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ABSTRACT

Neutrinos have been one of the most interesting particles to study for the best
part of the last century. Ever since the first discovery of neutrinos, various experi-
ments using both natural and artificial neutrino sources have helped in determining
the nature of neutrinos. In particular, experiments in the last two decades helped
determine the neutrino oscillation parameters. Although three neutrino picture is
well established, discrepancies have been observed in some recent reactor, acceler-
ator, and source neutrino experiments hinting at the existence of a fourth weakly
non-interacting neutrino called a sterile neutrino. Additional experimental investi-
gation is needed to test the sterile neutrino hypothesis and identify the source of

discrepancies.

PROSPECT is a short-baseline reactor antineutrino experiment designed to
search for sterile neutrinos and make a precise measurement of 2**U reactor antineu-
trino spectrum from the High Flux Isotope Reactor at Oak Ridge National Laboratory
located in Tennessee. The PROSPECT detector is segmented with ®Li-loaded liquid
scintillator as the target. The design and development of the PROSPECT detec-
tor started in 2014 and the assembly and installation have finished by early 2018.
PROSPECT detector has been collecting data since March 2018. The design, devel-
opment, and installation of the detector is discussed with a particular emphasis on
the components designed and developed at Illinois Institute of Technology. The de-
tector calibration, event reconstruction, and data quality are also discussed. Finally,
the sterile neutrino search using 33 days of reactor on data and 29 days of reactor off

data is presented.
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CHAPTER 1
SUMMARY AND OUTLINE

1.1 Neutrinos, Reactors, and Sterile Neutrino Oscillations

Neutrinos are the most abundant fundamental particles in the universe after
photons. They play a key role in the formation and evolution of the Universe. Al-
though there has been a lot of progress in understanding these elusive particles since
their discovery, questions about the nature of neutrinos still persist and are being

actively investigated.

Neutrinos are weakly interacting very low mass spin-1/2 particles. Three dis-
tinct species (flavors) of neutrinos are experimentally verified to exist. Each flavor of
neutrino is composed of an assorted admixture of three distinct masses. Neutrinos are
produced (and detected) as one of the three well-defined flavors (flavor-eigenstates)
but they travel as one of the masses (mass-eigenstates). A consequence of this mizing
is that there is a non-zero probability of a neutrino generated in one flavor being
detected in one of the other two flavors. If the neutrinos had identical masses, this
probability would have been zero. Experimental discovery of neutrino oscillations

have led to a conclusion that at least two of the three neutrinos have non-zero mass.

The neutrino was discovered at Savannah River Plant (SRP) nuclear reactor
in 1956 with inverse beta decay reaction as the detection mechanism. Ever since, re-
actors have played a major role in the study of neutrinos including the measurement
of multiple mixing angles and early cross-section investigations. In the three neu-
trino paradigm, the last identified and the most precisely measured mixing angle was

simultaneously by three reactors experiments—Daya Bay, Double Chooz, and RENO.



Recently, new evidence manifested for the potential existence of a fourth neu-
trino flavor in reactor, accelerator, and radioactive source neutrino experiments. This
neutrino, if exists does not undergo standard nuclear interactions and hence is referred
to as a sterile neutrino. Existence of sterile neutrinos would have major implications

in the current understanding of the standard model of particle physics.
1.2 PROSPECT Experiment

The PROSPECT experiment was primarily conceived to search for eV-scale
sterile neutrinos and measure the antineutrino (7.) spectrum from the fissions of
235U. The source of 7, for the PROSPECT experiment is an 85 MW highly enriched
uranium reactor called the High Flux Isotope Reactor (HFIR) at the Oak Ridge
National Laboratory in Tennessee. The 7, emanating from the HFIR are primarily
from 2*°U | one of the isotopes of Uranium. This enables a precise measurement of
the 23°U spectrum. The small size of the HFIR core, and accessibility to space in
close proximity to the reactor enables a search for sterile neutrinos via high frequency

oscillation of 7,.

The PROSPECT detector is a ~4 ton single volume Lithium (°Li) loaded
liquid scintillator detector optically divided into 154 identical segments. 7, generated
via beta decay in the reactor are detected via delayed coincidence of inverse beta
decay (7. + p — e™ + n) products; positrons followed by neutrons. High resolution
measurement is made possible by the use of a novel segmentation approach that uses
very thin highly reflective surfaces. Scintillation light generated by electromagnetic
recoils from the positron (prompt signal) and nuclear recoils from neutron capture
on °Li (delayed signal) is transported by the reflective surfaces and is collected by
two photomultiplier tubes—one at each end of a segment. Using a combination of
time profile information and temporal and spatial coincidences of the prompt and

the delayed signals, PROSPECT was able to achieve good signal efficiency while



eliminating more than five orders of magnitude of backgrounds.
1.3 Sterile Neutrino Search with the PROSPECT Experiment

The design of the PROSPECT experiment enables a search for sterile neutrinos
with minimal reliance on the reactor 7, spectrum models. High frequency neutrino
oscillations produce a coherent variation in energy dependent antineutrino flux within
the detector. With segmentation providing a baseline-dependent inverse beta decay
spectrum, the oscillation signature was investigated by comparing the spectrum at

multiple baselines within the detector.

This sterile neutrino search dataset includes two discrete periods that amount
to 33 days of reactor on data. 28 contiguous days of reactor off data was also used
for cosmogenic background subtraction. With a time-averaged rate of ~750 signal
events/day and a signal-to-background ratio of ~ 1, ~ 25k signal events were ac-
cumulated during this period. PROSPECT observed no evidence of eV-scale sterile
neutrino oscillations and disfavored the oscillation parameters suggested by the reac-

tor anomalies at 2.2 o.
1.4 Future Prospects and Implications of the PROSPECT Experiment

PROSPECT is in a unique location to cover high amplitude oscillations not
accessible to other reactor neutrino experiments. The initial oscillation search was
performed with only ~3 calendar months of PROSPECT data. In addition to col-
lection of more data, significant improvements in the systematic uncertainties are
possible with more calibration campaigns underway. Combined improvements in the
statistical and systematic uncertainties will enable the PROSPECT detector to pro-
vide improved coverage. A combination of PROSPECT with other reactor neutrino
oscillation experiments covering low oscillation frequencies will effectively cover most

of the suggested sterile neutrino parameter space.



PROSPECT measures the 7, spectrum solely from the 23U fission isotope.
This measurement, in addition to providing a 23U benchmark spectrum, will also
help identify issues with the existing ?*U models. PROSPECT’s pure 23°U spec-
trum measurement combined with the spectrum measurement from a power reactor?
will also help identify issues in reactor models of the other primary fission isotopes.
Finally, PROSPECT’s demonstration of the ability to perform on-surface reactor
7, measurement has paved the way for neutrinos as a potential probe for reactor

monitoring.
1.5 Thesis Outline

This thesis presents the first search for high frequency oscillations mediated
by sterile neutrinos using PROSPECT experiment. The outline of the thesis is as
follows:

Chapter 1 contains the summary of the thesis with a brief introduction to neutrinos,
sterile neutrinos, reactors, and the PROSPECT experiment.

Chapter 2 provides an overview of experimental and theoretical neutrino physics.
The postulation of neutrinos and the experiments that led to their discovery is dis-
cussed. A historical perspective of the experiments that aided in discovery of neutrino
properties is given. Finally, the theory pertaining to neutrino oscillations is described.
Chapter 3 discusses the neutrino experiments that utilize reactors as their source
and delineates some of the methods used in these experiments. Various approaches
used in the prediction of neutrino spectrum from the reactors are described and con-
trasted. Anomalies in the reactor neutrino sector are discussed with a focus on the
those that could arise from the presence of sterile neutrinos. Anomalies in the other

sectors that similarly could be solved by the existence of the sterile neutrinos are

12357J, 239Pq, 238U, and ?*!Pu are the primary fission isotopes in a typical power
reactor.



commented on briefly.

Chapter 4 gives a description of the PROSPECT experiment. The source of neu-
trinos for the PROSPECT experiment is discussed with the accompanying details
about its merits and drawbacks. A comprehensive description of the design of the
PROSPECT detector and its components is provided. A brief discussion on the as-
sembly and the installation of the detector is given. Finally, the chapter ends with a
quick introduction of the prototypes that led to the final design of the PROSPECT
detector.

Chapter 5 gives a complete description of the design of the PROSPECT optical
grid system. The design of optical separators and support rods is provided. The
production and QC/QA of the optical grid components and their incorporation into
the PROSPECT detector is given.

Chapter 6 describes the low level analyses and the validation of the data collected
with the PROSPECT detector. The framework developed by the collaboration to per-
form data analysis is described. Calibration and reconstruction of the physics quan-
tities are discussed. The classification of events based on the reconstructed physics
quantities is described. The validation and performance of the data collected with
the PROSPECT detector is discussed. Finally, the neutrino dataset collected with
33 days of data is illustrated.

Chapter 7 provides the search for oscillations using 33 days of PROSPECT data.
The fitter developed to search for oscillations with minimal dependence on the reactor
antineutrino models is described. A detailed description of the detector and reactor
simulations along with the inputs that went into the oscillation search is provided.
Following the description of the statistical technique used in assigning confidence
intervals, the robustness of the fitter is demonstrated. Results of a high frequency
oscillation search performed with the data collected with the PROSPECT detector

is reported. The robustness of the fitter is demonstrated for different statistical tech-



niques and different input models. Finally, the impact of systematic uncertainties on
the results are discussed.

Chapter 8 provides concluding statements of the thesis.

Appendix A describes some of the statistical techniques that are employed in the
oscillation fitter.

Appendix B shows the pitfall of using the standard approach in defining confidence
intervals with PROSPECT as a use case.

1.6 Primary Contributions

In addition to several minor contributions, these are my primary contributions

to the PROSPECT experiment.

e Hardware: I have co-led the design, development, fabrication, and QA /QC of
the PROSPECT optical separators and support rods. I have led the selection
of the separator material and the selection and development of the process for
the lamination. In conjunction with Ingeniven, I have developed a custom heat
sealing technique and associated QA protocols to encapsulate the separators
in 2 mil FEP film. I have worked with Autotiv in fine tuning the design of
the separator rods. In conjunction with the rest of the assembly team, I have
developed the cleaning and QC/QA processes for pre-assembly and assembly
of the separators and the support rods. I have also been part of the inner
detector assembly team and helped in performing segment QA of the assembled
detector. The details of the hardware work I did for the PROSPECT detector
are included in Chapter. 5. The work done in the development of the optical
separators and support rods have led to a technical paper [1] currently under

review with the Journal of Instrumentation.

e Analysis: I have led the development of the framework to search for reactor



model-independent search for sterile neutrinos with the PROSPECT exper-
iment. I have performed PROSPECT sterile neutrino sensitivity studies in
helping optimize the detector design. Finally, I have performed the first search
for sterile neutrino search with the PROSPECT data. This included develop-
ing detector response matrix, leading the uncertainty analysis and covariance
matrix development the details of which are included in the Chapter. 7. The
analysis I did for the PROSPECT experiment led to a refereed article [2] in

Physical Review Letters.



CHAPTER 2

INTRODUCTION TO NEUTRINOS, NEUTRINO MIXING AND STERILE
NEUTRINOS

2.1 Postulation and Discovery of the Neutrino

The history of neutrinos can be traced back to the early experiments on ra-
dioactivity. Several measurements involving beta decay radiation including those
conducted by James Chadwick [3] showed that the measured beta spectrum was con-
tinuous. This was opposed to the gamma and alpha emission spectra both of which
were demonstrated to have well-defined discrete values. The continuous beta spec-
trum was later confirmed by Ellis and Wooster [4] using a calorimetric technique.
Experiments conducted by Meitner [5] later also showed that no gamma radiation
was emitted from beta decays disproving the hypothesis that beta decay electrons
might be radiating energy while traveling. Further, the nuclear spins of the N and
SLi atoms—in contradiction to Rutherford’s prediction [6] of 1/2— turned out to be

1 which seemingly violates spin-statistics theorem.

In order to explain the observed discrepancies in the radioactive experiments,
Pauli in 1931 postulated [7] the existence of a spin-half neutral particle contained
in the nucleus, which he called a neutron. He suggested that a fraction of energy
produced in the beta decay was carried away undetected in the form of the kinetic
energy of this very light particle. Since this particle was hypothesized to have a spin
of one-half, the spin-statistics problem could also be explained by the presence of this

particle.

The theory of beta decay [8] proposed by Fermi in 1934 laid out the theoretical

foundation of this neutral particle. Since an uncharged particle with the name neutron



Incident
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Gamma rays

Neutron capture

Inverse
beta
decay

Positron
annihilation
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Figure 2.1. The detector schematic (left) and the detection mechanism (right) used
in the Savannah River experiment [9]. The detector consisted of two Cadmium
Chloride filled water tanks (A and B shown in blue) which acted as the proton
targets for the inverse beta decay reactions and three tanks of liquid scintilla-
tors (LI, and III) where the IBD signals deposit their energies to be detected by
the photomultiplier tubes.

already existed, Fermi renamed this light uncharged particle a neutrino. Fermi’s

theory allows for the neutrino mass to be zero and additionally predicts a process

opposite to the beta decay called inverse beta decay (IBD).

It was not until 1956 that the neutrino was experimentally discovered by
Reines, Cowan et al. at the Savannah River reactor [10]. The reactor provided intense

L at the detector. The detector consisted of two

antineutrino flux of 5 x 10¥cm™2s~
tanks of water dissolved with Cadmium Chloride sandwiched between three tanks of
liquid scintillator. Both liquid scintillator tanks were viewed on either ends by 110

photomultiplier tubes (PMT). Antineutrinos from the Savannah River reactor were

captured on protons in water by the IBD interaction
Ve+p—et+n. (2.1)

The positron from the IBD reaction in addition to depositing its kinetic energy also

annihilates with electrons promptly and generates two gammas via

et +e = y+7. (2.2)
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These gammas travel into a separate tank and through scintillation process release
photons to be collected by the photomultiplier tubes. The IBD neutron thermalizes

after scattering on protons and captures on Cadmium:

n+19%Cd — y +1% Cd. (2.3)

A delayed time-coincidence was used between the positron and the neutron as
a signature to tag an IBD event. The reactor was shut down and reactor on versus
reactor off rates were compared to demonstrate that the rates were higher when the
reactor was on. This conclusively proved the existence of neutrinos. Most of the
reactor antineutrino experiments to date detect neutrinos via a delayed coincidence
of the IBD interaction. The schematic of the Savannah Reactor reactor experiment

and the detection mechanism used for the experiment are shown in the Fig. 2.1.
2.2 Experimental Discoveries of the Neutrino Properties

Incidentally, the answer to the question of whether neutrino is its own an-
tiparticle was deduced by an experiment done by Ray Davis [11] in 1955, even prior
to the discovery of the neutrino. Pontecorvo suggested a practical method to look
for a neutrino using the capture of a neutrino on 3"Cl. With Brookhaven National
Lab (BNL) Graphite Research Reactor as the source and Carbon Tetrachloride as

the target, a search for neutrinos was attempted using the reaction

T, + CI’" — e 4+ Ar®". (2.4)

Conservation of lepton number states that this reaction is not possible. If the
conversion of 3"Cl to 3"Ar was noticed, it would have meant that the lepton number
is not conserved and neutrino was its own antiparticle. Since no evidence was found

of this conversion, neutrino was thought to be distinct from its antiparticle (the
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antineutrino)?.

As more experiments were being conducted on understanding the nature of
weak interactions, indications of parity violation in Kaon decays emerged. Several
possible tests to confirm parity violation in weak interactions were proposed by Lee
and Yang [12] in 1956. In a pioneering experiment conducted by Wu et al. [13]
asymmetry in the distribution of electrons emitted from polarized ®°Co nuclei was
observed proving that parity was maximally violated weak interactions. Following
this discovery, new theories in maximal parity violating Vector-Axial (V-A) struc-
ture of weak interactions were developed by Sudarshan, Marshak [14] and Feynman,
Gell-Mann [15] separately. This theory predicts that neutrinos are left-handed and
antineutrinos are right-handed. In 1958, V-A theory was directly confirmed for neu-

trinos by Golhaber, Grodzins, and Sunyar [16].

There were two experimentally observed charged lepton counterparts to the
neutrino at the time of its discovery—mnamely the electron and the muon. This raised a
question of whether an antineutrino generated in the reaction associated with an elec-
tron is the same as the one that is associated with a muon. In 1962, Lederman along
with Schwartz and Steinberger discovered the existence of the muon neutrino (v,) at
the BNL Alternating Gradient Synchrotron (AGS) [17]. Proton beams produced from
AGS hit a Beryllium target at 15 GeV generating pions which decayed into muons
and antineutrinos. When these antineutrinos were introduced into a spark chamber,
only muons were observed and no electrons were observed. In addition to concluding
that there are two types of neutrinos, it further led to the idea of the individual lepton

number conservation?.

2t must be noted that this is only true in case of neutrinos being Dirac particles.
Neutrinos could still be their own antiparticles if they are Majorana particles.

3]t is to be noted that the individual lepton number is shown to not be conserved
in case of neutrino oscillations.
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Standard Solar Model (SSM) was proposed by Bahcall [18] in 1964 which
predicted neutrino flux from the sun. Around the same time, Davis et al. conducted
a radiochemical experiment at the Homestake mine [19] to measure solar neutrino flux
by measuring the number of Argon atoms produced by the interaction described in
Eq. 2.4 when the solar neutrinos are captured on Chlorine atoms. The neutrino flux
predicted in SSM was about three times higher than that observed in the Homestake

experiment. This mismatch came to be known as the Solar Neutrino Problem (SNP).

