 235U and 239Pu respectively, was smaller than ILL's result, and that if they took ILL's measurement
of this ratio and divided it by 1 :054� 0:002, it reproduced their ratio measurements almost perfectly
throughout the entire energy spectrum of both isotopes, as shown in �gure 2.6. This could mean that
ILL's measurements were overestimating the235U beta and antineutrino spectra by 5.4%, resulting in
the Huber-Mueller model over-predicting the antineutrino 
ux for 235U by 5.4% with the excess spread
across all energies, which would explain the observed 6% de�cit between measured reactor 
uxes and
the Huber-Mueller model as an incorrectly high model prediction [94].
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Figure 2.6: A comparison between the235U and 239Pu beta spectrum ratios measured at ILL in the
1980's and at KI in 2021. The KI measurement suggests that the ILL measurement was 5.4% high,
which could explain the RAA [94].

2.3.3 New Summation Models

In 2019, Estienne-Fallot (EF) model was developed based on updating the summation method with more
recent measurements of the beta decay of many �ssion isotopes using the technique of Total Absorption
Gamma-ray Spectroscopy to correct for systematic uncertainties in the summation method at high decay
energies. This model predicted a lower overall235U 
ux while not signi�cantly changing the prediction
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of the 239Pu 
ux, giving it good agreement with Daya Bay's 
ux measurements as shown in �gure 2.7,
but it predicted a similar spectrum shape as the Huber-Mueller model, meaning it could not explain the
5 MeV spectrum bump.

Figure 2.7: The predicted 235U antineutrino energy spectrum from the Estienne-Fallot model. While it
agrees better with the Daya Bay measurements than the Huber-Mueller model does, it doesn't explain
the shape of the spectrum at 5 MeV [68].

This was followed by the BESTIOLE Model in 2023, which computed the summations by simulating
the beta decays of �ssion isotopes that had not been previously well-measured with a phenomenological
Gamow-Teller beta decay strength model and the software Beta Energy Spectrum Tool for an Improved
Optimal List of Elements (BESTIOLE). After adding in a quenching factor to correct for an overes-
timation of the calculated nuclear level density, the BESTIOLE model is in good agreement with the
Daya Bay measurements in both the235U 
ux and energy spectrum shape, although it predicts at higher
energies a lower value of the235U and 239Pu beta spectrum ratio than was found by the KI measurement,
as shown in �gure 2.8 [96].

While the Kurchatov Institute's beta spectrum measurement and the improved summation models
provide a compelling argument that the Reactor Antineutrino Anomaly was nothing more than an error
in the 235U 
ux model and that correcting the model causes the predicted 
ux to match the measured

ux, changing the model in this way does not fully explain the shape of the energy spectrum of235U or
other isotopes, nor does it explain any of the other neutrino anomalies seen in other experiments, such as
the Gallium anomaly or the excess electron neutrinos or antineutrinos seen in the LSND experiment [11].
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Figure 2.8: The predicted235U to 239Pu beta spectrum ratio in the BESTIOLE model, which reproduces
some features of the Daya Bay spectrum well but predicts lower ratios at higher energies than were
observed by Kopeikin et al [96].

2.4 Resolving Anomalies with Antineutrino Flux Measurement

Clearly, further study is needed to further improve the precision in antineutrino 
ux measurements, both
to see whether Sterile Neutrino Oscillations can explain the observed discrepancies, and give a better
idea of what the correct model for the 235U antineutrino 
ux and spectrum should look like. This can
all be done in a simpler fashion if an HEU reactor is used as a neutrino source, due to the single-isotope
composition of the fuel and there being negligible time-dependence of the 
ux.

2.4.1 Antineutrino Flux Equation

To calculate the 
ux of reactor antineutrinos from the observed detection of IBD's in a detector, several
corrections must be made. First, one must �nd the reactor's average energy output and the energy
released per �ssion in order to determine how many �ssions are occurring in the detector per unit time,
which corresponds to the total number of neutrinos released. The neutrinos will be released uniformly
in all directions, so with the detector at a distance L from the reactor, the neutrinos will have spread
out over a sphere with surface area 4�L 2, with the detector covering only a small portion of that sphere
proportional to its size and the number of atoms in the detector being used as a target for the IBD
reaction- typically hydrogen atoms. The detector's e�ciency at detecting an IBD that occurs within the
detector must also be calculated.
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This ultimately results in the following equation for the observed IBD cross section per �ssion,� obs
f :

� obs
f =

Robs

Pth
<E f >

Np
4�L 2�

Where Robs is the observed rate of IBD's per unit time, Pth is the reactor power,< E f > is the average
energy per �ssion,Np is the number of protons in the detector, L is the reactor-detector distance, and� is
the IBD detection e�ciency. This can be compared to a predicted IBD cross section per �ssion obtained
by taking the predicted energy spectrum multiplied by the IBD cross section at a given antineutrino
energy, integrated across the entire IBD spectrum energy:

� pred
f =

Z
S(E �� )� IBD (E �� )dE ��

If we are able to measure and calculate both� obs
f and � pred

f for reactor neutrinos to a very high
degree of precision, we can use our results to better understand the nature of the discrepancy between
the predicted and observed values, and determine possibilities for what could be causing the observed
neutrino anomalies, whether that is sterile neutrino oscillations or something else.
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Chapter 3

PROSPECT-I Experiment Design
and Results to Date

3.1 PROSPECT-I Design and Layout

As previously stated, in the early 2010's, improved measurement precision of the reactor neutrino 
ux
and spectrum combined with improved theoretical calculations showed a signi�cant deviation between
the predictions and the measurements, prompting the construction of several new reactor neutrino exper-
iments to investigate the discrepancies. One of those experiments was the Precision Reactor Oscillation
and Spectrum Experiment, or PROSPECT. The �rst version of the detector, PROSPECT-I, was a 4-
ton liquid scintillator detector that was located near the reactor core at the High Flux Isotope Reactor
(HFIR) at Oak Ridge National Laboratory (ORNL) in Oak Ridge, Tennessee, designed to measure the
spectrum of the reactor and search for sterile neutrino oscillations [39].