Pontecorvo and Gribov proposed [20] neutrino oscillations as a solution to
the SNP. They suggested that a neutrino produced in an electron flavor could be
transformed into a muon flavor. By that time Maki, Nakagawa, and Sakata already
developed a 2x2 mixing matrix to describe the mixing between two flavors of neutri-
nos [21]. Although the mixing matrix has changed since its inception, this was the first
theoretical step in the direction of neutrino oscillations. The Homestake experiment
ran for over 30 years with many improvements in the detector technology, but the
discrepancy persisted. Other experiments like the reactor experiment conducted in
1970s by Reines et al. [22] started to favor the neutrino oscillation paradigm. Search
for neutrino oscillations intensified in the 1990s with experiments like SAGE [23],
GALLEX [24], and GNO [25] observed v, capture on Gallium by

ve +71 Ga = e+ Ge. (2.5)

These experiments also showed a deficit in the solar neutrino flux in the low energy

region.

In 1983 Kamiokande [26], a large water Cherenkov detector was built to search
for proton decay. Although no evidence of the proton decays was found, the collab-
oration realized that the detector was sensitive to neutrinos. After upgrades, the
detector was repurposed and named Kamiokande-II and started collecting neutrino

data in 1985. The Kamiokande-II experiment found a deficit of solar neutrinos in 4-15
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MeV range [27] supporting the neutrino oscillation hypothesis. To verify the neutrino
oscillation hypothesis, Super-Kamiokande (Super-K) experiment, a successor to the
Kamiokande experiment was built to search for neutrino oscillations by observing
solar and atmospheric neutrinos. The first evidence of the atmospheric neutrino os-
cillations was found in 1998 by the Super-K [28] experiment. To extend the results
from the Kamiokande-II experiment, Sudbury Neutrino Observatory (SNO) was de-
signed to detect solar neutrinos using heavy water as the target. Heavy water has an
advantage of being sensitive to all the three neutrino flavors. In 2002, the SNO exper-
iment provided definitive proof for the neutrino oscillations as the right interpretation

of the SNP [29].

Meanwhile, the Direct Observation of Nu Tau (DONUT) collaboration at
Fermi National Laboratory had announced [30] the discovery of tau neutrino (v;)
in 2001 giving the Standard Model (SM) its current leptonic picture. The mixing

matrix was then extended to include v,.

In the past two decades there has been a significant amount of progress in
understanding of the neutrino oscillations. The current status of the experimentally
determined neutrino oscillation parameters are provided in the Tab. 2.1. In addition
to refining the known oscillation parameters, the nature of neutrinos (Dirac or Ma-
jorana) [31-36], their mass ordering (ms >m;, or mg <mj o) [37-43], their absolute
mass scale [44,45], and CP-violation(dcp) [37,38] are being investigated experimen-

tally.
2.3 Neutrinos in and Beyond the Standard Model

The Standard Model of particle physics is a gauge theory based on the gauge
symmetries SU(3). @SU(2), @U(1)y. Weak interactions are based on SU(2),, gauge

group where the subscript L indicates that the field is chiral and the field acts differ-
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Table 2.1. Experimentally determined neutrino oscillation parameters [46]. The val-
ues shown in the braces are for the inverted hierarchy.

Parameter Best-fit 30 range

Am2,(107%eV?) 7.37 6.93 — 7.96

Am§1(23)(10_3e\/2) 2.56(2.54) 2.45(2.42) — 2.69(2.66)

sin? 6, 0.297 0.250 — 0.354

sin? 63 0.425(0.589) 0.381(0.384) — 0.615(0.636)

sin? 65 0.0215(0.0216)  0.0190(0.0190) — 0.0240(0.0242)
S/m 20 :1.38(1.31) 1.0(0.92) — 1.9(1.88)

ently on left- and right-handed particles. Whereas left-handed fermions transform as
doublets, right-handed fermions transform as singlets under this transformation. Neu-
trinos are spin 1/2 leptons in the SM and they do not interact via electromagnetic or
strong forces. Three generations of neutrinos each a counterpart of the corresponding

charged lepton exist.

The SM fermions are represented by 4-component Dirac spinor fields (¢) which
can be decomposed into left- and right-chiral components, ;, and g respectively.
The mass term in the Lagrangian for a Dirac fermion couples left and right chiral

fields and can be written as

L=—mp (Yrtr+¢Yr¥r). (2.6)

This term can be generated through Higgs mechanism and explicitly breaks chiral
symmetry. In the SM, the neutrinos were initially formulated to be massless because
right-handed neutrinos are not found as suggested by the Dirac mass term. But
neutrino oscillations have established that at least two of the three generations of

neutrinos are massive. Neutrinos could obtain mass through Dirac mechanism similar
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to the other fermions through a Yukawa coupling to the Higgs field
L= —mp (vRVL + vLVR)- (27)

But since neutrino masses are known to be uncommonly small (1072 V), the Yukawa
coupling of the neutrino has to be ~8 orders of magnitude smaller than that of the

electron—the lightest known particle after the neutrino.

Because neutrinos have no charge, they could also have Majorana mass term [47]
described by

L=—my (V5 Cv§ +75CT5) (2.8)

where C'is the charge conjugation operator ¢ = C (E;) If both Dirac and Majorana

terms exist, the Lagrangian can be written as

myp, Mmp vy,
;C = <VL yz) . (29)

mp MR I/}i

For mz, = 0, the eigenvalues of the mass matrix end up being m% /mz and mp. If
mpg ~ 10'% GeV, the value of m%/mp ~ 1073 eV which gives an elegant explanation
for the neutrino masses being uncommonly low. This way of generating low neutrino

mass is called the See-Saw mechanism [48].

The misalignment between the neutrino mass and the flavor eigenstates implies
that the neutrinos undergo oscillations. The Lagrangian involving charged current

neutrino interactions with leptons can be written as

_ 9 7 - n
L= ﬁ ;[loﬁ/u(l - 75)7/04WM + Va’yu(l - WB)ZaWu ]7 (210)
where g is the weak coupling constant, a = e, u, 7 are the flavor eigenstates, 1 = 1,2, 3

are the mass eigenstates, [ stands for a charged lepton, v for a neutrino, and W+ stand
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for W Bosons. This Lagrangian can also be written in the neutrino mass eigenbases
as,
L= T3 T (1 = 75)UaitiWy, + T (1 = 45) Uil W, . (2.11)
2\/5 a,t ! :
Where, U,; is a unitary matrix that transforms mass eigenbases to flavor eigenbases.

This matrix is called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix and can be

written as
Uel Ue2 Ue3
Upmvns = Ua Usp U |- (2.12)
UTl UT2 U‘r3

For the sake of convenience, this matrix was historically divided into several pieces

in terms of their mixing angles and has been used as

1 cli3 56157 cbq9 5619
Upmns = clys 5B 1 —sthy cta
—5053  CBas —5B015e7 chis 1
pic1/2
der |, (213)
1

where cf;; = cos;; and s8;; = sin6,;, 0s stand for the mixing angles, ¢ is the CP-
violating phase, {1,and &2 are the Majorana phase terms. According to this matrix,
a neutrino produced in one flavor eigenstate after traveling some distance in vacuum
has a non-zero probability of being observed in a different flavor eigenstate. The

probability of this transformation is given by

Am2.L

* * 2 ?
P(vy — vp) :(5a5—4;Re(UaiU5anjUﬁj)sm( )t (2.14)
i>]
. AmiL
QZM%MMMWN25)

i>]



17

Where Amj; = m; —m3, L is the neutrino path length and E is the energy of the
neutrino. It is important to note that P(v, — v3) is non-zero only when Am?j is
non-zero. This implies that the observation of oscillations between two flavors is proof
that at least one of the neutrinos must have non-zero mass. By tuning the values of
L and E, a two neutrino oscillation approximation can be achieved:

Am?L

P(Ve = v5) = Jug — sin® 20,5 sin®( Vo

). (2.15)

In fact, many neutrino detectors exploit this approximation to search for neutrino
oscillations and measure specific terms in the PMNS matrix. The experimentally

determined values of various terms in the PMNS matrix are shown in the Tab. 2.1.

2.3.1 Sterile Neutrino Oscillations and Implications. Sterile neutrinos are
fermions that transform as singlets under the SU(2); transformation which means
that they don’t take part in the weak interactions. But sterile neutrino states can
mix with active neutrino states. Sterile neutrinos could manifest as part of natural
extensions to the SM to explain the neutrino masses as described in the Sec. 2.3.
In theory, there are no restrictions on the number of sterile neutrinos that could be
included in the extensions of the SM. One or more of these neutrinos could be at the
Grand Unified Theory scale and could explain the relatively small masses of the active
neutrinos. It could mean that more sterile neutrinos—if they exist—could be at ~eV

scales leading to noticeable distortions in short baseline oscillation experiments.

Adding sterile neutrinos would mean extension to the unitary matrix Uszy,3 —
Unxn- Considering the simplest case of one additional sterile neutrino introduces
three new mixing angles, two new CP-violating phases, and one Majorana phase term.
Following the Eq. 2.14 and neglecting solar and atmospheric terms, the oscillations

at short baselines can be approximated to a two neutrino case

AmilL)
4E 7

P(vo — vg) = §ap — sin® 20,5 sin®( (2.16)
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In case of reactor neutrino experiments which look for 7, disappearance, this can be

written as
Am?,L
4F

P(W, — 7,) ~ 1 — sin® 20,4 sin®( ). (2.17)

Detailed phenomenology and the implications of eV-scale sterile neutrinos could be

found in the Refs. [49,50].
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CHAPTER 3
REACTOR NEUTRINOS AND NEUTRINO ANOMALIES

Nuclear reactors are intense sources of 7, producing ~ 10* 7.GW,,'s~. An-

tineutrinos are produced when the unstable daughters of neutron-induced fissions
undergo beta decay.

n—p+e +70,. (3.1)

Most nuclear reactors use Uranium (***U and ?*®U) and Plutonium (***Pu and 2*'Pu)

isotopes as the primary* fissionable fuel.
3.1 Reactor Antineutrino Experiments

Reactors have historically played an important role in neutrino physics. As
mentioned in the Sec. 2.1, Savannah River experiment (SRP), a reactor 7, experiment
was the first to establish the existence of neutrinos®. [9,51] Several reactor 7, exper-
iments since as early as 1959 have started measuring neutrino cross-sections [52-57]
and showed agreement with the V-A theory. In 1980 Reines et al. [22] while conduct-
ing neutrino experiments with heavy water as the target at 11.2 m baseline at SRP
noticed that the ratio of charged versus neutral current interactions disagreed with
the predicted value at 2-30. Considering this ‘instability’ in the traveling neutrino
to arise from oscillations, the amplitude and frequency of the oscillations were esti-
mated to be 22° < § < 32° and 0.7 < Am? < 1.0 eV? respectively. They concluded

that it was important to perform more reactor experiments to measure the 7, spec-

4These four primary isotopes contribute to more than ~ 99.9% of the 7, in a
typical commercial reactor.

SFor the rest of the thesis, anywhere the term ‘neutrino’ is used in context of
reactor experiments, it should be considered as 7..
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trum as a function of distance before drawing any conclusions. They also noted that
atmospheric and solar neutrino experiments would help identify the phenomenon of
oscillations at higher energies. The oscillation claim was later withdrawn citing that

the results were indicative but inconclusive [58].

The oscillation hints from SRP in addition to the solar neutrino problem moti-
vated another reactor 7, experiment at Institut Laue-Langevin (ILL) in Grenoble [59].
They used a 377 liter segmented detector with 3He-filled wire chamber neutron de-
tectors sandwiched between cells of liquid scintillator at a distance of 8.5 m from a
57 MW enriched 2*°U reactor. Employing time-delayed coincidence technique and
topological cuts, the IBD was measured. Meanwhile, since one of the biggest con-
straints for reactor 7, experiments is the lack of precise absolute 7, spectrum, a [
spectrum measurement of the fissile isotopes 2*°U, 23°Pu, and ?*'Pu were made at
the ILL facility using a magnetic spectrometer [60-62]. To date, these beta spectrum
measurements are used as a standard in modeling the reactor 7, flux. A conversion
approach (described in depth in Sec. 3.2) was used to determine 7, spectrum from the
measured (3 spectrum. The measured spectrum by the ILL experiment found good

agreement with this S-converted 7, model.

The ILL detector was modified and placed close to the Gosgen reactor and
measurements were performed at three different baselines by moving the detector,
making it a multibaseline experiment. The multiple baseline approach takes advan-
tage of the relative 7, spectra to isolate the results from reactor and detector related
systematic uncertainties. The measured 7, spectrum and rates were found to be in

good agreement with the corresponding S-converted 7, values.

To make a high statistics neutrino spectrum measurement in search for neu-
trino oscillations, several detectors were deployed near the 2800 MW Bugey nuclear

reactor in France between 1980 and 1996 [63-66]. In one such high statistic experi-
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ment, Bugey measured neutrino spectrum at 15m, 40m, and 95m baselines. It was
the first reactor 7, experiment to use liquid scintillator doped with %Li as the target
to aid in efficient background reduction. The Bugey detector also used similar seg-
mentation to the other experiments. Their 7, measurements were also in agreement
with the predictions from the [-converted 7, spectrum. In addition, they also placed

limits of 1 x 1072eV? and 2 x 1072 on Am? and sin? 20 [65] respectively.

Meanwhile, motivated by indications of reactor 7, oscillations and to measure
cross-sections, several experiments in varying configurations were conducted at the
Rovno nuclear powerplant in Russia [54-56,67]. The Rovno experiment employed
several detectors with varying technologies at 18-25 m baselines and measured 7, from
the 1375 MWth Rovno nuclear reactor from 1983 to 1990. Total IBD yields and
decomposed IBD yield of ?*U was calculated [54,67] based on the measured 7, rates.
The measured yields showed decent agreement with the theoretical values at the time

considering large theoretical and experimental uncertainties.

Another Russian experiment searching for oscillations at lower oscillation fre-
quencies was also performed at multiple baselines from multiple reactors at the
Krasnoyarsk power plant using a single detector. Composed of hexagonal prism of
polyethylene as the target and 3He counters as the detectors several 7, measurements
were performed at multiple distances (33-231) m. In addition to showing that the
measured flux was in agreement with the predicted values, they were also able to

exclude significant amount of the oscillation parameter space [57,68].

In the 1990s, atmospheric neutrino experiments showed hints of v, oscillations
with a large mixing angle #»3 favoring 7, disappearance at kilometer scale wavelengths.
In search for oscillations at this scale, CHOOZ, a reactor v, experiment was setup in

France near the CHOOZ power station [69]. The CHOOZ detector used Gadolinium-

loaded liquid scintillator as an inverse beta decay target region and a time-delayed
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coincidence method for the background reduction. CHOOZ placed limits on oscilla-
tion parameters Am? > 7 x 10~%eV? for maximal mixing and sin® 20 = 0.1 for large
Am?. During the same time, another reactor neutrino experiment called Palo Verde
was conducted in Arizona at a distance of 800m from the Palo Verde reactor com-
plex. The Palo Verde experiment employed a detector segmentation system similar
to Bugey, but much bigger in size and used Gadolinium-loaded liquid scintillator as
the target. The Palo Verde experiment saw no oscillation [70] and excluded similar

parameter space as CHOOZ.
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Figure 3.1. Results from a 2005 report from the KamLAND collaboration [71]. (left)
The prompt energy spectrum of 7, events clearly showing a deviation in the shape
from the null oscillation hypothesis. (right) KamLAND-suggested best-fit point
and oscillation parameters Am32, and tan? 6.

A very long baseline 7, experiment, Kamioka Liquid Scintillator Antineutrino
Detector (KamLAND) was built in Kamioka [71] to increase the electron-neutrino
oscillation parameter coverage. Surrounded by 53 commercial reactors and located
at a flux-weighted distance of 180 kilometers from those reactors, this one kiloton lig-
uid scintillator improved on the existing time-delayed coincidence technique between
positrons and neutrons. The first result reported using 145 days of data showed a de-

ficiency in expected antineutrinos favoring oscillations. In conjunction with the solar
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neutrino data, the best-fit oscillations were found at Am2, = 7.970¢ x 107> eV? and
tan? 01, = 0.407039 as seen in the Fig. 3.1. With more data, increased fiducial volume,
and reduced systematic uncertainties improvements were found in their subsequent

measurements.

Increasing evidence in favor of non-zero value of mixing angle 63 from ac-
celerator experiments T2K [72] and MINOS [73] motivated an increased number of
multi baseline reactor 7, experiments. Meanwhile, Double CHOOZ [74], a succes-
sor to CHOOZ with a single detector presented its initial measurement of the last
mixing angle sin? 03 = 0.086f8:8ﬂ(stat)fgzggg(syst) in 2012. The Daya Bay 7, exper-
iment is the first experiment to precisely measure the value of the last mixing angle
013 in 3-neutrino mixing model. Following Daya Bay’s measurements, the RENO
and Double CHOOZ experiments also measured 6,3 precisely. Daya Bay, Double
Chooz, and RENO use similar detector designs and perform a similar relative spectral
shape measurement to search for the neutrino oscillations. Although 6;5 is measured

last, it is currently the best-known mixing angle with the current best limit [75] of

sin? 26,5 = 0.0856 & 0.0029 from the Daya Bay experiment.
3.2 Reactor Antineutrino Spectrum

As already mentioned, reactors typically use IBD interaction to measure neu-
trinos. It is given by

ve+p—et+n. (3.2)

It is a charged current quasi-elastic interaction mediated by the weak force via the
transmission of the W™ boson. IBD interaction is a threshold interaction with the

minimum neutrino energy required for the interaction given by

EX™ = my, + Mer — My (3.3)



Taking me+ = 0.511 MeV, m,, = 938.272 MeV, and m,, = 939.565 MeV [46],

E™ = 1.804 MeV.
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(3.4)

The recoil kinetic energy of the neutron has been neglected in the above calculation.

Including this small contribution would raise the threshold to 1.806 MeV.
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Figure 3.2. Schematic of the fission (pink arrows) and subsequent § decays (white
arrows) of 2%U [76]. #*°U is the primary contributor of the 7.s originating from
a typical nuclear reactor. The color scale on the plot indicates the probability
of production of the given fission product. Shown in the inset is a schematic of
the 7, production arising from a neutron-induced fission. On average, 6 7, are
produced per fission.

The IBD reaction has relatively high cross-section and the IBD positron energy

is uniquely correlated with the incoming 7, energy [77]. An IBD interaction is typi-

cally detected by tagging a positron and a neutron in coincidence providing a clean

signature while enabling high background reduction. The positron signal is detected

with a minimum energy of

Emin —

rec

1.022 MeV which arises from the positron-electron
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annihilation in the detector. The neutrino energy can be retroactively reconstructed

based on the positron energy by

Ep, = Erec + (EZ™ — E) = Ej_+0.782 MeV. (3.5)

e rec

Nuclear reactors produce neutrinos from the fission and subsequent (5 decays
of the fission fragments. Power reactors have a combination of the 23°U, 239Py, 238U,
and 2*'Pu isotopes with <20% 2*°U enrichment and hence are called low enriched
uranium (LEU) reactors. Although fuel in these reactors is primarily composed of
the 238U isotope, ~60% of the 7, originating from these reactors are from #*>Usince it
has higher fission cross-section at the relevant neutron energies. Currently for security
reasons, only research reactors are permitted to use Highly Enriched Uranium (HEU®)

fuel. Reactor 7, spectrum can be written as
Win dN;
E) = —=—— E i .
S( e) Zz fzel - f dEpe (3 6)

where Wy, is the thermal power of the reactor and the f;, e;, and dN;/dE;, are the
fission fraction?, the effective energy released per fission, and the cumulative neutrino

spectrum respectively for the ¥ fission isotope [78].

Wiy is calculated quite accurately using the temperature of the coolant and it’s
flow rate. f; as a function of time are calculated typically using detailed proprietary
simulations. e; are calculated using the energy produced in the fissions taking into
account the extra energy released by the neutron captures on the reactor material
and the energy carried away by 7.. The total energy released by all the major fission

isotopes are showed in the Tab. 3.1.

6 All reactors that use a fuel with more than 20% **Uenrichment are classified
as HEU reactors.

"The number of fissions by the isotope as a fraction of total fissions
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Table 3.1. The total fission energy (MeV /fission) for dominant fission isotopes [79].

235U 239Pu 238U 241Pu

Eree  202.79£0.06 205.93£0.13 207.32+£0.08 211.04+£0.12

dN;
? dEg,

The 7, spectrum from each individual isotope is the major source of
uncertainty. Following the terminology presented in the Ref. [80], assuming a detailed
knowledge of the beta decays of the fission fragments and their fission yields, the

fission 7, spectrum for each isotope could be theoretically determined by summing

up the 7, spectra contributions of all the individual beta decays as

o zﬂ: Yo(Z,A)Y b i(EY) Py By, B}, Z). (3.7)

n,i

Here, Y, (Z, A) is the fission yield of the isotope with the atomic number Z and
weight A and characterizes the number of beta decays at any point of time. b, ; is
the branching ratio and P, (Ey,, E}, Z) is the normalized 7, energy spectrum from
the isotope n,i. This method of summing up the 7. contributions from all the beta
decays is often referred to as the ab initio or the summation method. Shown in the

Fig 3.3 are the ab initio spectra from the four major isotopes.

In practice, there are several issues with spectra determined using ab initio
method. The 7, spectrum from a reactor is composed of ~ 1000 daughter isotopes
with ~6000 beta branches. Lack of information on the branching ratios of several
isotopes in addition to large uncertainties in the fission yields and possible systematic
errors in nuclear calculations leads to over 10% uncertainty in 7, spectrum using
summation calculations. A more detailed description of the the difficulties and issues
with the summation calculation and several insights into the calculated spectra can

be found in Ref. [78,80,84-86]

To work around the difficulties associated with the ab initio spectrum, another
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Figure 3.3. The 7, spectra (-4 b L) for the four major fissioning isotopes determined
using the ab initio method [80]. The fission yields were taken from the JEFF-
3.1.1 [81] fission fragment yield database and the ENDF/B-VIIL.1 decay library [82,
83].

method for determining -42 formulated [60,

dEy,
87]. In this method, the g spectra are measured by irradiating thin foils of the
fissioning isotopes with neutrons. Starting from the highest energy, the measured
aggregate [ spectra could be successively fit to the virtual beta branches in Fermi-

Kurie representation to obtain an endpoint distribution {a;, E3} for each virtual beta

branch.

—Zal (E,Ei, Z(EY)). (3.8)

where a; is the amplitude of the virtual beta branch and Z(E}) is a function describ-
ing the empirical mean proton number of the fission products with the beta branch

endpoint energy Ep.

The beta branches obtained this way could then be individually converted to

v, energy and summed as

dN;
dE,,

=Y a;P(E}, - E, E)Z(E})). (3.9)

i
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Table 3.2. One example of the parameters for the analytical approximations of the
fission 7, energy spectra.

a; 235U 239Pu 238U 241Pu

ap  0.870 0.896 0.976 0.793
a; -0.160 -0.239 -0.162 -0.080

ap -0.0910 -0.0981 -0.0790 -0.1085

The obtained 7, spectrum depends to some extent on the assumptions made about
the spectral shapes and the allowed/forbidden energy levels during the conversion
process. This process of determining the 7, spectrum from the measured 5 spectrum
is called conversion approach. The most widely used predictions for 235U, #9Pu and

241Py v spectra are from a conversion approach [88].

Another approach attempting to take advantage of both the ab initio and the
conversion approaches was developed recently. The 7, and [ spectra are determined
using ab initio approach whenever experimental data are available. The difference in
the measured and the ab initio [ spectra is then fit to virtual beta branches which
are then used to convert back to the 7, spectrum. In addition to the above mentioned
methods, purely analytical approximations are used occasionally for convenience. An

example of the analytical approximation presented in [89] is given as

AN
dE,,

=exp(ag + a1 E, + ay E?), (3.10)
and shown in Tab 3.2.

The IBD spectrum accessible to a detector can be estimated using the pre-
dicted 7, spectrum and the IBD cross-section. Shown in the Fig. 3.4 is the oscillation-
suppressed predicted IBD spectrum. The IBD cross-section is an increasing function

of the energy whereas the 7, spectrum decreases with energy. It is worth noting
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Figure 3.4. An illustration of the IBD spectrum (in red) accessible to a detector as a
function of energy [90]. It is obtained by taking product of the IBD cross-section (in
green) and reactor 7, emission spectrum (in blue).

that most (~ 75%) of neutrinos generated in a nuclear reactors have energies below
the IBD threshold and hence go undetected by a detector that uses this detection
mechanism. Including the oscillation and the detector response effects, the measured

VU, spectrum can be written as

dN P..(E;,, L)
Fa NpU(Eve)U(Eve)WS(Em), (3.11)

where Np is the number of target protons, n(Ey,) is the energy-dependent detector
efficiency, o(E,) is the energy-dependent IBD cross-section, P.. is the 7, survival
probability, L is the baseline, and S(Ey,) is the 7, spectrum originating from the

reactor.

3.3 Anomalies in the Reactor Neutrino Sector
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Predictions of the 7, rates and the spectra date back to late 1950s [91]. Given
the lack of knowledge of individual 8 decay spectra [92], the earliest predictions
have typically used the conversion method [52,91]. With the improved knowledge of
the B decays, attempts were made to perform ab initio v, predictions in 1970s and
early 1980s [93-96]. Predictions performed by different groups showed disagreements
based on the inputs. Additionally, the predicted spectra had big uncertainties [94]
for the v, energies above 4 MeV. In early 1980s, dedicated campaigns of 3 spectra
measurements at the ILL reactor were performed to predict the 7, spectra using
the conversion method [60-62,97]. These measurements are still the source for the
reactor 7, conversion predictions. 2**U undergoes fission only when irradiated with
fast neutrons and hence has only been measured recently [98]. Further, the measured
B energy spectrum from #8U fission only spans 2.875 to 7.625 MeV. Consequently,

the ab initio method is used for 2**U prediction.

There has been renewed interest in the reactor 7, predictions in the past
few years. Motivated by the need for a precise reactor v, spectrum for the Double
CHOOZ (far detector only) experiment, the 7, spectra calculations were revisited [99].
The hybrid approach described in the Sec 3.2 for 23U, 23Pu, and ?*'Pu and a pure
summation approach for 2*U were used to calculate the 7, spectra. These calcula-
tions reported an increase in the predicted flux by ~3% compared to the previous
predictions. A complementary work including higher order corrections by Huber [8§]
using the conversion approach also showed an increase in the predictions by ~2-3%.
Although the observed event rates from the 7, experiments remained the same, with
a change in the predicted event rates, there is a systematic shift in the ratio of number
of the measured versus the expected 7, events as shown in the Fig. 3.5. This deficit in
the observed flux came to be called the Reactor Antineutrino Anomaly (RAA) [100].
Fluxes reported by the 613 experiments Daya Bay [101], Double CHOOZ [102], and

RENO [103] conducted after the RAA was uncovered also show disagreement with
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Figure 3.5. Ratio of the fluxes observed versus the new flux predictions for several
reactor neutrino experiments [104].

the predictions.

Various interpretations of the anomaly are explored in the Refs. [80,84,85,105,
105-111]. The deficit in the measured flux compared to the prediction could primarily
arise from either incorrect flux predictions or some new underlying physics. It was
pointed out [80] that the uncertainties in the analysis of the reactor anomaly that
arises from structure of forbidden transitions are too high to infer an anomaly. The

accuracy of ILL beta spectrum measurements has been brought to question [109].

An additional sterile neutrino being the cause for the RAA [112,113] is strongly
motivated in the context of the other anomalies observed in the accelerator and the
source neutrino sectors. For sterile neutrino to be reason for the anomaly, they should
mix with SM neutrinos. Sterile neutrino mixing leads to high frequency oscillations
as shown in the Fig. 3.6. Sterile neutrino oscillations suggested by the anomalies in

the other sectors also prefer oscillations at high frequencies.
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Figure 3.6. The oscillation parameter space suggested by the RAA. Fits include
reactor flux data as well as the Gallium anomaly data.

Daya Bay experiment has recently measured the evolution of measured flux
as a function of time [114]. Since fission fractions evolve with time in a power reac-
tor, correlations between the measured flux and varying fission fractions were used
to measure the IBD yields of 2*°U and #*Pu. The measured IBD yields showed
disagreement with the predictions, in particular for 23°U. RENO also recently re-
ported IBD yield measurements generated from flux evolution similar to Daya Bay
and showed disagreement with predictions [103] as well. A combination of the evo-
lution measurements and previous reactor flux measurements [108,110] show that
either a combination experiments are wrong, 233U prediction is off by 20, or it is a
combination of sterile neutrinos and wrong predictions. Several possible explanations
for the flux anomaly are put forward but no conclusions are successfully drawn so far

with the existing data.

In addition to the flux anomaly, the shape of the reactor 7, spectrum measured
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at LEU reactors [115-118] were found to disagree with the predictions. These shape
differences could not be explained by the existence of the sterile neutrinos and hence
point out mistakes in the predictions [78,80,84-86,119]. It could be possible that
one isotope is the cause for the anomaly or all the isotopes contribute to the shape
distortion. Additionally, since a conversion method to compare to the experimental
data, it is also possible that a mistake in the conversion method or the underlying

beta spectra could have led to wrong predictions in the predicted 7, spectra.
3.4 Anomalies Hinting at Sterile Neutrinos in Other Sectors

eV-scale sterile neutrinos were hypothesized before RAA was proposed as a
possible explanation for the results from the Liquid Scintillation Neutrino Detector
(LSND) experiment. LSND [120] was an experiment built at Los Alamos to look
for oscillations from a pure 7, beam from Los Alamos Meson Physics Facility to a
U, beam. The LSND experiment reported an excess in the v, — 7, appearance
channel. In a similar L/E parameter space to the LSND analysis, the Mini-Booster
Neutrino Experiment (MiniBooNE) experiment [121] also observed an event excess
in v, — v, and v, = U,. Although, the 7, — 7, measurement from the MiniBooNE
favors a sterile neutrino in the Am? ~ 1 eV?, the v, — v, measurement from the

same experiment disfavors it.

During calibration measurements, the solar neutrino detectors GALLEX [24]
and SAGE [23], using intense neutrino sources of **Cr and *" Ar, observed an event
deficit of ~24% in the v, disappearance channel. This event deficit referred to as the
Gallium anomaly can also be explained by a sterile neutrino with the Am? ~ 1 eV?2.
Although interesting in its own right, the discussion on the sterile neutrinos in other

sectors is beyond the scope of this thesis.

After the discrepancies between measured and predicted fluxes were pointed



34

out in 2011 and 2012, there was a flurry of activity in reactor neutrino community to
search for sterile neutrinos using reactors. Several experimental proposals were put
forward with slightly different detector designs and using either HEU or LEU reactor.
The current state of the search for sterile neutrinos using reactors includes experi-
ments that have already run their course, experiments collecting data and have put
forward the initial results, and other experiments are collecting data and are actively
working on analyzing the data. In a short period of time, most of the suggested
parameter space will be covered by these experiments and will be able to resolve

anomalies in the reactor neutrino sector.
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CHAPTER 4
PROSPECT EXPERIMENT

In chapter 3, anomalies that plague the reactor neutrino sector are discussed.
Existing experimental data doesn’t provide conclusive statements about the reasons
for the anomaly and hence new experimental evidence is needed to decipher the source
of the anomalies. PROSPECT takes two pronged approach in resolving the reactor
anomalies. The primary goals of the PROSPECT experiment are to search for sterile
neutrinos that are hinted by the flux anomaly and measure the HEU 7, spectrum to
resolve the spectrum anomaly. The PROSPECT experiment is located at the Oak
Ridge National Laboratory (ORNL) in Tennessee. Located at a closest distance of
approach of ~7 m from the neutrino source, the experiment was designed to search
for meter scale oscillations. PROSPECT utilizes %Li-loaded liquid scintillator as the

target and IBD reaction as the detection mechanism.
4.1 HFIR as the Source of 7,

The source of 7, for the PROSPECT experiment is HFIR. Operating since
the 1960s, this research reactor has been primarily used for neutron scattering exper-
iments, sample irradiations, neutron activation analysis, and radioactive isotope pro-
duction for medical and industrial purposes. It is a Highly Enriched Uranium (HEU)
reactor [124] with a 23U enrichment of ~93%. A mockup of HFIR reactor and the
simulation of the distribution of the fissions in the reactor are shown in Fig. 4.1 Being
a research reactor, HFIR is different from typical commercial reactors in the following

ways:

1. Size: Research reactors are typically not used for power generation and hence

are not typically compact. Compact reactors are particularly suited to search



Table 4.1. Parameters of the PROSPECT detector.

Parameter Value
Power 85 MW
Shape cylindrical
Radius 0.2m
Reactor
Height 0.5 m
Fuel HEU
Duty cycle ~47% reactor on
Dimension ~20x~16x~12m
Scintillator volume  ~3.7 ton
Detector Closest distance ~Tm
Baseline coverage =~ ~2 m (when stationary)
Energy resolution  4.5% at 1 MeV
Quantity 14(horizonal) x 11(vertical)
Segmentation Cross-section 0.145mx0.145m

Position Resolution 0.145m(transverse), 0.05m(longitudinal)

36
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Figure 4.1. Top(a) and side(b) views of a mockup of the HFIR core [122]. ¢) A
Monte Carlo N-Particle code (MCNP) simulation of the HFIR reactor core. d)
Distribution of fissions in the core of HFIR.
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Figure 4.2. MCNP simulation [123] of the evolution of fission fractions of 23U (left)
and other major fission isotopes(right) in HFIR over the duration of a single cy-
cle. The contribution from 23U is >99% throughout the cycle whereas the other

isotopes contribute <0.5% each.
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for short baseline high frequency oscillations because the oscillation washout

from the core size is minimal.

2. 7, flux: Since the research reactors are compact, they comprise smaller amount
of fuel which in turn implies that the 7, flux is smaller than the commercial

reactors.

3. Fuel content: The high ?3°U enrichment of research reactor implies that a large
fraction of the 7, originate from #*>U [123] as opposed to a typical commercial

reactor where 7, originate from a combination of four primary fission isotopes.

4. Cycle duration: The length of the reactor cycles for research reactors are
typically much shorter than that of commercial reactors. Shorter cycles provide
the ability to measure cosmogenic backgrounds at close intervals in time. They
also constrain the evolution of fission fractions in the reactor and provides a

cleaner single isotope 7, flux as shown in the Fig. 4.2.

4.1.1 Backgrounds at the HFIR. One of the challenges for the PROSPECT
experiment is the cosmogenic and reactor-related backgrounds. The detector’s close
proximity to the HFIR means that natural overburden cannot be used to shield
the cosmogenic backgrounds. The HFIR facility provides very little overburden of
~0.5m concrete [125]. High energy cosmogenic neutrons in particular are notorious
for mimicking IBDs in the PROSPECT detector. The detector’s close proximity to
the HFIR also implies that the reactor related backgrounds should also be carefully
considered. Detailed background measurements [125] have shown that a well-designed
targeted passive shielding highly suppresses the reactor related backgrounds. Reactor
off background measurements could then be used to perform cosmogenic background

subtraction.
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Figure 4.3. Schematic of the PROSPECT detector, the movement and the shielding
package in the HFIR facility. The movable range of the detector in the facility is
also shown. The electronics rack which is mounted on the side of the detector is
not shown in the figure.

4.2 PROSPECT Detector

The PROSPECT detector design is optimized to search for meter scale oscilla-
tions. Motivated by the previous studies [126], a few parameters have been identified
that prompted the PROSPECT detector design. Design choices were further moti-
vated by the need to reduce cosmogenic and reactor backgrounds. The PROSPECT

detector schematic is shown in the Fig. 4.3 and the parameters are shown in Tab. 4.1.

From inside to outside, PROSPECT detector package is composed of:

e Inner detector
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e Inner shielding and containment
e Outer shielding and detector movement system

e Flectronics.

The following sections give detailed description of the detector subsystems.

4.2.1 Inner Detector. Inner detector includes all the detector components that
are inside the containment system. It is composed primarily of the liquid scintillator,
the optical grid, the PMTs, the calibration system, and the segmentation support

system.