3.1.1 Schematics and Placement at HFIR

The active region of the PROSPECT-I detector consisted of 154 segments arranged in a 14 x 11 grid �lled
with liquid scintillator, with photomultiplier tubes (PMTs) on both longitudinal ends of each segment.
The inner portion of the detector that was �lled with scintillator had dimensions of 1.176 m x 2.045 m x
1.607 m, with each segment having dimensions of 14.5 cm x 14.5 cm x 117.6 cm. Segments were optically
separated by re
ecting panels made of a carbon �ber core surrounded by re
ective and adhesive �lms
and placed in a lattice of 3D-printed polylactic acid (PLA) support rods. This entire inner detector was
placed inside of an acrylic tank, and surrounded by several layers of passive shielding [39], as illustrated
in �gure 3.1.

The scintillator was formulated based on an existing commercial scintillator to ensure good light yield
and strong Pulse Shape Discrimination (PSD) capabilities necessary to make highly precise measurements
in the PROSPECT-I detector's environment at HFIR, being located near the reactor and above ground
with minimal overburden. To provide a target for neutron captures, the scintillator was loaded with
6Li [39][42]. The detector construction and characteristics of the6Li-loaded liquid scintillator (LiLS) are
described in further detail over the following sections.

3.1.1.1 Scintillator

When a particle travels through a scintillator, it deposits some of its energy in the molecules in the
scintillator to bring them into excited singlet or triplet states [54]. The scintillator then de-excites and
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Figure 3.1: A cross-section of the PROSPECT-I Detector [39].

emits UV or visible light, with the energy of the emitted photons depending on the energy and other
characteristics of the original particle. The de-excitations can be split between states with short decay
lifetimes (order a few ns) and long decay lifetimes (order 0.1� s or longer). High-energy photons and
lighter particles such as electrons and positrons will convert nearly all of their energy into scintillation
light, while heavier particles such as protons, neutrons, and ionized nuclei will convert a smaller portion
of their energy into scintillation light [53]. In some types of scintillators, di�erent particles will deposit
di�erent fractions of their energy into short decaying or long decaying excited states, leading to di�erences
in the light observed from the scintillator, with photons and electrons tending to deposit more energy in
the short decaying states and protons, neutrons, and heavier nuclei tending to deposit more energy in
the long decaying states [54] [53].

The scintillator used in the PROSPECT-I experiment was based o� of the commercial scintillator
EJ-309, a di-isopropylnaphthalene (DIN)-based scintillator using 2,5-diphenyloxazole (PPO) and 1,4-
bis(2-methylstyryl) benzene (bis-MSB) and an ether-based glycol as a non-ionic surfactant. LiCl with
an enrichment of 95%6Li was dissolved in the detector to act as a target for neutron captures.6Li was
chosen as the neutron target because it has a high neutron capture cross section and when neutrons
capture on 6Li, it nearly always splits into a triton ( 3H nucleus) and � particle with a total of 4.78
MeV of kinetic energy, of which slightly less than 0.54 MeV is visible to the detector [39] [42] [30]. This
produces a very localized deposition of energy in the detector, with both particles typically depositing
all of their energy within � m of the neutron capture location in the scintillator, resulting in the detector
nearly always correctly identifying the segment where a neutron capture on6Li happens [30].

Though it was initially intended to make the scintillator 0.1% 6Li by mass, it was unintentionally
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instead produced as 0.1%6Li by volume, resulting in the initial 6Li mass fraction in the doped scintillator
being measured as 0.082%� 0.001% [39][42]. Additionally, of the 28 barrels of liquid scintillator that were
used to �ll the detector, only 27 contained Li-doped LS while 1 contained no Li, making the detector's
initial 6Li mass fraction 0.082% * 27 / 28 = 0.079% [72] [131]. This Li mass fraction, combined with the
majority of the detector mass being hydrocarbons and the signi�cant presence of Cl, which is composed
of two isotopes which both have relatively large neutron capture cross sections, resulted in slightly over
20% of neutron captures in the PROSPECT-I detector being on isotopes other than6Li, with the three
most signi�cant other targets being 1H, 35Cl, and 12C.

3.1.1.2 Optical Lattice and Support Structure

The physics goals of the PROSPECT-I experiment required that the panels separating the segments
be highly re
ective to e�ciently transport scintillation light within a segment to the PMTs, while also
being opaque to minimize cross-talk between segments. The separator panels also had to be mechanically
sti� to ensure stability over time and minimize variations in the dimensions of the segments, and any
materials in direct contact with the LiLS had to be chemically compatible with it [41]. A carbon �ber
sheet coated with epoxy resin was used as the structural backbone of the separators to ensure sti�ness
and prevent light transmission between segments, which was then surrounded on both sides by �lms of
an organic re
ective material, DF2000MA, and an optically clear adhesive, CON106, to maximize the
re
ectiveness of the panels for e�cient light transport on both sides of every panel. The panels were then
laminated and heat-sealed with a layer of 
uorinate ethylene propylene (FEP), due to FEP's chemical
compatibility with LiLS [41]. An overhanging excess of FEP at the edge of the panels was folded inward
during assembly, as shown in �gure 3.2.