4.2.1.1 Lithium Doped Liquid Scintillator. PROSPECT is a compact on-
surface detector. To reach the physics goals, the design requires pulse shape discrim-
ination (PSD) capable liquid scintillator with high light yield. The PSD capability of
the liquid scintillator would allow for the discrimination of nuclear recoils from the
electron recoils thus helping in background rejection. High light yield of the liquid
scintillator allows for good energy resolution. Since the detector is compact, the neu-
tron capture agent used in the detector must be capable of compact neutron capture

energy depositions.

PROSPECT uses a novel Li-doped liquid scintillator (LiLS) as the target. A
commercially available di-isopropylnapthalene (DIN)-based scintillator, EJ-309 [127]
was used as the base. In addition to the PSD capabilities and high light yield, EJ-309
is non-toxic and has high flash point and is ideal for deployment in a reactor facility.
EJ-309 was modified by adding wavelength shifting agents 2,5-diphenyloxazole (PPO)
and 1,4-bis(2-methylstyryl) benzene (bis-MSB) and by doping it with 0.1% SLi using
an ether-based glycol surfactant and a 9.98 mol/L aqueous solution of lithium chloride

with 95% enriched SLi.
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Figure 4.4. Schematic of the IBD interaction in the PROSPECT detector.

The 7, from the reactor interacts with the protons in the Hydrogen-rich liquid

scintillator and via the IBD interaction producing a positron and a neutron:
Ve +p—et+n. (4.1)
The positron deposits all it’s kinetic energy in the detector and annihilates with

an electron to produce two gammas producing a signal in the visible wavelength. This

signal-—called the prompt signal—is detected by the PMTs.
et +e s y+17. (4.2)
The neutron thermalizes by scattering on several protons in the liquid scintilla-

tor and captures on a °Li atom (and occasionally on a Hydrogen atom) to give rise to

a tritium and an alpha with specific energies of 2.05 MeV and 2.75 MeV respectively:

n+°Li — o +3H. (4.3)

Both the tritium and the alpha deposit their energy almost instantaneously

produces a flash of light (also called delayed signal) which is also detected by the
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PMTs. The time separation between the prompt and the delayed signals has a typi-
cal signature of < 100us and provides a time-coincidence that can be used to reject
uncorrelated background events. This, in addition to PSD provides good background
rejection capabilities. The schematic of the IBD interaction in the PROSPECT de-

tector is shown in the Fig. 4.4.

Comprehensive long term tests were performed to choose the materials that
come in contact with the LiLLS in the detector. Samples were soaked in small vials
of LiLS for long periods of time and periodic visual and UV-absorption tests were
performed. A comprehensive list of compatible materials was established following

this procedure.

4.2.1.2 Optical Grid. PROSPECT is a segmented detector optically sepa-
rated into a 11(vertically)x14(horizontally) grid of 154 segments. To maintain the
uniformity in response throughout the detector as well as to reduce the dead vol-
ume, PROSPECT utilizes a novel segmentation design. The optical separation was
achieved by the use of custom designed multi-layer optical separators. Long 3D
printed rods hold the optical separators in place and give them the proper structure.
The rods were also designed to provide internal access to the calibration sources. A
schematic of the optical grid is shown in the Fig. 4.5 and an in depth discussion of

its design is provided in the Sec. 5.

4.2.1.3 PMT Modules. The PROSPECT detector employes PMTs placed
at either end of each segment to collect scintillation light. Two kinds of PMTs—
Hamamatsu R6594 SEL(Hamamatsu) and ADIT Electron Tubes 9372KB(ET) are

used in the detector as shown in the Fig. 4.6.

The PMTs were housed in mineral oil-filled acrylic boxes with square cross-

section to maintain compatibility with the LS, reduce background noise, and include
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Figure 4.5. (left) Cutaway view of the inner detector showing cross-sections of seg-
ments. (right) Section view of a segment showing optical separators, PMT mod-
ules, and support rods.
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Figure 4.6. Schematic showing the positioning of Hamamatsu and ET PMTs in the
detector. Tests with prototypes have shown that the Hamamatsu PMTs have supe-
rior performance and consequently are used in the fiducial volume of the detector.

a buffer region. The acrylic tubes were fabricated by gluing together acrylic pieces
using Acryfix. UVT acrylic is used as the material for the front window to allow for
light over a wide range of wavelengths. A conical reflector was used as a light guide to
route light from the segment with a square cross-section to the PMTs with a circular
cross-section. Once assembled, the PMTs were filled with mineral oil and sealed shut.
A schematic of all the components used in the PMT modules is shown in the Fig. 4.7

and more details about the PMT modules can be found in the Ref. [128].

4.2.1.4 Segment Support Wedges. The segmentation design creates a geometry
with each segment slightly twisted which makes for a complicated external geometry
as shown in the Fig. 4.6. Acrylic was chosen as the structural material to support
the optical grid geometry. Machined acrylic parts (called acrylic wedges) support
and constrain the PMT housings on the bottom and the sides. In addition, the
support rods in the outermost layer are also constrained by acrylic wedges. Two sets
of planks (horizontal and vertical) are used to bind the PMT structure together. The

horizontal planks are attached to the back of PMT housings and the side horizontal
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Figure 4.7. PROSPECT PMT module design. Exploded (left) and fully assem-
bled (right) schematic of a PROSPECT PMT module. (bottom) Front view of a
fully assembled PMT module.
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wedges to constrain the housings relative to the outer geometry and relative to each
other. The vertical planks are mounted on the horizontal planks to constrain the
relative motion of horizontal planks. These planks are designed to allow for the PMT

cables and calibration tubes to be fed out of the detector.

4.2.2 Containment System. The reactor facility requires that a double contain-
ment system be incorporated into the design of the detector to avoid leakage of the
liquid. Hence two level containment system was designed where only the inner level

comes in contact with the LS.

4.2.2.1 Inner Containment Vessel. Similar to the bottom and side supports, the
inner containment vessel was also fabricated using acrylic. The vessel is manufactured
with a slab at the bottom, tank on the side, and a lid on the top. The inside of the
vessel is 1.995 mx2.143 m in cross-section and 1.555 m in height with the bottom slab
and the side tank made of 0.0635 m thick acrylic. The bottom slab and the tank have
a system of grooves designed to be sealed using two Viton O-rings. A passageway
out from the gap between the two seals is used to check for leaks by observing the
pressure differential between inside and outside of the containment vessel. The lid on
top of the inner containment vessel has several rectangular holes for feedthroughs to

accommodate various cables and calibration tubes.

4.2.2.2 QOuter Containment Vessel. A second containment vessel of the inter-
nal dimensions 2.505 mx2.255 mx1.982 m high was used for LS containment as a
redundancy in case of a leak in the first containment vessel. Since LS doesn’t come
in contact with this containment vessel under normal circumstances, it was made
from sheets of aluminum welded at the edges. The acrylic and Aluminum tank have
clearance to allow for proper installation of the inner vessel within the outer vessel.
Once installed, this gap was filled with borated polyethylene and demineralized water

to act as neutron shield. A lid with feedthroughs for instrumentation is placed on the
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top and sealed to the walls of the tank using neoprene gasket.

4.2.3 Passive Shielding. As mentioned in the Sec. 4.1.1, most of the IBD
mimicking backgrounds come primarily from the cosmogenics, in particular from the
high energy neutrons. Background measurements performed using the PROSPECT
detector prototypes provided a benchmark for the PROSPECT simulations. Guided
by the simulations, a multi-layer shielding package with an additional heavy neutron
shielding on the top as shown in the Fig. 4.8 was designed to substantially reduce the

cosmogenic neutron backgrounds.

M Water bricks | e Al tank
M 5% borated [ A Acrylic tank
polyethylene . \
N 3 Segment
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Figure 4.8. Schematic of the PROSPECT multi-layer shielding package. The top
layer of the water bricks, the single layer of borated polyethylene, and the plastic
acts as a cosmogenic neutron moderator. The layer of lead inside the plastic
lumber acts as a generic shielding material. The inner most layer of the borated
polyethylene captures the thermal neutrons that are produced from the muon and
neutron spallation on the lead in the shielding.

Gamma background measurements [125] performed at the HFIR have identi-

fied several hotspots along the concrete wall adjoining the reactor pool. A dedicated
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stationary lead wall was installed along the concrete wall to reduce the gamma back-
grounds from the reactor and various penetrations in the concrete wall. Simulations
performed based on the measured backgrounds have guided the shape, size, and the

structure of the shield wall.

4.2.4 Detector Movement System. The whole detector including the shielding
package is placed on a 3.242 mx2.946 mx0.21 m steel frame chassis. The frame has
c-grooves to allow for the detector to be placed with a forklift and was designed to
distribute the weight of the detector uniformly on the floor. It also has allowance
for Aerogo air-casters to be placed under the chassis for tilting and moving the filled

detector.

4.2.5 Detector Calibration.  The segmented design of the detector allows for

Figure 4.9. The PROSPECT detector optical and source calibration deployment
schematics. Shown in orange and red are the instrumented optical and source
calibration tubes. In blue is the location of the optical diffuser.

the optical and source calibrations to be placed inside the detector. The calibration
of the detector response and its space and time uniformity was surveyed by the use
of a combination of sources. The support rods provides access for the in-situ optical

and source calibrations of the PROSPECT detector. In addition, there are a few
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uniformly distributed intrinsic sources in the detector. Optical and Source calibration

schematics are shown in the Fig. 4.9.
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Figure 4.10. The PROSPECT optical and source calibration locations. Yellow dots
indicate the deployed locations of the optical sources and red dots indicate the
locations that were designed with the capability to deploy radioactive source cali-
brations.

4.2.5.1 Optical Calibration System (OCS). Optical laser sources were deployed
in the detector in an effort to measure the time offset between the PMTs in the
same segment, single photoelectric response, and monitor the attenuation length.
Light enters the segment via a diffuser which diffuses the light into all the adjoining
segments. Diffusers are located along the longitudinal center of the segment and are
transfixed in the holes drilled in the center support rods. As shown in the Fig. 4.10,
each segment has an optical diffuser at one of its corners and except for the top layer

each optical diffuser is shared by four segments.

4.2.5.2 Radioactive Source Calibration System. Similar to the OCS, deploy-
ment of the in-situ radioactive source calibration is enabled by the presence of the
hollow support rods. Unlike the optical calibration system, the radioactive calibration

system was designed such that the sources can be deployed at any point along the
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length of the segment. Additionally, not all segments have a calibration source adja-
cent to them as shown in the Fig. 4.10. Sources sealed in an aluminum capsule move
inside the teflon tubes instrumented through the support rods during the installation
and allows for the sources to move inside the detector longitudinally without coming
into contact with the LiLLS. The sources could be placed anywhere along the length of
the segment within ~1 cm accuracy and ~1 mm precision using a timing belt system.
Custom designed 3D printed UV-cured resin pulleys are connected to stepper motors
to run the timing belt. The sources are encased inside an aluminum capsule which is
mounted on to the timing belt. 3D printed belt guides hold the stepper motor-pulley
assembly, guides the timing belts, and allows for easy removal and replacement of the
sources. The timing belt guides are mounted on the top of the outside of the detector
which allows for manual handling of the sources from outside the detector. Extra
storage tubes are located on top of the detector to store the timing belt outside the

detector when not in use.

4.2.5.3 Volume Calibration using Actinium as the Source. The search
for the sterile neutrinos in the PROSPECT experiment is done by comparing the
relative 7, rates as a function of baseline and energy within the detector. Relative
segment volume is one of the key systematics in the relative rate comparison. Surveys
performed during the assembly have showed a variation in the segment-to-segment
volumes within 1%. To provide an in situ segment-to-segment volume measurement,
the PROSPECT liquid scintillator was uniformly spiked with 227 Ac. 227 Ac rates pro-
vide the relative volume of each segment after filling the LiLS in the scintillator.
Furthermore, 22"Ac decays also provides a way to continuously monitor the perfor-

mance of the detector.

Successive as arising from the decays of **Rn and *'*Po (also called RnPo)

provide a clean signature of these events. By tracking the rate of & — a coincidences
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from RnPo events in individual segments, the rate of 227 Ac over time and consequently
the relative volume of each segment can be deduced. Additionally, the as from both
Rn and Po could be used to track the uniformity and the stability of various other de-
tector parameters including PSD, energy scaling, resolution, position reconstruction,
and energy resolution. 0.5 Bq 2?"Ac was introduced into the detector by dissolving

in the LS an AcCl solution prepared from a commercial Actinium source.

4.2.5.4 Backgrounds as Calibration Sources. Few backgrounds classes could
also be used as a source of calibration and to monitor the performance of the de-
tector. Cosmogenic-based backgrounds are extensively employed for calibrating the
PROSPECT detector. Muons are one such class of backgrounds which when coupled
with the peculiar geometry of the detector can be leveraged to calibrate the timing
and the position of the detector. 2B is another source produced from cosmogenic
neutron capture on ?C which then beta decays with energy as high as ~13 MeV.
Because of the wide 8 energy range, 2B is very helpful for the energy scale calibration

at high energies.

There are naturally occurring radioactive material inherent in the detector that
can also be leveraged and can be used to track the position and the energy uniformity
and stability. Two such sources used in the PROSPECT are —« coincidences arising
from the subsequent 2'2Bi-2'2Po and 2'*Bi-2'Po decays collectively called BiPo. These
BiPo events follow from the decay chains of **Th and #**U respectively. The energy
and the position uniformity and stability can be tracked by tracking the [ followed

by the a.

6Li is intrinsic to the PROSPECT LiLS and is uniformly distributed through-
out the detector volume. Background neutrons capturing on the uniformly distributed
SLi is a great source to perform relative energy scale calibrations as well as to track

its stability. A discussion on how each of the above sources are used for calibration
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Figure 4.11. The Schematic of the DAQ hardware used in the PROSPECT detector.
and tracking detector performance is presented in the Sec. 6.2.

4.2.6 Electronics and Data Acquisition System. PROSPECT uses CAEN
V1725 [129] commercial Waveform Digitizers (WFD) for collecting full waveforms
from the PMTs. In addition to providing PSD capability, the 14-bit 250 MHz WFD
was chosen to have a wide dynamic range to cover broad energy range while keeping
the data collection at manageable rates. A total of 21 WFDs distributed between
two Weiner 6023 [130] VME crates are used to cover all 308 PMTs in the detector.

The schematic of DAQ hardware used in the PROSPECT detector is shown in the
Fig. 4.11.

All PMTs in the detector are triggered if both the PMTs in any segment
exceed a threshold of 50 channels (~100 keV) —called triggering threshold— within

64 ns of each other. The 148 sample long waveforms acquired by each PMT are then
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recorded only if they exceed a threshold called zero length encoding (ZLE) threshold
of 20 channels (~ 40 keV). ZLE threshold significantly minimizes the data collection

rate by abandoning the uninteresting waveforms.

4.2.7 Detector Monitoring. Several monitors were instrumented into the detec-
tor to continuously track and record the health of the detector. A total of 20 high
voltage (HV) modules each with 16 channels are used to supply a high voltage bias to
all the PMTs. During typical operation, the bias is set at 5x10° with the possibility
to vary the gain for calibration or testing. The currents and voltages of the HV is

recorded and regularly monitored for any fluctuations.

PROSPECT LiLS is observed to undergo quenching if oxygen dissolves in
the LiLLS. To avoid the absorption of oxygen in LiLS, nitrogen gas boil-off from a
liquid nitrogen dewar continuously flows through the detector to replace the air in
the detector. The nitrogen pressure as well as it’s flow rate out of the detector is
constantly monitored. Additionally, the oxygen and the humidity content are also
monitored constantly. The cover gas system is also designed to be able to bubble dry
nitrogen through the detector as well to test the acrylic O-ring seals on the acrylic

containment.

The temperature of the detector is tracked and recorded every minute at sev-
eral locations within the detector using resistance temperature detectors. Two ul-
trasonic sensors at opposite corners of the acrylic tank monitor the level of LiLS at
better than Imm and measure the tilt in the detector during filling. Another ultra-
sonic sensor is mounted on the inside of the aluminum tank to monitor the water

level.
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4.3 Detector Assembly

The PROSPECT detector including inner containment and the outer contain-
ment was assembled at Wright Laboratory at Yale university. After dry commis-
sioning, the detector was then shipped to HFIR for filling along with the rest of
the assembly including shielding. Following the optical grid assembly discussed in
Sec. 5.4, top support ribs and vertical bars were mounted. The side acrylic walls were
lifted over the assembled inner detector and lowered onto the acrylic base. Calibra-
tion tubes and cables were routed through the holes in the acrylic lid and the lid is

lowered onto the side walls.

Stainless steel cables were looped around the detector to compress together
the sidewalls to the acrylic base. The entire inner detector assembly was lifted and
lowered into the aluminum tank lined with borated polyethylene(BPE) liner. The
gaps between the acrylic tank and the aluminum tank were shimmed with BPE.
After routing the calibration tubes and cables through the aluminum tank lid, it was
lowered and bolted to the aluminum tank. The detector is made light- and gas-tight
by mounting ICOTEK fittings on the cables and by pouring a potting mixture over

the fittings.