Figure 3.2: A cross-section of the separator panels, and illustration of the overhang of the FEP layer [41].

The panels were all supported by a support lattice, which needed to be chemically compatible with
the LiLS like the FEP and mechanically rigid like the carbon �ber, have minimal impact on the segment
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optics and volumes, and hollow to accommodate the calibration system. PLA was chosen as the material
for the support lattice to best �t all of its needs. The lattice consisted of a series of pinwheel-shaped
rods placed in the corners of each segment, with a set of hook-shaped tabs used to hold the separators
in place, as shown on the right in �gure 3.3. The separators and PLA rods were somewhat larger than
the segments themselves, extending into the housings of the PMTs, with the endings of the PLA rods
being somewhat larger than the bulk of the rods, as shown on the left in �gure 3.3. The shape of the
pinwheel rods resulted in the segments being tilted slightly from the vertical, at an angle of roughly 5.5
degrees [41].

Figure 3.3: Left: A single segment, with the separators, support rods, and PMT housings. Right: A
diagram of the interface between the pinwheel rods and separators, both in the segments and in the
PMT housings [41].

3.1.1.3 Calibration System

The hollow insides of the PLA rods were �lled with poly-tetra
uoroethylene (PTFE) tubing that was
used to house two of the calibration systems used in PROSPECT-I. One, the Optical Calibration System
(OCS), was a set of light guides placed in 42 of the rods arranged in a 7 x 6 grid evenly distributed
throughout the detector, highlighted in yellow in �gure 3.4, to guide a pulsed laser throughout the
detector. The OCS laser could be pulsed into the segments at varying intensities, to either at low
intensity perform PMT gain calibration or at high intensity measure PMT timing o�sets and monitor
the attenuation length of the scintillator [39].

35 of the other PTFE tubes arranged evenly in a 7 x 5 grid adjacent to the OCS tubes as shown
in red in �gure 3.4 were used to house another calibration system, using a motor-driven set of timing
belts threaded through these tubes to bring radioactive sources into the detector to measure the position
reconstruction and energy response of the detector, particularly the non-linear response of the scintillator
at lower energies, measure the scintillator response to positron annihilation gammas, measure the neutron
capture e�ciency, and check for variations between segments. PROSPECT-I used three gamma sources,
137Cs; 22Na; and 60Co; and two neutron sources,252Cf and AmBe. The gamma sources were used to
determine the non-linearity of the detector energy response at a range of energies up to 2.5 MeV, as
well as con�rm its position reconstruction along the segment axes by deploying the sources to known
locations, and checking for variation between segments, particularly between the center and edges of the
detector. The neutron sources were used mainly to determine the neutron detection e�ciency [39] [43].

In addition, the scintillator also had a small amount of intrinsic radioactivity, some from natural con-
tamination of 238U and 232Th, and some from a small amount of227Ac deliberately dissolved throughout
the detector. The �rst two isotopes have decay chains that include214Bi and 212Bi, which � -decay into
214Po and 212Po which in turn rapidly � -decay, while227Ac's decay chain includes219Rn, which � -decays
into 215Po which in turn rapidly � -decays again. The ms-scale coincidences between� and � decays
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Figure 3.4: The system of calibration tubes used in the PROSPECT-I detector. The Optical Calibration
System is in yellow, and the tubes for radioactive sources are in red [39].

in Bi and Po and � decays in Rn and Po were used to measure the position reconstruction along the
segment axis [39] [30].

3.1.1.4 Containment Vessels and Shielding

The inner detector was immediately surrounded by containment vessels made of acrylic and aluminum
to prevent scintillator leakage and support the detector during shipping from Yale University's Wright
Laboratory, where it was constructed, to HFIR. The acrylic tank had inner dimensions of 1.995 mÖ
2.143 mÖ 1.555 m, not counting the top and bottom pieces used to totally surround the inner detector,
and the aluminum tank had inner dimensions of 2.205 mÖ 2.255 m Ö 1.982 m. The space between
the acrylic and aluminum tanks was �lled with sheets of borated polyethylene (BPE) and demineralized
water to act as a neutron absorber [39].

The containment vessels were surrounded by several layers of shielding, with the innermost shielding
layer being made of lead, layers of polyethylene and BPE surrounding the lead layer, and an outermost
aluminum layer surrounding the BPE to make up the outside of the detector. In addition, a set of inter-
locking water-�lled polyethylene water bricks were placed on top of the detector to reduce backgrounds
associated with cosmic rays, a lead shielding wall was placed between the detector and the reactor to
reduce gamma backgrounds from the reactor, and the detector was mostly placed on top of a large
\concrete monolith" in the 
oor reducing backgrounds from neutron experiments in the 
oor below, as
illustrated in �gure 3.5. The back portion of the detector was not over this monolith, however, resulting
in the back-most segments of the detector having higher background event rates. The bottom of the
detector was additionally �tted with a chassis to enable easy movement to di�erent baselines, although
the detector was not moved during its operational lifetime [39] [30].
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Figure 3.5: The outer shielding surrounding the detector, along with the shield wall and concrete monolith
under most of the detector [39].

3.1.1.5 Electronics and Data Acquisition

Photomultiplier tubes were placed at both longitudinal ends of each segment in the detector to convert
the small amount of scintillation light into a much larger signal of photoelectrons (PEs). There were
a total of 308 PMTs for the 154 segments. 240 of them were Hamamatsu R6594 SEL PMTs, and the
other 68 were ADIT Electron Tubes 9372 kB (ET) PMTs. To ensure uniformity of the inner volume,
the ET PMTs were placed on the ends of the 34 segments making up the left, upper, and right edges of
the detector and the Hamamatsu PMTs were placed in the interior, as shown in �gure 3.6 [39].

Figure 3.6: A diagram of the segments. The red segments had ET PMTs, and the blue segments had
Hamamatsu PMTs [39].
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The PMTs were housed in an acrylic enclosure roughly 350 mm long and roughly 145 mm on each
side. A layer of DF2000MA and acrylic was attached to the face of the housings facing the segments to
act as a light guide from the segments into the PMTs, and a magnetic shield protected the PMTs from
the Earth's magnetic �eld. The remainder of the housings were �lled with mineral oil, and the backs
were sealed with O-rings. Schematics of the PMT housings are shown in �gure 3.7 [39].

Figure 3.7: Top: A diagram of all the components of the PMT housings when fully assembled and �lled
with mineral oil [39]. Bottom: All the components of the PMT housings when not fully assembled [39].

After scintillation light was converted into PEs by the PMTs, this signal was sent into CAEN V1725
Waveform Digitizer Modules (WFD) with a 14-bit sampling depth and a 250 MHz sampling rate. To
keep the data collection and transfer rates at a manageable level, the WFDs only recorded data if both
PMTs in a single segment record a signal of 50 analog-to-digital converter (ADC) counts above the
recorded baseline within 64 ns of each other, with the 50 ADC signal corresponding to roughly 5 PEs,
which resulted in trigger rates of roughly 2 � 103=s when the reactor was o� and 1� 104=s when the
reactor was on [39] [30].

35



Whenever the data acquisition system (DAQ) was triggered in this manner, a 148 sample (592 ns) set
of waveforms was recorded from all PMTs, starting roughly 200 ns before the sample that �rst went above
the 50 ADC threshold. If the DAQ was triggered, it would not trigger again for at least 592 ns, which
lead to short dead-times in the range of roughly 400 to 600 ns after an above-threshold event where new
events would not re-trigger the DAQ. Additionally, new events happening at the end of an earlier event's
recorded window, roughly 300 to 400 ns after the earlier event, would often be truncated by the end of
the �rst event's recorded window. To limit the data to only include segments with substantial energy
depositions, data was only saved if any given PMT recorded a signal above a \Zero Length Encoding"
(ZLE) threshold of 20 ADC (roughly 2 PEs). If so, the WFD would record only data that was within
a range stretching from 24 samples before to 20 samples after a signal above the threshold, with any
data farther from an above-threshold signal than that suppressed [30]. An example of a set of waveforms
recorded by the PMTs is shown in �gure 3.8, with the trigger thresholds highlighted.

Figure 3.8: An example set of waveforms. For clarity, the waveforms are 
ipped from negative to positive
ADC and o�set from 0. The blue and red waveforms correspond to PMTs on the +z and -z sides of the
detector, respectively. The pink regions are above the 50 ADC trigger threshold and the green regions
are above the 20 ADC ZLE threshold [30].

Over the course of the PROSPECT-I detector's operating lifetime, a signi�cant number of its PMTs
became inoperable from current instabilities likely caused by scintillator leaking into the PMT housings.
Initial analyses of PROSPECT-I's data disregarded all data taken in any segment with at least one PMT
that had failed at any point in the dataset stretching from March 5, 2018 to October 6, 2018 that was
used for the initial oscillation and spectrum analyses, treating these \dead segments" as if they had been
o� the entire time, so that each \live" segment would have been taking data for equal amounts of time
[30]. Subsequent analyses made use of some of the data in these dead segments through the techniques of
\Data Splitting," (DS) in which the dataset was split into 5 separate periods and segments were treated
as live in each period as long as they were live for that entire period, even if they had failed in other
periods, and \Single-Ended Event Reconstruction" (SEER), which used the data recorded in segments
where only one of the two PMTs had failed. Although single-ended segments could not be used to detect
IBD's, since they could not reliably reconstruct the energy or position of events that happened within
them without information from both PMTs, the single live PMT could glean some information about
the types of events happening within the segment by the shapes of the waveforms it observed, which
could be used to improve the detector's background rejection capabilities [37] [33].
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3.1.1.6 Pulse Shape Discrimination and Data Processing

An important characteristic of the LiLS is pulse shape discrimination, the ability to determine the type
of particle that interacted with it based on how the particle deposits energy in the scintillator and how
the scintillator then emits light as it decays back to its grounds state, producing di�ering waveform
shapes in the WFDs. Electron and positron recoils and gamma rays have low ionization densities in the
scintillator, resulting in a fairly quick decay time, which produces waveforms with fairly short peaks in
time, with the scintillation light mostly being emitted within a few 10's of ns of the scintillator being
excited. Proton recoils and events associated with other heavier particles have a higher ionization density
in the scintillator, resulting in slower decay times, which causes the emission of scintillation light over
longer time scales [40] [54] [53]. The left side of �gure 3.9 illustrates waveforms typical of electron and
proton recoils.