Dry commissioning of the detector included PMT functionality checks and
OCS measurements for PMT mapping. Additionally, cosmic muon measurements
were used as a diagnostic tool to set a standard for the performance of the unfilled
detector to be later compared to the performance of the detector after shipping. The
fully assembled detector was then packed in a wooden crate for shipping. It was
then driven to ORNL in an enclosed air ride trailer with cushioning on bottom and

sides. The detector was continuously monitored during shipping for fluctuations in
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temperature, humidity, and pressure.
4.4 Detector Installation

The detector received at HFIR was stored under nitrogen cover gas. Another
round of dry commissioning was performed and the detector was moved to the desired
position before filling with LiLS. The LiLiS was produced [131] at Brookhaven National
Laboratory and shipped to the HFIR facility. One of the 28 LiLLS drums was spiked
with 22" Acand LiLS from all the drums was then mixed in a thoroughly cleaned 20-
ton Teflon-lined shipping container. After filling with the LiLS, the gap between
the acrylic tank and the aluminum tank was filled with demineralized water. The
detector was filled with 4340 kg of the LiLLS and 403 kg of water. Shielding as shown
in Fig .4.8 was installed on the detector. Finally, electronics and source calibration
motors needed for initial calibration were installed. A detailed description of the

assembly, shipping, and installation of the detector can be found in Ref. [128].
4.5 PROSPECT Prototype Detectors

PROSPECT detector has a complicated geometry and uses several novel detec-
tion techniques. Several prototypes were constructed in order to determine the design
of the components, validate interfacing between them, and characterize various con-
stituents. Multiple configurations of each prototype were produced for various tests
and as shown in the Tab. 4.2. The details of the ways in which the prototypes were
used in learning valuable lessons and defining the final detector design are discussed

in detail in the Refs. [125,132-136] and are not further discussed here.
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Table 4.2. PROSPECT prototypes in the order of increasing detector volume. The
locations, timelines, and the specific objectives for each prototype are also listed.

Prototype LocationTimeline Capacity (I)  Objective
PROSPECT- Yale 20142015 0.1 EJ-309 and LiLLS char-
0.1 [132] acterization
PROSPECT- HFIR 2014-2015 1.7 HFIR background char-
2 [132] acterization
PROSPECT- Yale/ 20152016 23 HFIR background char-
20 [125,134] HFIR acterization and scintil-
lator studies
PROSPECT- Yale  2016-2018 50 Design validation

50 [135]
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CHAPTER 5
PROSPECT OPTICAL GRID

Optical grid is a key subcomponent of the PROSPECT detector which includes
a combination of optical separators and support rods. The purpose of the optical grid
is to optically isolate the LiLLS into segments while ensuring optimal light transport
to the PMTs. In this section a detailed description of the optical grid system is given

from the design choices to the assembly of the components in the detector.

5.1 Design of the Optical Segmentation System

The design of the optical grid for the PROSPECT detector is motivated by

the following objectives:

Efficient light collection: Efficient light collection is key to good energy

resolution.

e Minimal cross-talk: Light cross-talk between the segments reduces the accu-

racy of reconstruction and has to be minimized.

e Dimensional tolerance: The volume of each segment has to be well con-

strained for a relative spectral comparison.

e Mechanical interfacing: The detector has intricate design and the compo-

nents have to interface properly with each other while maintaining tolerances.

e Mechanically strong and durable: The structure of the optical grid has to

be rigid and be stable during the shipping, movement and regular operations.

e Minimum inactive volume: Inactive volume reduces the energy resolution

and efficiency of the detector and must be maintained at minimum.
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e Minimal non-reflective surface: To maintain good light collection at the
PMTs, highly reflective surfaces have to be maintained for all the surfaces ex-

posed to the scintillation light.

e Radiopure: Radiopure material reduces the chance of intrinsic correlated and

accidentals backgrounds.

e Chemical compatibility with LiLS: Materials coming into contact should

not degrade the LiLLS or vice-versa.

e in-situ calibration deployability: The design has to allow for the optical

and radioactive sources to be deployed inside the detector.

After extensive mechanical R&D using several prototypes and using the above guide-

lines, the final design of the optical grid geometry is as shown in the Fig. 5.1.

5.1.1 Design of Optical Separators. The main functionality of the optical
separators (or separators) is to transport any energy depositions in the scintillator
to the PMTs. The general design requirements of the optical grid has already been
discussed in the Sec 5.1. The following specific requirements were used as guidelines

in designing of the optical separators:

e High Specular Reflectivity: Prior tests with prototypes [134] have shown
that specular reflectors have better uniformity in light collection and PSD per-

formance.

e Optically opaque: To reduce the cross-talk between the segments, the sepa-

rators have to be opaque.

e Rigid: To maintain dimensional tolerance and stability, the separators have to

be rigid.
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(b) Separators

PMT housing
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Figure 5.1. Design of the optical grid. (a) Single segment showing the interface
between the separators, support rods and the PMT modules. (b) Sectional view of
a segment with separator and support rod interface. The tilted design of the optical
grid is evident from the figure. Also seen are portions of the adjacent segments. (c)
Detailed view showing the positioning of the separators in the support rod tabs.
Also shown is the calibration tube.
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e Thin: Since the contents of the separators are non-scintillating, thinner sepa-

rators reduces the inactive volume.

Optical separators were produced by laminating together several layers of ma-
terial to obtain thin highly reflective sandwiches. The schematic of the cross-section
of optical separators is shown in the Fig. 5.2. The rigidity is provided by epoxy resin-
coated carbon fiber (CF) sheets. Reflectivity is primarily provided by adhesive backed
DF2000MA [137] which is laminated on both sides of the CF sheets. Compatibility
is enforced by the use of Flourinated Ethylene Propylene (FEP) film. Because of the
difference in the refractive indices between FEP and the liquid scintillator, FEP also
provides additional total internal reflection for light incident at grazing angles. The
interface between DF2000MA and FEP is provided by double-sided adhesive with

high optical transparency.

Lamination of all the layers was performed at room temperature using cold roll
lamination process utilizing pressure sensitive adhesives. Pressure sensitive adhesives
are activated and acquire their adhesive properties when exposed to pressure. Unlike
hot roll laminators the adhesives in case of pressure sensitive lamination do not need
heat for activation. Cold roll lamination has the following advantages over hot roll

lamination.
e Hot roll lamination needs the rollers to be heated to the around 100 °C which
could lead to damage to the other constituents of the separator.

e (Cold roll lamination is widely used in the sign making industry which provided

ample prototyping opportunities.

e (Cold roll laminators are commercially available for very low prices and do not

typically require expensive components.
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Carbon Fiber

FEP

Figure 5.2. Laminated and heat sealed optical separator with excess FEP(left) on the
edge and with overhanging FEP folded(right) as used in the assembly.

Epoxy coated Carbon Fiber (CF) sheets have superior characteristics and
makes a good choice for the backbone. CF sheets are rigid, light and opaque. Ad-
ditionally, since the backbone is the bulk of optical separator it is desirable to have
materials with low atomic number (low-Z) to reduce the interaction of charged parti-
cle within the separator. Commercially available CF sheets are typically epoxy coated
woven carbon fibers and are primarily made from low-Z material. Furthermore, the
surface quality of the backbone defines the surface quality of the separator, hence a

smooth CF surface is desired.

The dimensions of the CF sheets are governed by the size of segments and
the requirement to have minimum dead volume. The diameter of PMTs define the
cross-section of the segment which in turn defines the width of the optical separator
to be 6.045740.015”. After accounting for the allowable tolerance in the width of
CF sheets and the possible extra material from slitting, the CF sheets are defined to
be 6.030”£0.015". Maximum length of commercially available CF sheets with low

variability in thickness is 48”. The manufacturing process of the CF sheets yields
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Figure 2. Typical Normal Angle Spectral Response DF2000MA

Figure 5.3. The normal reflectivity of DF2000MA in air as provided by the man-
ufacturer 3M. The emission spectrum of the EJ-309 is in 400-500 nm range and
DF2000MA has high reflectivity in this range.

slight bulge at the edges and the length of the CF sheets were thus limited to 47.5”.
The thickness of the CF sheet is a balance between rigidity and the dead volume.
Additionally, a minimum amount of epoxy is needed to mask the texture of CF
fibers and make the CF sheets smooth. Given these constrains, 0.023” thick epoxy-
prepegged CF sheets commercially sold by ACP Composites, Inc [138]® were chosen

as the backbone.

DF2000MA, a specular reflective film manufactured by 3M acts as the primary
photon reflector and is laminated on either sides of the CF sheets. The specular
reflectivity in the visible region of wavelengths at normal angle of incidence as tested
by the manufacturer is shown in Fig. 5.3. It is made of 100% polymer and is generally
used in daylighting applications. DF2000MA is sold with protective liners on both
adhesive and non-adhesive sides. Excluding the liners, the thickness of the film is 4.1

mil.

The specular and diffuse reflectivity of DF2000MA is shown in Fig. 5.4 in

comparison with 3M ESR [139] as well as now discontinued 3M manufactured metal-

8 A company out of Livermore, California specialized in design and fabrication
of high-quality composite materials
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Figure 5.4. The normal reflectivity of the DF2000MA in the LiLS medium in com-
parison with the reflectivity of ESR and Solar Mirror 2020. ESR and DF2000MA
have similar reflectivity within the uncertainties of measurements.

coated reflector called Solar Mirror 2020. DF2000MA exhibits similar optical proper-
ties as ESR which has been used in previous neutrino experiments [140,141] and widely
used in several positron emission tomography applications [142,143]. DF2000MA has
the advantage that it is sold with pressure sensitive adhesive mounted on one side
which makes is easier to use for lamination applications. It is also sold in 50 yard

long rolls and is relatively inexpensive per yard.

On either side of DF 2000-laminated CF sheets, an optically clear double-sided
adhesive film, General Formulations Concept 106 [144] (henceforth referred to as the
CON106) is laminated. CON106? is a combination of polyester film with optically
clear acrylic adhesive mounted on both sides. The adhesive couples the reflector to

FEP while maintaining uniform surface and optical quality of the separators.

0.002” FEP is laminated on top of the adhesive on either sides. FEP when thin
is highly transparent which allows for the light to pass through it towards DF2000MA
to be reflected back efficiently. Since the refractive index of FEP (~1.34) is lower

than refractive index of LiLLS (~1.57), the light traveling towards the separators at a

9These sheets are widely used to produce optically clear laminates in sign mak-
ing industry.



Figure 5.5. Picture of a fully laminated optical separator.

Table 5.1. Nominal dimensions of the separator.

Constituent  Thickness(1/1000”)

CF 23 +4
DF2000MA 4.1
CON106 2.7

FEP 40.613

64
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grazing angle is total internally reflected back into the segment.

FEP is demonstrated to be one of the few materials that have shown long
term chemical compatibility with LiLS. During FEP lamination, excess FEP was left
extending beyond the edge of the separator on all four sides. The excess FEP around
the edges were heat sealed to fully isolate the rest of the separator materials from the
LiLS. After sealing all the four edges, the excess FEP past the heat seals was cut to

yield the final optical separator as shown in the Fig. 5.5.

5.1.2 Design of Support Rods. Support rods provide the interface between the
optical separators and two internal structural elements; the PMT housings and the
acrylic wedges. Support rods also provide structure to the optical separators along
the length of the segment helping maintain longitudinal uniformity. Additionally
support rods provide access for the calibration sources to be deployed at several

locations inside the detector.

Several techniques were investigated in producing support rods. The design of
the support rods is defined by the interfacing components. The list of LiLLS compatible
material restricts the choice of usable materials for fabrication of the support rods.
The following requirements were used as guidelines in the design of support rods in

addition to the ones mentioned in Sec. 5.1.
e Uniformity along the length at over ~1m
e [oad bearing capabilities
e Ability to produce complicated structures
Fused Deposition Modeling (FDM) of Polylactic Acid (PLA) was chosen as

the process for producing PROSPECT support rods. FDM is an additive manufac-

turing (3D printing) process where a desired thermoplastic filament is heated past it’s
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glass transition temperature and extruded though a nozzle onto a flat surface called
a bed. Desired shapes can be generated by this process by translating the nozzle with
respect to the bed during the process of printing. By stacking multiple layers of the
filament, a 3D print of the desired dimensions is obtained. Salient features of FDM

relevant to use in producing support rods are the following:

e Complicated geometries: FDM is ideal for generating long drawn out parts

with consistent cross-section.

e Rapid prototyping: Since the startup costs and time for producing different

designs are low, rapid prototyping is possible with FDM.

e Wide availability of the commercial vendors: There has been a recent

proliferation of commercially available 3D printing services.

e Parallel printing: Several 3D printers can be used at the same time to pro-
duce identical components providing the ability to print several components in

parallel.

e Post-printing modification of parts: PLA is soft material and can be easily

machined. This provides the ability to modify printed parts.

e Limitations on the length: Commercial 3D printers are typically designed
to produce parts < 1m lengths. The support rods had to be designed to take

this limitation into consideration.

e Cost effective

All the FDM printing for the PROSPECT support rods was done by Autotiv

Inc [145]'°. Autotiv Mfg used multiple identical FDM printers for producing support

YA company based in Salem, New Hampshire specializing in additive manufac-
turing, CNC machining, casting, and molding applications
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Figure 5.6. Support rod types shown by their longitudinal position along the segment.
PMT-supporting rods highlighted in red boxes are located along the edge of the
detector and hence have fewer than four arms.

rods for the PROSPECT detector. It was identified that with the desired printers
any prints longer than 8” exhibited non-uniformity in the cross-section. To overcome
the length restrictions of FDM process, 9 support rods were strung back-to-back to
produce >1m long support rod assemblies. Keeping the rods at < 8” allowed for

maintaining the quality and precision of the prints.

The shapes and the sizes of the rods vary based on their location along their
longitudinal position of the segment as well as their location in the detector. All
support rods have tabs to clasp separators. Additionally, the rods that interface
with housings or wedges also have thick arms in the interface to enforce the right
amount of spacing. A total of 8 rod types were designed initially. Measurements have
shown that the length of all the rods were consistently shorter than their nominal
dimensions. Two rods in each strung assembly were printed slightly longer at a later

date to fill the gap created by the shorter rods. As such a total of 9 rod types were
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Table 5.2. Types of support rods and their dimensions.

Type S.No. Length (in) Center Tab length(in) End tab length(in)
Center 2 1.030
6.179
Standard 1 0.258
0.515
Long 9 6.223
PMT-supporting rods 3-8 3.75 N/A 0.515

produced and the details are shown in Tab. 5.2. Shown in Fig. 5.6 are the rod types,

their cross-sections, and their locations in the detector.
5.2 Fabrication and QC/QA of the Optical Separators

The primary steps involved in the fabrication of the optical separators includes
lamination and heat sealing. The PROSPECT detector requires an overall of 333
optical separators. To account for the failures and contingency, 388 CF sheets CNC
machined to the proper size were ordered. DF2000MA, CON106, and FEP were sold
as rolls and were cut to wider sizes prior to the procurement. DF2000MA and CON106
were cut to rolls of 77 wide to accommodate for potential lamination misalignment.
FEP was acquired in 8” wide rolls to allow for ~1” excess FEP on either edges for

heat sealing.

DF2000MA was laminated on one side of cut-to-size CF sheets followed by
CON106 lamination on the same side. The same steps were then carried out on the
second side. After each of the above steps, the excess material extending past the
edges was removed. The lamination process is finished with FEP lamination on both
sides and the excess FEP was then heat sealed to produce a fully sealed sandwich.
A schematic of the process is shown in the Fig. 5.7. All the lamination process

was performed at Illinois Institute of Technology (IIT). The separators were then
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Carbon Fiber Base DF2000MA Lamination side | Cut DF2000MA side | CON106 Lamination side |
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Figure 5.7. Step-by-step fabrication of the optical separators. The cross-sections are
not to scale.

shipped to Ingeniven LLC [146]!! for heat sealing. In practice, the lamination is done
in batches where a batch of separators go through each of the lamination steps shown

in the Fig. 5.7.

Early prototypes showed that particulate matter embedded into the laminated
layers has the potential to damage the FEP layers and consequently minimize the
optical advantages of the separators. To reduce the damage to FEP, all the lamination
was performed in a ISO class 7 soft-wall cleanroom. The cleanroom was wiped clean
after each day of lamination. A household laser air quality monitor Dylos DC1100

[147] was used to monitor the particle count in the cleanroom.

The separator fabrication starts with cut-to-size CF sheets. The thickness of

the CF sheets were recorded at 6 different locations along the edges and three different

A company based in Hampton, New Hampshire specializing in production of
high-performance teflon heat seals using an array of custom-built machinery
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Figure 5.8. Lamination process showing FEP lamination on the separator.

locations at the center and are shown in the Tab. 5.1. CF sheets that exceeded
0.027” in thickness at the edges were rejected. Since they were CNC machined, no
variations from the nominal value were found in the width of the bare CF sheets and
consequently were not included as part of the QC measurements. The sheets that
passed the thickness test were beveled along the edges using steel files to avoid rough
surfaces that could potentially abrade FEP sheets. The corners of CF sheets were
filleted to avoid them from potentially tearing into the FEP. The CF sheets were
then cleaned twice with ethyl alcohol and once with water and transported into the

cleanroom.

All the lamination was performed using JetMounter JM18 Cold Roll Lami-
nator [148] as shown in the Fig. 5.8. Since cold roll lamination uses pressure for
activating the adhesives, an optimum amount of pressure has to be applied during
lamination. Too little pressure would not let the film properly adhere to the substrate

and may lead to delamination, whereas too much pressure could force trapped air be-
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Linear guide rail

Figure 5.9. (left) Trimmer used for trimming excess material after lamination. (right)
A picture showing trimming of excess DF2000MA.

tween layers and subsequently lead to blisters. The pressure was manually adjusted
before each shift as well as every time the film was replaced. 1/4” thick x 18" wide
x 58" long acrylic sheets were used as base to provide rigidity and enable relatively
uniform application of pressure. Polyethylene coated paper was used on top of the

acrylic sheets to prevent the adhesive from adhering to the base.

The trimming of extra DF2000MA and CON106 was performed using a custom-
built trimmer for the long edges and by hand for the short edges. The trimmer is
made from a 1/2” thick, 12”7 wide, and 54” long acrylic sheet base that has a steel
linear guide rail affixed via CNC machined screw holes. A ball bearing carriage slides
on the rail that has a blade affixed to it via a machined aluminum block. Precise
placement of the separators on the acrylic sheet is achieved by aligning the separa-
tors to strategically placed steel dowel pins inserted into CNC machined holes in the
acrylic sheet. Excess material was then trimmed by sliding the blade-affixed carriage

along the rail as shown in Fig. 5.9.