A waveform can be characterized by both its total energy and the energy in its \tail," coming after a
speci�ed time beyond the peak of the waveform, and the ratio of the energy in the tail to the energy in
the entire waveform can be used to distinguish between di�erent particle types. This can be expressed
as PSD = Qtail =Qtotal [40]. For waveforms in PROSPECT-I, the global maximum of the recorded
waveform and any local maxima at least 20 samples (80 ns) away from any sample with a higher ADC
count and at least 30 ADC above a calculated waveform \baseline" value were taken as candidates for
\pulses" to be further analyzed. The waveform baseline was found by taking the average of the median
8 ADC values in the samples between 5 and 30 samples before the global maximum, and this baseline
was subtracted from all samples in the waveform. A candidate pulse's arrival time, t, was found by
searching backwards from the pulse maximum to the �rst sample above 50% of the maximum and using
linear interpolation between that sample and the previous sample to determine the arrival time. The
pulse area, S, which could be used to determine the total energy in the pulse, was found by summing
the total ADC value of all samples between 3 samples before and 25 samples after the pulse maximum.
For the PSD calculation, Qtail was taken as the sum of the samples ranging from 11 samples after to 50
samples after the maximum, andQtotal was taken as the sum of the samples ranging from 3 before to
50 after the maximum. The right side of �gure 3.9 shows the peak, tail, total, area, and baseline values
for a typical pulse. For every pulse candidate, the t, S, and PSD values, as well as the baseline, b, and
the pulse maximum height, h, were then written to HDF5 �les [30].

Figure 3.9: Left: Waveforms typical for electrons (blue) and protons (red), shown on log (main) and
linear (inset) scales [30]. Right: An illustration of the quantities used in calculating PSD values for any
waveform [30].
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The pulses from PMTs on opposite sides of the same segment are then paired and used to reconstruct
more detailed information about the event in that segment. The average of the arrival times of the two
PMTs is taken as the segment's hit time t, and the di�erence between the arrival times is used to calculate
the z-position along the segment axis. A combined PSD value is calculated by averaging the PSD values
of the two waveforms, weighted by the PEs in each pulse, after correcting for the position dependence of
PSD caused by a wider spread in photon arrival times from events far from a PMT. The total energy of
the event is calculated using the S value of each pulse, the light transport e�ciency, and the estimated
number of PEs collected per MeV of energy for an event at the segment center [30].

3.1.1.7 Detector Location at HFIR

The High Flux Isotope Reactor is an HEU reactor, with a compact core made of nearly pure235U that
is regularly cycled to ensure high enrichment, resulting in nearly all of the antineutrinos from the reactor
being from 235U �ssions. The reactor is compact in size, consisting of two concentric cylindrical rings
with an outer diameter of 0.435 m and a height of 0.508 m [30].

Although the PROSPECT-I detector was originally designed to be easily moved to a range of locations
at di�erent baselines near the core, it was always located at one spot in a hallway one 
oor above the
reactor core for the entire duration of its operational lifetime from March 2018 to July 2019, with the
distance from the reactor to the center of the detector being slightly less than 8 meters. The distance
between the center, front, and back of the detector and the reactor core is shown in �gure 3.10.

Figure 3.10: The distance between the reactor core and detector. The coordinate system in this diagram
uses an x-z plane parallel to the 
oor the detector was placed on, with the z-axis parallel to the longitu-
dinal axes of the segments. The +y axis points up [30].
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3.1.2 Antineutrino Detection Strategy

PROSPECT-I detected antineutrinos using IBD interactions, by the interaction:

�� e + p ! n + e+

In this interaction, the positron gets most of the kinetic energy of the initial antineutrino, minus the
approximately 1.8 MeV needed to make up the di�erence in the rest mass between a proton and a neutron
plus a positron, while the neutron gets a small (order 10 keV) amount of the antineutrino's kinetic energy
but gets most of its momentum, including the direction of the incoming antineutrino [126]. The positron
almost immediately annihilates with an electron, producing two 511 keV gamma rays and depositing
most of the positron's kinetic energy as scintillation light, while the neutron collides with nuclei, reaching
thermal equilibrium with the room-temperature scintillator, and then captures, mostly on 6Li, with a
capture time constant of roughly 50 � s. The lithium then splits into an alpha particle and a 3H nuclei,
which deposit energy over a very small area and with a distinctive PSD and visible scintillation energy.
This results in two distinct but temporally and spatially correlated signals: First, a prompt signal from
the positron, occurring within a few nanoseconds of the IBD interaction and producing roughly 1-8
MeV of visible energy in the detector, and second, a delayed signal from the neutron capture, producing
roughly 0.5 MeV of visible energy. The neutron capture's location relative to the IBD location is slightly
biased in the direction opposite the reactor due to the neutron's initial momentum, but the subsequent
collisions with nuclei cause the neutron to undergo a random walk from its initial position, resulting in
signi�cant numbers of neutrons traveling back closer to the reactor before capturing, and the segment
dimensions are su�ciently large that over half of the neutrons capture in the same segment as the IBD.
Roughly 75-80% of IBD neutrons captured on6Li in the detector. Figure 3.11 illustrates some typical
examples of IBD events in the detector.

Figure 3.11: An IBD event, with positron annihilation and neutron capture on either Li or H [90].
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3.1.2.1 Event Selection

IBD candidate events were searched for in the data by using the PSD and total energy of each event
to look for prompt-like events and delayed-like events in close spatial and temporal proximity. Prompt
events could contain pulses in multiple segments, but had to be made entirely of pulses containing a PSD
value no more than 2� higher than the calibrated mean PSD value of electron recoil-like events for the
pulse's energy, and the total energy of all the pulses in the event had to be between 0.8 and 7.2 MeV.
Delayed events had to consist of energy deposited in only one segment. The pulse from this deposition
had to have a PSD value higher than the value 2� below the mean PSD value of nuclear recoil-like events
and lower than a PSD value of 0.4, and had to have a total energy within 3� of the calibrated mean
energy of neutron captures on Lithium (nLi), roughly 0.526 MeV. The delayed event was required to
take place between 1 and 120� s after the prompt event, and the two events had to have reconstructed
x/y positions in either the same segment or orthogonally (but not diagonally) adjacent segments, and to
have reconstructed z positions no more than 140 mm apart from each other if they were reconstructed
in the same segment, or 100 mm apart from each other if reconstructed in adjacent segments. Finally,
since background rates were signi�cantly higher in the outermost portion of the detector, this region was
used to aid in background rejection but not for IBD detection. If either the prompt or delayed event was
reconstructed in a segment on the outermost edge of the detector (horizontally or vertically), or if the
reconstructed z position of either event was more than 444 mm from the center of the segment, the event
was rejected. Events were also rejected if the prompt or delayed event was reconstructed in a group of
segments at the bottom corner of the detector on the side farther from the reactor, known as the \hot
spot," due to signi�cantly elevated background gamma levels from a thinning in the concrete under that
portion of the detector [30].

To further reduce backgrounds associated with cosmic rays, a set of \veto"-type cuts was also used
to reject IBD candidate events happening within the temporal vicinity of events with the characteristics
of fast cosmogenic particles, which can induce large numbers of secondary particle events in the detector
that are easy to mistake for IBD's. To reject events associated with cosmogenic muons, IBD candidates
were rejected if their delayed event is less than 200� s after any event with a total energy of at least
15 MeV. To reject events associated with cosmogenic neutrons, IBD candidates were rejected if their
delayed event is within 400� s, either before or after, of any other single-segment-hit event that passes
the PSD and energy requirements to be considered a delayed event. IBD candidates were also rejected
if their delayed event is less than 250� s after an event that has a PSD value at least 2� higher than
the calibrated mean PSD value of electron recoil events. Finally, to reduce ambiguities in calculations of
dead-times from DAQ triggers and issues of waveform mangling at the tail end of a data recording, IBD
candidates were rejected if their prompt event is less than 800 ns after any other recorded event [30].

3.1.2.2 Background Subtraction

Even with the layers of passive shielding and selection cuts, there is still a signi�cant level of backgrounds
that must be removed from the data. They can be characterized as two types: Cosmogenic correlated
backgrounds, which are pairs of correlated prompt-like and delayed-like events coming from cosmic rays
that mimic an IBD event, and Accidental backgrounds, which are uncorrelated prompt-like and delayed-
like events coming mainly from reactor gammas and neutrons that by coincidence happen close enough
in space and time in the detector to appear to be an IBD event. Both of these types must be subtracted
from the set of IBD candidate events by determining the rate at which they occur [30].

For accidental coincidence events, this is done by searching for events that pass all cuts to be counted
as IBD candidates, except with the requirement of the delayed event being within 1-120� s of the prompt
event being replaced with a requirement that it be between 5 and 17 ms of the prompt event, a long
enough time requirement to remove any pair of events that are truly correlated, whether they are IBD's
or any other type of correlated pair. Events passing the cuts in this \accidental" time window are then
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scaled down to account for the much longer length of this time window compared to the \IBD" time
window, and the number of scaled accidental candidates is subtracted from the IBD candidate events [30].

Cosmogenic backgrounds are accounted for by searching for events that pass all IBD candidate cuts
during time periods when the reactor is o�, which should mean there are almost no true IBD events in the
detector, but the rate of cosmogenic backgrounds should be similar regardless of whether the reactor is
on or o�. Since this set of reactor-o� IBD candidate events will also include some accidental coincidences
(albeit, a much smaller number than there are with the reactor on), the procedure for searching for and
subtracting accidental coincidences in the reactor-on dataset is also followed for the reactor-o� dataset.
Then, the events in the reactor-o� dataset are scaled to account for the di�ering lengths of the reactor-
on and reactor-o� datasets, and the number of scaled reactor-o� IBD candidates is subtracted from the
reactor-on IBD candidates to get the �nal number of background-subtracted IBD candidate events [30].

3.2 PROSPECT-I Results

PROSPECT-I was fully installed at HFIR in March 2018 during a reactor-on period at HFIR, and
collected data from the reactor across four more reactor on/o� cycles through October, at which point
HFIR underwent a long reactor-o� period. The detector remained on and collected data until July 2019,
but because of PMT failures rendering increasingly large portions of the detector unusable over time,
the dataset used for all of PROSPECT's physics analyses uses only data collected from March 5, 2018
until October 6, shortly after the start of a long reactor-o� period. This data was mainly used to search
for evidence of sterile neutrino oscillations and measure the reactor antineutrino energy spectrum, and
was also used to perform additional other physics analyses beyond PROSPECT-I's original design goals,
such as a search for boosted dark matter and a neutrino directionality measurement [30] [31] [34].