Before FEP lamination, the width of the panels were measured at 3 different
locations and recorded and checked for agreement with the nominal width shown in
Tab. 5.1. The recorded widths are shown in the Fig. 5.10. The main purpose of this

measurement was to make sure that the trimming of excess DF2000MA and CON106
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Figure 5.10. Separator width (left) and thickness (right) measurements performed
before FEP lamination. Solid lines indicate the nominal width and the dashed line
indicate the tolerance.

didn’t leave any extra material adding undesired excess to the width of the separator.
FEP lamination was the last step in the lamination process performed at IIT. Each
separator was numbered after lamination by placing a label between the two layers
of the FEP. Since FEP is prone to attract particulate matter, each separator was
transferred into an ISO class 3 polyethylene cleanroom bag as soon as the lamination

was performed.

After each batch of lamination was finished, the thickness of the separators
and the reflectivity were measured. The thickness of the separator was measured at 12
different locations, 8 along the edge and 4 along the centers of the separator. Fig. 5.10
shows the measured edge thicknesses of the separators. The reflectivity of all the
separators in 400-700 nm was measured and recorded at three different locations on
either side of the separator. Ocean optics STS-VIS spectrometer reflectance was used
to measure the total and specular reflectivity of all the separators. Consult Ref. [1]
for a detailed assessment of the QC measurements performed on the separators. The
separators were transferred back to the cleanroom bags and the bags were sealed to

be packed for shipping.

Five 1/8” wide heat seals were performed on the separator. Four of the seals
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Figure 5.11. (left) Heat sealing scheme of the optical separator showing locations of
four of the five heat seals (dashed line) and the trim line to remove extra FEP
before assembly. (right) Heat sealing process with the heat sealing bar holding
the FEP under pressure. A teflon coated sheet was placed under the separator to
avoid scratches on the separator.

were performed 1/4” away from the edges of separators and an additional seal was
performed on the shorter edge containing the label at ~2”7 away from the edge to
encompass the label as shown in the Fig. 5.11. Thermal impact heat sealing was em-
ployed for performing all the separator seals. This process utilizes a heating element

that is heated and cooled under constant, uniform, and controlled pressure.

Two sealing machines, one for long and the other for short seals were used.
ASTM F88 Peel Test [149] was performed using a Mark-10 force gauge. Two 1”7 wide
sealed FEP samples, one for each machine were produced and subjected to increasing
amount of tension as shown in Figure 5.12. Samples were deemed to pass the test if
the seals did not peel before the load reached 3 lbs. Three peel tests equally spread
out in time were performed each day. All samples successfully passed the peel tests

indicating high fidelity of the heat sealers.

After heat sealing, all the seals were visually inspected for any imperfections.

Any imperfections if found were salvaged by resealing if possible or were rejected
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Figure 5.12. (top) Heat sealing QA showing the peel test using Mark-10 force
gauge.Visual (bottom left) and probe (bottom right) tests performed on each in-
dividual separator.

otherwise. Ethyl alcohol was generously applied on the separator with an emphasis
on edges and any noticeable imperfections. An ethyl alcohol-soaked polyester swab
was used to probe between the films as shown the Fig. 5.12. Ethyl alcohol reacting
with the adhesive in the separator was noticed to produce a milky white residue within
~1 minute. Any separator displaying the white residue because of alcohol seeping
into the separator was rejected. The extra FEP on all four sides were trimmed using
an precision knife and all the leftover ethyl alcohol was wiped off the separator. The

panels were bagged and shipped for cleaning and assembly to Yale university.
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Figure 5.13. PMT-supporting rod immediately after printing (left) and after removing
the extra support material and cleanup (right).

5.3 Fabrication and QC/QA of the Support Rods

For PROSPECT detector, a total of 1620 support rods were needed. After
taking into account the spares, contingency, and rejects more than 2000 rods were
printed. All the support rods were printed using 100 pm Hatchbox [150] white PLA
filament with 100% infill. PLA was also used as the support material during printing.
After printing, the support material and any undesired excess PLA was removed at
Autotiv. Shown in the Fig. 5.13 is an example of 3D printed PMT-supporting rod

before and after removing support material.

A thorough manual inspection and any possible rectification of all the rods was
individually performed at II'T. An inherent characteristic of FDM based 3D printing
is possibility of intermittent burrs on the printed surfaces. The burrs on the surfaces
that would come into contact with separators were manually filed using stainless steel
files. Occasionally, there is also a possibility of the small specks of burnt PLA getting
deposited during the printing process leaving a dark brown blemish. The extruder
was regularly checked and cleaned to reduce the incidence of burnt PLA. The support

rods with burnt PLA that were not able to be filed off were rejected.
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After filing, the smoothness of the insides of PLA tabs was tested by sliding a
separator sample through each individual tabs of all the support rods. The rods were
filed until they didn’t leave any marks on the surface of the FEP of the separator
sample. A 3/8” teflon tube was passed through each support rod and any rod that
showed resistance was filed until the tube could pass through unobstructed. Lengths
and tab dimensions of support rods were measured and recorded to 0.001” precision.
The thickness of all the arms were measured for all the PMT-supporting rods and
recorded. The center support rods that would consist optical calibration system were

machined at Yale to create allowance for teflon diffusers.
5.4 Preparation and Assembly of the PROSPECT Optical Grid

The optical separators and the support rods were cleaned in an ISO class 3
cleanroom at Yale prior to the assembly. All the separators were cleaned with 1%
Alconox solution and subsequently rinsed with deionized water until the conductivity
of the rinse-off water was found to be below 0.1 uS/cm. The separators were then
stored in cleanroom bags until assembly. The support rods were cleaned in an ultra-
sonic cleaner in 1% Alconox solution. They were rinsed with deionized water until
the conductivity of the rinse-off water was found to be below 0.1 uS/cm and were left

to be air-dried in the clean room at room temperature.

The support rods were pre-assembled ahead of the final detector assembly. In
the PROSPECT detector, there are three different kinds of support rod assemblies
based on the type of calibration sources used as shown in the Fig 4.10; no-source
rod assemblies, optical calibration rod assemblies, and radioactive calibration rod
assemblies. More details on the optical calibration assemblies and their assembly in
the detector can be found in the Ref. [128]. The center support rods for the optical
calibration rod assemblies were fit with the optical calibration system. Two long

transparent acrylic rods with a rectangular cross-section and a groove for the teflon



7

Figure 5.14. (top left) Assembled bottom most layer of separators. Partially fin-
ished (top right) and fully finished (bottom left) row of segments. (Bottom left)
Fully assembled row (Bottom right) After complete assembly of the optical grid.

Figure 5.15. (Left) Schematic of the pre-inserted separator into the support rod
assembly. (Right) A separator being inserted into the tabs of the support rod
assembly:.
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tubes were used to help in the assembly of the rest of the support rods on the optical
calibration rod assemblies. The support rods for the no-source rod assemblies were
strung on long transparent acrylic rods. The radioactive calibration rod assemblies
were similarly strung together on acrylic rods with the exception that these acrylic
rods were replaced by 3/8” teflon tubes after the detector assembly. The support rod

assemblies were then stored in long cleanroom bags awaiting assembly:.

The assembly of the inner detector was performed in an ISO class 4 soft-wall
cleanroom. The acrylic tank base was used as the starting point of the inner detector
assembly by supporting it on strategically arranged polyethylene blocks which were
placed on a steel base. The steel base has four vertical aluminum posts mounted on
the four corners to perform layer-by-layer QA measurements. An adjustable stage
having a movable bar is mounted on the vertical posts to allow for mounting of jigs

and laser scanner for the QA measurements.

The inner detector installation started with the installation and centering of
acrylic support wedges on the base. The bottom most layer of the horizontal optical
separators pre-inserted into the support rod assemblies were then installed as shown
in the Fig. 5.14. A jig was designed to pre-insert the optical separators into the tabs
of the support rod assemblies prior to their assembly in the inner detector as shown
in the Fig 5.15. The excess FEP on the long edges of the separators were folded
during the insertion of the separator into the support rod tabs. PMT housings and
the vertical optical separators were then installed alternatively until the complete row
is assembled. Following the assembly of the next horizontal layer of the separators,
a visual inspection followed by a survey of the layer is done using jigs and laser
scanner at 7 locations along the segments. Based on the QA measurements, shims
were added on top of the arms of the PMT-supporting rods to avoid buildup in height

variations. The rest of the layers were assembled following the same procedure. A
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detailed description of the the complete optical grid, and the assembly procedure can

be found in the Ref. [1].
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CHAPTER 6
CALIBRATION, RECONSTRUCTION, EVENT CLASSIFICATION AND
PERFORMANCE OF THE PROSPECT DETECTOR
In the chapters 4 and 5, the experimental layout and the details of the PROSPECT
detector were discussed. This chapter will discuss the details of calibrating the de-
tector, reconstructing the physics quantities from raw data, and systematically clas-

sifying events into groups based on the reconstructed physics quantities.
6.1 PROSPECT Data Analysis Framework

Conversion from the raw waveforms to the physics quantities for PROSPECT
is performed in multiple stages within PROSPECT2x_Analysis (P2x) [151], a data

analysis framework designed for the PROSPECT experiment.

e Raw data
Raw data recorded by the WFD modules as described in the Sec 4.2.6 are
stored on disk in CAEN-proprietary file format. The raw data in binary format
consists of the waveforms as well a header that includes start time of the file
and the configuration settings of the digitizer. Each file typically has data from

~16 PMTs collected over a duration of one hour.

e unpacked data
At this stage the binary files from all the digitizers are unpacked and merged
into ROOT [152] TTrees of waveform samples. The waveforms are time-ordered
with the channel numbering from the digitizers converted to PMT positions in
the detector. The global time information is stored as metadata to be added for
each waveform later. No data analysis is performed at this stage. The unpacked

data file stores the following key attributes for each sample:
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— Event number: Number assigned to the waveform by the P2x

— Channel number: The position in the detector of the PMT that collected

the waveform

— Waveform number: Number of waveforms offset from the first waveform

in the file

— Waveform: An array containing the digitized waveform

e DetPulse data
The digitized waveforms are examined and the important components of the
waveforms are extracted from the unpacked files and stored in the DetPulse
files. All the quantities remain uncalibrated at this stage. The DetPulse data

file stores DetPulse objects, the key attributes of which are the following:

— Event number: Reproduced from the Event number from the unpacked

data

— PMT number: Reproduced from the Channel number from the unpacked

data
— Arrival time: Pulse arrival time at the PMT

— Waveform integral (s): Area of the pulse in analog-to-digital convertor (ADC)

units

— PSD: Pulse shape discrimination parameter

e PhysPulse data
Calibrations are applied to the DetPulse data and the physics quantities are
extracted at this stage and stored in PhysPulse format. The physics quantities
are extracted by combining DetPulses from both the PMTs in the segment
corresponding to the pulse. The key attributes of the PhysPulse objects are the

following:
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— Event number: Event number from the DetPulse data

— Segment number: The position in the detector of the segment where the

sample was collected
— Event time: Time from the start of the run

— Differential time (dt): Difference in the time of arrival of the pulses to the

PMTs in the segment

— Longitudinal position of the pulse (z): Reconstructed position of the pulse

along the length of the segment
— Energy(E,..): Reconstructed energy in electron equivalent energy
— PSD: PSD obtained from the combination of PSDs of both the DetPulses

— PID: Particle ID based on the Energy and PSD information

It is to be noted that the above data objects have more attributes but are not discussed

here since they weren’t used in this analysis.

The energy deposits of interest typically cover more than one segment. For full
event reconstruction, a transient data structure called PhysCluster is used by grouping
together pulses where each pulse is separated by the next one by no more than 20
ns. The energy of each cluster (E,..) is the sum of calibrated energies of the pulses
in the cluster; and the longitudinal position (Z..) of the cluster is the reconstructed
position of the highest energy pulse in the cluster. Most classes of events of interest
including IBDs are tagged by coincidence. For coincidence analysis, another transient
data structure called PhysClusters Window is used which groups clusters if they occur
within a defined characteristic time of each other. The characteristic time varies based

on the event class being tagged.
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Figure 6.1. Relation between analysis data structures showing associations between
various attributes. DetPulses are uncalibrated data objects that are extracted from
unpacked data. PhysPulses contains physics quantities that are extracted from a
combination of DetPulses corresponding to both PMTs in a segment.
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6.2 Detector Calibration

The primary quantities used in the sterile neutrino search through neutrino
oscillations are the energy and position of the IBD-induced positrons. The other
physics quantities of interest that are used for the event selection are PSD, timing, and
position of the prompt and delayed events. All these quantities are built from the raw
data collected in form of PMT waveforms and recorded by the digitizers. The response
of the detector is position and energy dependent and accordingly segment- , z-, and

energy-dependent calibrations were applied in generating these physics quantities.

6.2.1 Muon-based Calibration. Being a surface detector, there is an abundance

20

t1 - to [ns]

10
signal [ADC sum]

Figure 6.2. The selection of down going muons as a function of the ADC integral
sum and the arrival time difference between the DetPulses from the PMTs in the
segment.

of muons constantly traveling through the PROSPECT detector. The distinct design
of the detector gives an ability to take advantage of muons and use them as a source
for calibration. For this analysis, DetPulses corresponding to down going tracks with
small transverse spread were selected with the requirements that they span at least
four segments with Y, s; > 10° and 4 x 10* < /5,8, < 5 x 10*, where ¢ spans over all
PMTs that register energy of the track and a,b are PMTs from the same segment.

The specific choice of the geometric mean of the waveform integrals in a segment for
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muons requires them to travel less than the full width of the segment and are hence

called corner-clipping muons.

6.2.2 Timing Calibration. The corner-clipping muons described above provide
coincident DetPulses between PMTs within a segment as well as the other segments
in which they deposit the energy. The timing differences between all the PMTs
in the detector were calibrated by using the arrival time of the coincident corner-
clipping muon DetPulses and taking the muon transit time into account. Following
this procedure, an average precision in timing of 0.1 ns between the segments and 0.2

ns within the segments were found.

6.2.3 Position Calibration. The reflectivity of the PLA in the support rods is
different from the reflectivity of the optical separators and consequently the corner-
clipping muons depositing energy closer to the support rod tabs have slightly modified
light transportation. Since the locations of the support rod tabs are well known, the
timing difference dt between the PMTs in a segment for the corner-clipping muons
can be used to calibrate z position along the segment. Shown in the Fig 6.2 are the
rates of the corner-clipping muon events as a function of the timing and the sum
of ADC integral (s1+s3). Shown in Fig 6.3 is a small subset of the selection used
for muon-based position calibration. The functional form of the relation between
differential timing and the z-position agrees well with the known positions of the

radioactive source deployments as shown in the Fig 6.3.

6.2.4 Energy Calibration. The background neutron captures on %Li (nLi)
described in 4.2.5.4 plays an important role in energy calibration of the detector. To
set the energy scale, ADC-to-MeV values for each segment were defined such that

the nLi peak from a subset of PhysPulses in the center of the segment results in a
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Figure 6.3. (left) A narrow band (1 x 10* < s, + s, < 2 x 10%) of the corner clipping
muon event selection for one particular segment and the fit performed on it. (right)
z(dt) extracted from down going muons compared to the known z from the source
calibrations.

constant value 0.54 MeVee!?, similar to the value obtained with the PROSPECT-
50 detector. By fixing the nLi peak at a well-defined value, all the segments were
constrained to have the same absolute energy scale independent of the differences in
electronic and scintillator responses. Additionally, z-dependent corrections extracted
from a combination of the ratio and geometric mean of s; for both PMTs in each
segment were applied independently to each PMT. Shown in the Figs. 6.4, 6.5 are
the ratio and geometric mean of s; and the light curves for all the segments in the
detector . Radioactive calibration sources in addition to the intrinsic and background
sources as discussed in the Sec 4.2.5 were used to then set the absolute energy for the

full detector. The radioactive calibration sources used for this analysis are shown in

the Tab. 6.1.

12Because of quenching in liquid scintillator, all the energy deposited in the
scintillator is not converted into photons. This process called quenching is higher
for heavier particles. The quenched energy is described in electron-equivalent en-
ergy (MeVee). is used to describe the quenched energy.
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Figure 6.4. Ratio (left) and geometric mean (right) of the waveform integrals mea-
sured by both PMTs for a single segment. The ratios were fit to cubic polynomi-
als (magenta) and the geometric means were fit to a quadratic polynomials (red).
The functional form obtained from these fits were used to make z-dependent cor-
rections to the energy.

Table 6.1. Radioactive calibration sources used for calibration in this analysis. 2°2Cf
and AmBe sources were later deployed in the detector and used for later analyses.

Source Primary decay type Calibration type Energy[MeV]

137Cs B~ v 0.662
60C1g 5 v+ 1.333+1.173

22Nq Bt v+ BF 1.27442x0.511
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Figure 6.5. The light curves used to correct for the z-dependence of the energy.
Curves in blue are for the Hamamatsu PMTs and in pink are for the ET PMTs.

6.2.5 PSD Calibration. Due to the chemistry of liquid scintillators, scintillation
light has two components; short lived (fast component) and long lived (slow compo-
nent). The ratio of amount of light emitted as the fast component to that emitted
as the slow component is dictated by the type of interaction. Nuclear recoils with
higher energy deposition density emit light with significantly more slow component
compared to electronic recoils. The shape of pulse can then be used to distinguish

nuclear recoils from electronic recoils.

PSD parameter used for this analysis is defined as the ratio of the integral of
the tail of a pulse to its total integral as shown in Fig 6.6. Because of the elongated
nature of the segments, the arrival time for the pulses get broader with distance
from the event to the PMTs. The PSD dependence of corner-clipping muons on the
longitudinal position is used for each segment to correct for the z-dependence of PSD
for all the pulses at the DetPulse level. PSD for the backgrounds after the calibration

is shown in Fig. 6.7.
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Figure 6.6. Probability distribution of waveforms showing a clear distinction between
the waveform shapes of electronic recoils and nuclear recoils. Shown are also the
ranges used to define the PSD parameter.
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Figure 6.7. Post-calibration PSD of background PhysPulses. (left) PSD as
a function of longitudinal position. Two distinct bands corresponding to
electronic/neutron (bottom/top)-like recoils could be seen. No noticeable z-
dependence can be seen for either of the bands. (right) PSD as a function of
Energy. The energy dependence of both electron- and neutron-like PSD can be
noticed.
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6.3 Event Classification

In this section the classification of events at the PhysCluster level are discussed
for signal, backgrounds, and the classes of events used for tracking the detector per-
formance. Most of the event classes are tagged by using delayed coincidence between
PhysClusters belonging to a particular class (defined by PSD) and placing a constraint
on the relative position between them. The selection criteria for various PROSPECT

coincident event types are shown in Tab. 6.2.