3.2.1 Energy Spectrum Measurements

The initial measurement of the 235U antineutrino energy spectrum using the full PROSPECT-I dataset
compared a relativized spectrum of the reconstructed energy to a predicted normalized energy spec-
trum. The prediction was created by taking the Huber-Mueller model's predicted antineutrino energy
spectrum for 235U, adjusting for additional antineutrinos generated by neutron irradiation of other el-
ements in the HFIR reactor and subsequent decays, mostly of28Al, 6He, and 52V, and generating the
resulting IBD positron energy spectrum observed in the detector, taking into account the detector's en-
ergy response, scintillator non-linearity, and other e�ects that produced small uncertainties in the �nal
prediction [50] [30].

This measurement found a result similar to the results of other reactor experiments, of a signi�cant
excess in the antineutrino energy spectrum, with the largest excess seen when the detected positron
energy was roughly 5 MeV, as seen in �gure 3.13. The size of this bump was of similar magnitude to
the bump observed by the Daya Bay experiment, strongly suggesting that the bump is caused by similar
contributions from all isotopes and is not solely because of235U [30].

A �nal energy spectrum measurement was then performed with improved statistics from splitting
the dataset into 5 periods and using information from segments with only one live PMT to improve
background rejection, resulting in improved statistics and a signi�cant increase in IBD detections in
segments that had a failed PMT during some part of the dataset but that were live for the entirety of 1
or more of the 5 periods. Each period contained a full reactor-on cycle and a small amount of reactor-o�
data on either side of the cycle, except for the �rst period, which started data taking in the middle
of a reactor-on cycle. The boundaries between periods 1 and 2, 2 and 3, and 4 and 5 are marked by
three of the calibration campaigns, in which radioactive sources were placed into the calibration tubes as
described in section 3.1.1.3 to calibrate the detector's position and energy response, while the boundary
between periods 3 and 4 was set roughly in the middle of the reactor-o� period between them, since
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Figure 3.12: The 5 Data Periods used in PROSPECT-I's �nal spectrum and oscillation analyses. The
number of double-ended segments decreases over time, as does the number of double-ended plus single
ended segments. The increase in live segments between periods 1 and 2 happened because some PMTs
showing minor issues that had been turned o� in period 1 were able to be turned back on [37].

there was no calibration campaign in this reactor-o� cycle. The stretches of data used in each period are
shown in �gure 3.12, along with the number of double-ended and single-ended segments at any point in
time [37].

In addition to the cuts mentioned in section 3.1.2.1, the �nal energy spectrum measurement employed
a set of \Single-Ended Event Reconstruction (SEER) cuts" to improve background rejection using in-
formation from single-ended segments. While single-ended segments could not reliably reconstruct the
energy or position of events within them, they could reliably get similar PSD values as double-ended
segments from di�erent types of events, enabling them to discriminate e�ectively between low-PSD
electron-recoil-like events and high-PSD nuclear-recoil-like events. Unfortunately, they were unable to
distinguish neutron captures from nuclear recoils based on energy depositions like double-ended segments
could. In addition, while the total energy deposited in a single-ended segment cannot be reliably re-
constructed from the photoelectrons at the live PMT with no information from the dead PMT on the
opposite, a particularly high number of collected photoelectrons can still be a strong indicator of certain
types of backgrounds.

IBD candidates were rejected if their delayed events contained any energy depositions in single-ended
segments, since neutron captures on6Li should deposit energy in only a single segment. They were also
rejected if their prompt events contained any energy depositions in single-ended segments with a PSD
value 3.5� higher than the calibrated mean PSD value of electron recoil-like events for the pulse's energy,
or if they contained any energy depositions in single-ended segments with a reconstructed energy in that
segment above 0.8 MeV, to better reject backgrounds of nuclear recoils and gamma-like backgrounds that
can easily look like true prompt events based just on their depositions in double-ended segments. Lastly,
IBD candidates are vetoed if they take place within 170� s of any event containing only high-PSD pulses
in single-ended segments. There were also a few minor changes to some of the cuts used in the original
oscillation and spectrum analyses, such as the prompt energy cut being widened to 0.8-7.4 MeV [37].
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To account for how the di�ering conditions in the detector in each period resulted in di�erent energy
responses to identical scintillator ionization events, the observed positron energy spectrum in each period
was converted into an antineutrino energy spectrum, and the antineutrino spectra from each period were
summed together into a combined spectrum which could be compared with the prediction from the
Huber-Mueller model. This improved measurement also saw the spectrum bump, with the center of
the bump shifted up to 6 MeV as shown in �gure 3.13 because of the� 1 MeV di�erence between the
incoming antineutrino energy and the detected prompt energy. The result improved upon the earlier
results and more strongly suggested that the bump is caused by similar contributions from all common
reactor isotopes and is not solely caused by235U [37].

Figure 3.13: Left: The IBD positron energy spectrum from 235U antineutrinos seen in the PROSPECT
collaboration's �rst analysis of its entire dataset, with the \bump" observed at 5 MeV in the observed
positron energy [30]. Right: The 235U antineutrino energy spectrum seen in the PROSPECT col-
laboration's �nal spectrum analysis, with the \bump" observed at 6 MeV in the antineutrino energy
spectrum [37].

3.2.2 Sterile Neutrino Oscillation Search

PROSPECT-I's dataset was used to search for sterile neutrino oscillations by splitting the segments into
bins based on the segment's distance to the reactor core (L), ignoring the small variations in distance
along the segment z-axis by treating all events within a segment as if they took place in the center of
the z-axis, and similarly binning the energy spectrum, with a total of 10 baseline bins and 16 energy
bins. The energy bins were all evenly divided in the range of prompt energy space from 0.8 to 7.2 MeV,
with each energy bin being 400 keV wide, while the baseline bins were chosen to make every baseline
bin contain roughly 5,000 IBD events each, which in some cases led to signi�cant variation in the width
of each bin, especially for the bins closest to and farthest from the reactor. There is order� 10 cm of
smearing in the baseline from the neglect of the z-axis position and the distance in the x and y directions
being limited to a resolution of the size of the segments, but this is signi�cantly smaller than the smearing
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Figure 3.14: The segment baselines used in PROSPECT-I's �rst full dataset oscillation analysis. The
grayed-out segments had at least one inoperative PMT at some point during the full PROSPECT-I
dataset, while the segments with shaded vertical lines were those excluded by the �ducial cut, including
the \hot spot" at the bottom right [30].

caused by the �nite size of the reactor core [30]. The baseline for each live segment in the un-split full
dataset is shown in �gure 3.14.

The observed number of IBD's at any given L and E bin were compared to the number expected in
the case of no oscillations, and to the numbers expected at a range of possible values of sin2(2� 14) and
� m2

14, including the RAA best-�t point of (0.165, 2.39 eV 2). For both the no oscillation case and each
pair of values of the oscillation parameters in the search range, 1,000 datasets were generated by Monte
Carlo simulation, taking a model dataset for each case and adding random variables as noise, to mimic
the range of observed datasets that would be expected for each pair of parameter values or for the case
of no oscillations [30].

The results of the �rst oscillation search performed on the entire PROSPECT-I dataset did not
disfavor the null hypothesis and excluded a large region of parameter space for the oscillation parameters,
as seen in the plot on the left of �gure 3.15, including the RAA best-�t point and much of the parameter
space that could explain the Gallium Anomaly with sterile neutrino oscillations. Though PROSPECT-
I's data does have a best-�t point at sin2(2� 14) = 0.11, � m2

14 = 1.78 eV2 which is slightly preferred to
no oscillations, the preference is only minimally higher, with a � 2 value of 119.3 at the best �t point
and 123.3 for the case of no oscillations, and even if there are truly no oscillations, it was expected that
statistical 
uctuations and backgrounds would lead to some set of parameters being slightly preferred to
no oscillations by statistical tests [30].

This was followed by a �nal sterile neutrino oscillation search using the same data-splitting and
SEER cut methods employed in the �nal Energy Spectrum measurement. As in the original oscillation
search, segments were grouped into bins based on their distance to the reactor with the minor variation
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Figure 3.15: The sterile neutrino oscillation parameters excluded by PROSPECT-I's data. The left is
from the �rst search with the full dataset [30], and the right is from the �nal search with data splitting
and SEER employed [33].

in distance along the segment z-axis ignored. For this analysis, 6 bins were used for the baselines, while
the prompt energy space from 0.8 to 7.4 MeV was split into 33 bins of width 0.2 MeV. Data was further
binned by which of the 5 data periods it took place in, resulting in a total of 990 bins used in the
oscillation analysis from the 33 energy bins, 6 baseline bins, and 5 periods [33]. Figure 3.16 illustrates
which segments were double-ended, single-ended, or blind in each of the 5 periods, which segments were
excluded from the �ducial volume, and which baseline bin each �ducial segment was placed into.

As with the original sterile oscillation search, the observed counts in every L and E bin were compared
to those expected from no oscillations and from a range of possible values of sin2(2� 14) and � m2

14, and
for the no oscillation case and each pair of values of the oscillation parameters in the search range, 2,000
datasets were generated by Monte Carlo simulation, taking a model dataset for each case and adding
random variables as noise, to mimic the range of observed datasets that would be expected for each
pair of parameter values or for no oscillations. The �nal oscillation search observed a best-�t point
at sin2(2� 14) = 0.421, � m2

14 = 15.2 eV2, and as with the original oscillation search, preferred it only
minimally to no oscillations, and so did not disfavor the no oscillations hypothesis [33]. It also excluded
a larger range of parameter space than the original oscillation search did, as seen in the plot on the right
of �gure 3.15.

3.2.3 Reactor Neutrino Directionality Measurement

PROSPECT-I used the measured displacement between the prompt and delayed signals in its IBD
dataset to measure the direction from the center of the detector to the center of the HFIR reactor, and
made the most precise measurement to date of neutrino directionality using reactor neutrinos, with an
uncertainty of less than 3 degrees in both the zenith and azimuthal angles [34]. It is more di�cult to
perform directionality measurements with lower-energy reactor neutrinos than higher-energy atmospheric
neutrinos, because while neutrons produced by IBD interactions nearly always have an initial momentum
along the same direction as the neutrino that produced them, they elastically scatter many times before
capturing, resulting in a mean displacement only slightly biased away from the direction of the reactor,
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