6.3.1 Signal. The signals in PROSPECT experiment are IBDs initiated by neu-
trinos originating from the reactor. With the lessons learned from the PROSPECT
prototypes and guidance from the commissioning data of the detector, an initial set
of analysis cuts were defined for the selection of IBD events. A combination of two
PhysClusters is defined as an IBD candidate if a low PSD prompt cluster (positron) in
time- and position-coincidence with a high PSD delayed cluster (nli) with appropri-
ate capture energy. Additionally, cosmogenic backgrounds are reduced by requiring
no occurrence of muon-like or fast neutron-like events close to the delayed cluster.

Following are the analysis cuts used to classify IBD candidates:

e Prompt PSD: Any cluster with PSD of all pulses in the clusters falling within 3o
of the mean of the gamma-like PSD band. As shown in the Fig. 6.7 PSD is en-

ergy dependent, hence the PSD selection is also chosen to be energy-dependent.

e Prompt Energy of PhysCluster: N/A (No analysis cut was placed at this stage

but only 0.8-7.2 MeV range was considered for the sterile neutrino search.)

e Delayed PSD: Any single-pulse cluster with PSD of the pulse falling at least 3.60
away from the mean of the gamma-like PSD band and below 0.4. The mean
of the gamma-like PSD band is extracted on regular basis from distributions

similar to the one showed in the Fig. 6.7.
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e Delayed Energy of PhysCluster: 0.46-0.60 MeV

e Time correlation: The delayed PSD has to occur (41,4+120) us after the prompt

event.

e Position correlation: Prompt and delayed clusters have to happen within 180 (140)

mm along z for the same (adjacent) segments.

e Shower veto: Neutron capture events occurring within +100 us of muon events
defined by E,.. >15 MeV are vetoed. Similarly neutron capture events occurring

within +200 s of other nLi and recoil events with PSD> 30, are rejected.

e Fiducialization: Both prompt and delayed events cannot occur in the segments

on the edge and within one segment wide away from the edge along z.

6.3.2 Backgrounds. Background mimicking IBD events can be classified into
correlated and accidentals. Correlated IBD-like events in the PROSPECT detector

arise primarily from cosmogenics [125].

6.3.2.1 Cosmogenics. A significant number of cosmogenic backgrounds arise
from fast neutrons. Multiple neutrons could originate from the same primary source
and produce two PhysClusters close in time with PSD signatures similar to the IBD
events. One such event class is when one neutron captures on hydrogen and produce
a 2.2 MeV ~ followed by another neutron capturing on °Li.

n+'H—=2H

(6.1)
n+%Li—a+H

Another predominant source of backgrounds is when a fast neutron inelas-
tically scatters off of a Carbon atom forcing it into a metastable state which then

retreats to its ground state releasing a 4.4 MeV ~. The neutron then captures on
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Table 6.2. Selection cuts for various coincidence event classes used for this analysis.
Shower veto cuts and fiducial cuts are not shown in the table. For IBD accidentals
identical cuts as the ones used for the IBD selection were used with the exception
that At is (-12,-2) ms. For PSD ng, corresponds to the n sigma away from the
PSD mean of the v band.

Cut
Erec (MeV)  PSD At (ps) Az (mm)
Event

Prompt N/A < |37,
IBD (1,120) 180 (140)

Delayed  (0.46,0.60) > 3.60,,< 0.4

Prompt  (0.7,10.0) > 3.60,,< 0.4 40
2 (1x103,30x10%)

Delayed  (0,20) < |37,

Prompt  <4.0 (0,0.26) 200
212Bipo (0.2,6)

Delayed  (0.97,1.26) (0.18,0.34)

Prompt  <4.0 (0,0.26) 200
214BiPo (10,711)

Delayed  (0.75,1.00)  (0.18,0.34)

Prompt  (0.57,1.15)  (0.19,0.36) 200
RnPo < 12.85 x 10°

Delayed  (0.57,1.15)  (0.19,0.36)
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SLi generating a delayed capture signal.
n+2C =20+
120* _>12 C+ v (62)

n+Li—a+H

Since all the reactor-related correlated IBD-like backgrounds are effectively
shielded by the passive shielding, all the correlated backgrounds are from cosmogenic
neutrons and muons. This cosmogenic contribution was then used to subtract the

correlated backgrounds from the IBD candidate dataset.

6.3.2.2 Accidentals. Accidentals are defined as a pair of uncorrelated signals
resembling an IBD event as defined in 6.3.1 in the detector. Accidentals are signifi-
cantly higher during the reactor on period because of the high rates of singles from
the reactor. Since cosmogenic-induced events in the PROSPECT detector have lower
single rates and are efficiently reduced by veto, PSD, and timing analysis cuts and
their rates are smaller than the reactor-related background, their contribution to the
accidental rates are minimal. This can be seen in the Fig. 6.13. Reactor-related sin-
gles vary significantly within the detector depending on the gamma activation within
the reactor facility and the structure of the passive shielding. Since the main source
of accidental are from the reactor-related gamma-like singles, the accidental rates are

also position dependent.

The accidental contribution to the IBD candidate dataset was estimated by
searching for a prompt PhysCluster followed by an nLi PhysCluster within a time
window of (-12,-2) ms. The rest of analysis cuts were identical to signal selection
cuts. By searching for the pairs of PhysClusters reversed in time compared to the IBD
events and extending the closest time separation to 2 ms, it was ensured that there

is no correlation between the PhysClusters. The accidental dataset time separation
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was chosen to span a wide range of 10 ms to minimize the statistical uncertainty.

6.3.3 Event Classes for Tracking Detector Response and Performance.
PROSPECT utilizes various intrinsic sources and backgrounds that are distributed
throughout the detector to track the response of the detector. These event classes do

not mimic the signal events and hence do not play a role in IBD selection.

6.3.3.1 '2B. As described in the Sec 4.2.5.4, cosmogenically produced ?B could
be used to validate the detector performance. 2B provides 3 spectrum spanning
energies up to its endpoint at 13.37 MeV and provides the ability to benchmark
energy response over full range of neutrino spectrum. Cosmogenic neutrons undergo
2C(n, p)'?B and the resultant ?B beta decays producing 3s with a lifetime of 29.14

ms.

128 events were selected by searching for nuclear recoil PhysClusters depositing
energy in (0.7, 10) MeV within one segment followed by an electronic recoil (PSD-
based) PhysCluster with a At =(3,30) ms depositing less than 20 MeV within a
maximum of 3 segments. Accidentals were removed by selecting PhysClusters using

the same analysis cuts with the exception of At =(-199, -5) ms.

6.3.3.2 BiPo. The decays of 2'?Bi and 2!*Bi both produce a 3 followed by an «.

The chain for these decays include

22Bj 212 pg 4 6]
(6.3)

22pg 4208 ppy 4 a,

214Bi _>214 PO—}-ﬁ
(6.4)
?Po -1 Pb + a.

With lifetimes of 299 ns (0.1643 ms) for ?'?Po (*'*Po). The 3 decay end
point of 2?Bi(?1Bi) is 2.252 (3.275) MeV and quenched a energy of 28Pb(?%Ph)
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decay is ~1.1 (0.9) MeV. Although topology and PSD signatures are similar to IBDs,
the quenched energies of the delayed « events are higher than neutron captures and
hence cannot be mistaken for IBD events. A delayed coincidence of electron recoil
PhysClusters with 0<PSD<0.26 and E,.. < 4 MeV followed by nuclear recoils with
0.18<PSD<0.34 and 0.97 (0.75) MeV<Ess 214y <1.26 (1.00) MeV within a time
window of 0.2 (10)us < Atas 214y < 6 ps (0.69 ms) and a distance Az < 200 mm

was used to select BiPo events as described in Tab.6.2.

6.3.3.3 RnPo. Actinium is an intrinsic source that was deliberately doped into
the PROSPECT LiLS before detector filling as described in Eq. 4.2.5.3. #27Ac s

part of the decay chain of *°U which produces two successive as

29Rn =2 Po + «

(6.5)
?Po - Pb + a.

8 Ac) 5~ (30"Th) o (§°Ra) o (3°Rn o (§1'TH) 5~ (83"Pb
i ) s soos f s

Figure 6.8. ??"Ac decay chain showing ?'’Rn and ?'°Po decays. Coincidence rate
measurement of a from the decay of 2!Rn followed by another « from the decay
of 2°Po in each segment provides a proxy for the volume of the segment. With a
lifetime of ~21 years, 22" Ac lasts longer than PROSPECT experiment runtime.

These «, a coincidences (RnPo)events are separated by a half-life of 1.78 ms
as shown in the Fig. 6.8. The quenched energies and PSDs of RnPo events are
outside the IBD selection windows and therefore are not a source of backgrounds. A
delayed coincidence of nuclear recoils with 0.19<PSD<0.36 and 0.57 MeV<E<1.15
MeV followed by another nuclear recoils with 0.19<PSD<0.36 and 0.66 MeV <E<1.15
MeV within a time difference of A t <12.85 ms and position difference of Az <200 mm

was used to select RnPo events as described in Tab.6.2. Both RnPo and BiPo events
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being distributed throughout the detector were used to track the energy, position,

and PSD uniformity and stability over time.
6.4 Performance of the Detector

The performance of the detector as a function of segment and time was gauged
using reconstructed physics quantities for various event types: radioactive calibration
sources as shown in the Tab. 6.1 for uniformity of E,.., energy resolution (og), and z,
BiPos for stability and uniformity of o, and E,.. and uniformity of og, RnPos for
uniformity of Eec, 0., and og and uniformity of event rate (proxy for size of the

segment), and nLi for the stability of E.. and 0.
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Figure 6.9. (From top to bottom) Uniformity of the reconstructed energy, energy
resolution, longitudinal position and its resolution within the detector. Only ¥7Cs
was used for longitudinal position reconstruction because all the other sources are
distributed throughout the detector. The gaps in *"Cs shows the segments that
did not have a calibration tube with a dedicated *"Cs run. Error bars in all cases
represent statistical uncertainties only.

Fig. 6.9 shows the uniformity of these reconstructed quantities within the

detector. The reconstructed energy (resolution) is within ~1%(10%) and the recon-
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Figure 6.10. (From top to bottom) Stability of the reconstructed energy, position
resolution, and RnPo rates with time. Empty periods at the end of March 2018
shows the calibration and maintenance periods. Error bars in all cases represent
statistical uncertainties only

structed longitudinal position (resolution) is within ~10mm(10%) for all the sources.
Fig. 6.10 shows the stability of the reconstructed quantities with time. The recon-
structed energy is within ~0.5% and the reconstructed longitudinal position resolution
is within ~10% over ~2 months. Additionally, the measured RnPo rates were found

to be within ~2%.
6.5 Validation of PROSPECT Monte Carlo Simulations

PROSPECT detector is small (similar in size to the attenuation length of light
EJ-309) and has a complicated geometry and the response of the detector is highly
position- and energy-dependent. Since PROSPECT searches for 7, oscillations by
performing a position-dependent spectral comparison, it is important to generate an
accurate position-dependent detector response. Monte Carlo (MC) simulations using

PROSPECT-G4 (PG4) '3 was used to generate the detector response. In addition to

BA Geantd-based [153] MC simulation package for the PROSPECT detec-
tors [154]
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generating position-dependent energy response, PG4 was used to quantify systematic

uncertainties in energy response and examine and alter the absolute energy scale.

To validate MC simulations in PG4, data from the calibration sources 37Cs,
%0Co, and #*Na as shown in the Tab. 6.1 and ambient source 2B described in the
Sec. 6.3.3.1 were compared to the respective MC simulations generated using PG4.
Four parameters were used to tune MC simultaneously of all the sources and fit to the
data. Best fit parameters from this fit were then used to fix the response generated
from PG4 simulations. Two of the four parameters correspond to quenching effect of
the LS. An empirical equation due to Birks [155] was used to model the light yield

per track length

dE
dL _ A (6.6)
dx 1 +k3%

where dL and dFE are the differential light yield and energy loss per track length dz;
kp is Birk’s constant with units mm/MeV that is empirically extracted from the the
fit. The modeling was done at PG4 step level which is the smallest element of PG4

simulation where the energy loss is simulated.

In addition to producing scintillation light by electromagnetic interactions,
charged particles traveling at speeds past the Cherenkov threshold could also deposit
a small amount of energy via Cherenkov radiation. Optical photon transport sim-
ulations are extremely processor intensive and PG4 was not optimized for optical
simulations. Therefore to include the Cherenkov contribution, an ad-hoc component

based on the Ref. [156] was added in PG4 simulations at the step level using

d*N 2maz? 1
— =k 1-— .
drdn ~ Fe 52n2(A))

(6.7)

This equation gives the number (N) of Cherenkov photons generated per track
length (z) of a given wavelength (\) for a particle with charge z traveling at a speed
f through a material of refractive index n(A). In adding Cherenkov contribution,

the refractive index was assumed to be identical for all the wavelengths. « is the



99

50.06_— g 13704 (a) Gamma Sources
004 [
0.02- i
L i
0.5 1 1.5 2 2.5 3
Erec [MeV]
= 0.8
% _ (b) '*B Spectrum
§ 06:_ . iﬁﬁ -j:+++* ‘lf:t
E ﬁm ¥
e T #T e,
0.2} J[ thy,
. L I L L | T
0 2 4 6 8 10 12 14
Erec [MeV]

Figure 6.11. (a) Comparison of measured *"Cs and ®°Co ~ spectra to the respective
MC-generated spectra using the best-fit parameters. (b) Measured ambient 2B
spectra comparison with MC-generated 2B spectrum. Blue error bars are statis-
tical errors and red bands were generated from uncertainty in the best-fit energy
model parameters. Good agreement can be seen between data and MC.
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fine structure constant and k¢ is the tunable parameter that defines the fraction of

emitted Cherenkov light detected.

PROSPECT energy resolution effects are dominated by photostatistics. Energy-
dependent smearing was applied to the reconstructed energy spectrum during the P2x

data analysis stage'* using the function

SIE
Ei

where b is the tunable parameter.

Finally, absolute energy scale 3, is included. Unlike the other parameters this
is an energy independent scaling factor. By performing a simultaneous fit between
the above mentioned calibration data and the respective MC simulations, four energy
model parameters kg, ko, b, and .. were extracted. The calibration datasets are

shown in comparison with best-fit MC in Fig. 6.11.
6.6 Neutrinos in the PROSPECT Detector

IBD data selection is done by subtracting reactor off correlated events from
the reactor on correlated events. Correlated events in reactor on (off) case was defined

by subtracting the reactor on (off) accidental rates from the respective IBD selection.
Ncorr — Non - (Atcorr/AtaCC) : Nacc (69)

where N, is the number IBD candidates that pass the IBD selection, and N, is the
number of accidentals that pass the IBD selection. As shown in the Tab. 6.2 a wide
window was used to obtain high statistics accidental dataset and the scaling factor
Kt = (Ateorr/Alaec) was used to normalize the accidentals dataset to IBD window

size.

4The order of operations for the analysis of MC is PG4 followed by P2X.



101

30.6

E ] o N F
S T E oS
= —1304 = L
@ 060, ) e v ¢

n | ] a 1]

< | —1302 & S 0.60—
o Al b o > -
w l:‘ ' T P Q w r
Tl ‘H: iR S 300 G B
0.55 “‘uf “ﬁ bl i ‘é 0.55[~
| \*1 P 2o 2 -
B il < L
- ‘ ' 206 0.50—
0.50— ] N
[ — 294 B
] 0.45—

| | | | 29.2 C.o

03/05 03/22 04/08 04/26 05/13 05/30 29.4 29.6 29.8 30.0 30.2 30.4

Time Scale Atmospheric pressure, inHg

Figure 6.12. (left) FN+4nLi rates and atmospheric pressure as a function of time.
Anticorrelation between the two quantities could be noticed. (right) FN+4nLi rates
as a function of atmospheric pressure and a linear fit to extract correlations between
them. Error bars shown are statistical only. The fit parameters for the red line in
the right plot were used to scale the cosmogenic IBD-mimicking background rates
before subtracting from the reactor on IBD candidates. See text for more details.

As defined in the Sec. 6.3, selection cuts were placed to veto cosmic muon and
neutron backgrounds that mimic IBD events. These veto cuts result in dead-time
during which IBD events were discarded. Being an on-surface detector, PROSPECT
detects an abundance of cosmic backgrounds and consequently induces considerable
dead-time. For this dataset, the dead-time varies between 6.9% to 5.5% [157] for
reactor on and off cycles respectively. The variation between the on and off cycles
primarily arising from the increased gamma ray backgrounds during the reactor on

period. The reactor on and off times include impact from the veto dead time.

As mentioned in Sec 6.3.2, the reactor off IBD mimicking backgrounds are
primarily from cosmogenic sources. Cosmogenic background rates scale inversely with
pressure and has to be properly accounted for before performing on—off subtraction.
To quantify the impact of pressure variations on backgrounds, delayed coincidence of
fast neutron events followed by neutron capture on °Li (FN + nLi) were investigated

as a function of pressure. The event selection is similar to IBD event selection with
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Table 6.3. Reactor on and off correlated and accidental event rates. The effective
days were calculated after scaling by veto inefficiency. Correlated rates in both
reactor on and off cases are calculated by subtracting accidental rates from IBD
candidate rates.

Event type Effective(Calendar) days Counts Counts/day
IBD candidates 56378 1708

On Accidentals 30(33) 11581 351
Correlated 44797 1357
IBD candidates 17534 626

Off Accidentals 26(28) 801 29
Correlated(scaled) 16733(19337) 598
Signal - 25461 771

the exception that the prompt event was required to be a fast neutron event. Shown
in the Fig. 6.12 are the FN+nLi events as a function of time as well as a function
of pressure. The red line shows a linear fit performed on the dataset and the fit

parameters were used to define cosmogenic pressure-dependent scaling factor

hy = P T C (6.10)
m 'poff+ c

where m and c are the slope and y-intercept of the fit and p,, o) Is the average

pressure when the reactor is on (off).

Overall, the IBD selection is defined by

NIBD = Ncorr,on — Rp - Ncorr,off (611)

= (Ncorr,on) — Rt Nacc,on - Hp(Ncorr,off — Ky Nacc,off)

= Non — (Atcorr/AtaCC)N - acc,on — Rp (ton/toff) : (Noff - (Atcorr/Atacc) : Nacc,off)-
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Figure 6.13. Reactor on and off correlated and accidental rates as a function of

calendar days.

Each bin corresponds to a single calendar day and the error bars

are statistics only. Reactor on durations are shown in green shaded regions and
the gaps between data corresponds to calibration and maintenance periods. The
high reactor on accidental rates are due to high reactor related single rates and
accidentals significantly go down when the reactor is turned off.
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Figure 6.14. IBD event rates as a function of distance from the reactor center binned
into 14 equally-spaced bins. The rates are fit to a function A/r?, where A is the
normalization fit parameter. The fit produces a x2/NDF= 10.89/13 indicating
a good agreement. The errors shown in the plot and used for the fit are purely

statistical.
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The dataset for this analysis includes a total of 30 (33) reactor on and 26 (28)
reactor off effective (calendar) days. Using the selection criteria as described in
Sec. 6.3.1, IBD candidates were selected for both reactor on and off cases. Acci-
dental rates were also determined employing a wide time window as shown in the
Tab. 6.2. The correlated event rates for on and off cases were then determined us-
ing the Eq. 6.9. IBD rates in PROSPECT detector were then estimated using the
Eq. 6.11. Tab. 6.3 shows the resultant event counts and effective event rates per day
for each of the event types. It can be seen that the reactor on correlated rates are
higher than the reactor off correlated rates indicating Signal to background ratio of
better than 1. The correlated and accidental IBD rates were relatively stable in time
as shown in Fig. 6.13. The background subtracted IBD rates demonstrates inverse

square law behavior as shown in Fig. 6.14.
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CHAPTER 7
OSCILLATION SEARCH WITH THE PROSPECT EXPERIMENT

Chapter 6 shows the uniformity and stability of the data collected using
the PROSPECT detector. The search for oscillations via disappearance of nuclear
reactor-generated electron 7, using this data is described in this chapter. Section 7.1
describes the strategy used in searching for sterile neutrinos. Reactor and detector
modeling, Monte Carlo generation of IBD events and oscillation modeling are de-
scribed in the Sec 7.2. Details of the data and other inputs that went into sterile
neutrino search are discussed in the Sec 7.3. Uncertainty handling and the list of
uncertainties associated with the data are discussed in the Sec 7.4. The statistical
approach used in assigning confidence levels is detailed in Sec 7.5. The validation and
performance of the fitter is described in the Sec 7.6. Sterile neutrino search results
with 33 days of reactor on PROSPECT data are reported in the Sec 7.7. Cross-
checks performed on the results are described in the Sec 7.8. Finally, the impact of

uncertainties on the results are shown in the Sec 7.9.
7.1 Sterile Neutrino Search Strategy

Sterile neutrino search was done by comparing the reconstructed IBD spec-
trum shape to the predicted IBD spectrum shape at multiple baselines. The predicted
IBD spectrum as a function of baseline (called L vs E spectrum) was constructed
based on a combination of MC simulations of the experiment and detector-wide re-
constructed IBD spectrum. A covariance-matrix based test statistic was used to
compare 3 neutrino (no sterile neutrino) hypothesis to a wide range of 3+1 neu-
trino (sterile neutrino) hypotheses. For sterile neutrino hypothesis, two fit parame-

ters — Am?, and sin® 20 were defined uniformly in log(Am2,) and log(sin?26) from
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Figure 7.1. High level outline of the procedure used for sterile neutrino search with the
PROSPECT experiment. The left side of the flow chart describes how detected
relative baseline prompt spectrum is simulated. The right side shows the mea-
sured prompt spectra. Note that the predicted spectrum depends on the total (or
absolute) measured values as described in the Eq. 7.2.
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(0.1,15.0) and (0.01,1) respectively. Finer details in the exclusion curve were inspected

by adding more points to Am?, for values above 1 eV?.

A covariance-matrix based y? test-statistic was built according to the following

definition:
> =AMV A, (7.1)
where,
M,
Al,e = Ol,e - Pl,e = Ol,e - Oe M,: (72)
where Oy, P and M, are the reconstructed L vs E spectrum rates in in [*" position

bin and e energy bin for data, prediction, and MC respectively. O, and M, are the

h

reconstructed detector-wide and MC event rate respectively in e energy bin and are

related to the corresponding L vs E spectra by

L L
Oe - ZOl,ea Me = Z Ml,e~ (73)
=1 =1

The predicted L vs E spectrum M . includes oscillations when the hypothesis

being tested is a sterile neutrino hypothesis,

M. = M, .(Am3,,sin? 20)
I (7.4)
= M,..(0,0) - (1 — sin220 - sin® (1.27 - Am?, E)>’
where, Am?, and sin? 20 are the parameters describing neutrino flavor mixing be-
tween the active flavor states and a single additional sterile neutrino state. The y?
defined in Eq. 7.1 can be minimized by varying the fit parameters Am2, and sin? 26.
A critical characteristic of the test statistic defined in Eq. 7.1 is that it effectively
eliminates the dependence of oscillation parameter fit results on the choice of the

input reactor antineutrino model as shown in Sec. 7.8. The sterile neutrino search

strategy used for the PROSPECT experiment is outlined in Fig. 7.1.
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HFIR Power Distribution

Relative Power

Figure 7.2. Power distribution of the HFIR reactor as a function of axial and radial
positions. The fission antineutrino rate at any position in the reactor is propor-
tional to the power at that location.

7.2 Modeling the Experiment

The IBD spectrum was built by simulating a large number O(107) of reaction
points (points of origin of the neutrinos in the reactor) and corresponding detection
points (IBD interaction points in the detector) assuming neutrinos travel isotropically
from the reactor. The number of detection points were then scaled to the number of

events detected in the IBD data set.

7.2.1 Reactor. [htpb!] HFIR is composed of two concentric core regions separated
by water [158]. In case of an HEU reactor like HFIR which predominantly produces
neutrinos only from a single isotope, the reactor power density is effectively propor-

tional to the density of neutrino yield. A realistic time-averaged reactor power model
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as shown in the Fig. 7.2 was utilized'® for the MC generation of the reaction points.
Detailed simulations [160] show a variation of less than 0.5 cm along the axial di-
rection of the center of fission from the beginning through the end of a cycle. This
variation is dwarfed by the uncertainty in the baseline measurement survey (10 cm)

and was neglected.

7.2.2 Detector.  The detector was modeled as a cuboidal box of dimensions
(x,y,2)=(2044.7 mm, 1606.6 mm, 1176 mm) and placed at (6.08721 m, 0 m, 5.08508
m) away from the reactor and at a 11.31° azimuthal angle [133,161,162]. The fiducial
volume of the detector was considered fully active and separated into segments by
imaginary boundaries as set by the segment width (14.605 cm [163]). The proton

density was assumed to be 5.46x10%® m?, the same as EJ-309 proton density [127].

Detection points were randomly simulated throughout the detector with each
detection point in the detector having a corresponding reaction point in the reactor.
A weight of 1/r? was assigned to each detection-reaction point pair where r is the
baseline. The position weights of the events as a function of true baselines and seg-
ments is shown in Fig. 7.3a where the segment numbering scheme is shown in Fig. 7.8.
For increased statistics, the events anywhere along the length of the segment were
collapsed into one segment bin. Segment bins were further collapsed into six equally
spaced baseline bins. The correspondence between segments and MC reconstructed

baselines is shown in Fig. 7.3b.

Neutrinos originating from a nuclear reactor have a range of energies between
~0-12 MeV with a very small contribution past ~7 MeV. There are several mod-

els [84,89,99,164] describing the reactor neutrino spectrum. In this analysis, a widely

15Tt is worth pointing out that although a realistic model was used, a simplis-
tic model of the reactor as a cylinder of height 0.5 m and radius 0.2 m has been
shown [159] to accurately reproduce the core for the sake of this analysis.
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Figure 7.3. Mapping from segments to baselines. Only fiducial segments are shown.

used model developed by Huber [164] was used. Vogel-Beacom model for IBD [89]
cross-section was used to convolve antineutrino flux with the IBD cross-section to pro-
duce antineutrino spectrum. Using the above antineutrino spectrum model and the
segment-baseline map from Fig. 7.3a, antineutrino spectrum models for each fiducial
segment were built. Considering the outer layer of segments as non-fiducial segments,
a total of 108 spectra identical in shape but varying in normalizations were built each
corresponding to one fiducial segment. Figures 7.4a and 7.4b show respectively the
antineutrino spectra for all the segments and the detector-wide spectrum in arbitrary

units.

7.2.2.1 Non-equillibrium Isotope Contribution. The beta decays of fission
isotopes are not immediate and it takes a finite amount of time to reach equilibrium.
A handful of isotopes take longer to reach equilibrium and produce 7, above the IBD

threshold. The ILL beta spectra measurements that are used as the the basis for the
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Figure 7.4. Modeled v, spectra convolved with the IBD cross-section.

Huber spectrum prediction were done after short irradiation time ~1 day. Since that
is not enough irradiation time for the long-lived of the isotopes to reach equilibrium,
small contribution from the long-lived isotopes has been accounted for in this analysis
by extrapolating from the suggested corrections in the Table VII from Ref. [99]. Non-
equilibrium corrections are estimated [165] to contribute ~0.5% over the full analysis
period with most of the contribution in the low energy (below 4MeV) region as shown

in the Fig. 7.5.

7.2.2.2 Contribution from non-fissile material. The fuel used in HFIR reactor
core is U3Og-Al 16, In addition to Aluminum being part of the fuel, it is also used as
fuel filler and in structural components of the core. 2"Al has a non-negligible neutron

capture cross-section converting it into 2Al which then beta decays to produce 7, as

16The reactor core uses “Be in the reflector. Neutron capture on °Be could
produce “He which beta decays to %Li producing 7.. The 7.contribution from the
%He beta decays <0.5% and was not considered for sterile neutrino search [166].
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Figure 7.5. Contribution from non-equilibrium isotopes (red) in comparison with
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Figure 7.6. Contribution from beta decay of 2 Al (red) in comparison with ?*U Fission
spectrum (blue).
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follows:

AL = Al =B Si+ BT+ 7. (7.5)

The beta decay of 33Al has a half-life of 2.24 minutes with an end point energy
of 2.86 MeVcitefirestone1999table. MCNP [167] was used to model [123] the T, con-
tribution from the beta decay of 2Al. Aluminum corrections are estimated [168] to
contribute ~1.0% over the full analysis range with a significant amount of contribu-

tion below 3 MeV as shown in the Fig 7.6.

7.2.3 Detector Response. To build a realistic detected spectrum from the MC
antineutrino spectrum, several response effects must be taken into account. Following

detector effects play an important role in the PROSPECT experiment:

e 7, to et conversion
In IBD interaction, the prompt energy is lower than the 7, inducing it by 0.782
MeV as described in Sec. 3.2.

e Quenching and Cherenkov contributions
The quenching of energy by the scintillator is a nonlinear effect that changes
the amount of scintillated light with significantly lower amounts of scintillated
light emitted for lower energies. The quenching effect is modeled using Birk’s
law [155,169,170]. Cherenkov effect also introduces a small amount of energy
nonlinearity with relatively more scintillated light emitted for higher energies.
The amount of visible Cherenkov light is modeled by an ad-hoc efficiency pa-
rameter. Birk’s and Cherenkov parameters were extracted from MC fits to

calibration data as described in Sec. 6.2.4.

e Efficiency
The detector is not 100% efficient in detecting IBD events. Analysis cuts reduce

the backgrounds by a few orders of magnitude, but they also cause a reduction
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in detection efficiency of IBDs. The detection efficiency varies with energy and

position of the IBD event in the detector.

e Energy Loss
The PROSPECT detector consists of ~ 4% inactive volume within the fiducial
volume contributed primarily by separators, pinwheels, and calibration tubes.
Some of the positron and annihilation gamma energy is absorbed by the dead
volume and goes undetected. Since higher energy positrons travels through

more dead volume, the energy loss increases with increasing v, energy.

e Escaping Gammas
Positron from IBD annihilates with an electron in the detector and releases
two gammas each with at least 0.511 MeV. These gammas have a long range
in a scintillator detector and some of the gammas escape from the scintillating
volume before depositing all their energy. This will be seen as a reduction in
the energy detected from the true deposited energies. The effect gets more

pronounced the farther away from the center the IBD interaction takes plays.

e Energy Resolution
The observed prompt spectrum is smeared out primarily from the poisson photo-
statistics in addition to the PMT quantum efficiency and the detector geometry

as described in the Sec. 6.2.4.

The response of the detector to IBD interactions was taken into account
through detector response matrices. In PG4, neutrinos were simulated with a flat
energy spectrum in the range of 1.8-10 MeV in 0.1 MeV wide bins. Using the same
analysis chain (P2x) [151] as the one used for data, simulated 7. rates were mapped
to reconstructed IBD prompt rates individually for all segments. The total recon-

structed energy of an IBD event is the sum of calibrated energies detected by all
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ber 77) in the center of the

detector.

Figure 7.7. Response of the detector to neutrinos over the energy range of interest.
These response matrices were generated using PG4 for IBD interactions generated
throughout the detector. Note that the binning is finer in true antineutrino energies
and coarser in visible energies.

the segments. For this analysis, only reconstructed prompt energy spectrum range
of (0.8,7.2) MeV with 0.4 MeV wide bins were used. Some PMT channels in the
detector had fluctuating currents, therefore these PMTs were turned off for further
investigation and the segments (inactive segments) containing these PMTs were not
included in the analysis. Consequently, to accurately build response matrices, the
contribution to reconstructed energy from these segments were deliberately ignored.
Any segment that contained a turned-off PMT at the end of the data taking period
was considered non-functional for the complete analysis period. [171]. Fig. 7.8 shows

the map of inactive segments considered in this analysis.

The full detector response matrix and the detector response matrix of seg-
ment 77 are shown in the Fig. 7.7. A convolution of true 7, for a segment with
the corresponding response matrix produces the MC prompt energy spectrum for

that segment. The outcome of folding the detector response matrices with the true
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Figure 7.8. The segment numbering scheme [172] used for this analysis. Also shown
are the ignored segments (pink) and non-fiducial segments (blue). Due to a beam
pipe running close to the east edge of the detector, segments 25 and 26 had rel-
atively high accidental background rates and hence these segments were assumed

to be non-fiducial as well.

U, from 7.4a, 7.4b are shown in the Figs. 7.9a and 7.9b.
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(a) 2D histogram of visible energy spec-
trum as a function of segments. Blank
spaces indicate inactive and non-

fiducial segments.
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(b) visible spectrum over the full detec-
tor.

Figure 7.9. Reconstructed MC prompt energy spectrum.
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7.2.4 L vs E Spectra. Using the segment-baseline map as shown in the Fig. 7.3b,
the segment-energy histogram shown in Fig. 7.9b was translated into baseline-energy
histogram. Spectra from all the segments that corresponds to a particular baseline as

indicated by Fig. 7.3b were added to obtain the spectrum for that particular baseline.

Overall, the unoscillated MC visible spectrum P,.;(L, E,) as a function of

baseline (L) and prompt energy (E,) can be written in mathematical form as:
M(L,E,) = Wy, - s(E,)/AnL* -t - ep(L, E,, E,) - ppVp - o(E), (7.6)

where Wy, is the thermal power of the reactor, s(7.) is the 7, spectrum at energy
E; L is the 7, baseline, t is the exposure time, pp is the proton density of liquid
scintillator, Vi volume of the detector, o(E) is the IBD interaction cross-section, and
ep(L, E,, E,) is the efficiency of detecting neutrino of energy E, at a baseline L. It is
important to note that M is a function of prompt energy and ep(L, 7, E,) is not just
the efficiency, but it encompasses all the detector effects and it maps from neutrino
energy to prompt energies. The visible baseline spectra generated using the above

procedure are shown in Fig. 7.10.

Measured Baseline(m)

6 7
Prompt Energy (MeV)

Figure 7.10. 2D histogram of modeled visible energy spectrum as a function of base-
line. Higher rates around 8 meters is because dividing the baselines into equal
width bins places more segments in the baseline bins in the center than the edges.
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7.2.5 Oscillations. [htpb!] The survival probability of reactor antineutrinos under

two-neutrino approximation is given by

L
P.. =1 —sin?20 - sin? (1.27 : Am2_—) , (7.7)

Ve
where L is in meters and E is in MeV. Fig 7.11 gives an idea of the number of entries
in the baseline-energy bins and the effect of the oscillation in one particular case.

Oscillation will appear as a small difference in the shape of the spectrum which is

evident from the ratio of oscillated to unoscillated spectra.

9 9

e
”
©
o

Measured Baseline(m)
Measured Baseline(m)

5 6 7
Prompt Energy (MeV)

5 6 7
Prompt Energy (MeV)

(a) L vs E spectrum in case of sterile neu- (b) Noticeable oscillation pattern seen in
trino oscillations. the ratio between the oscillated and
unoscillated spectra.

Figure 7.11. The expected number of events in each L. and E bin in presence of
oscillations. For this example the oscillations corresponding to RAA best-fit were
used.

7.3 Data and Inputs

Data taking with fully installed PROSPECT detector started on 4" March
2018. After finishing initial calibration work, the wet commissioning commenced at
the end of February. The commencement of production data which includes part of
wet commissioning started 14 days into the HFIR cycle 478. The production data

taking was halted for part of the reactor off period between cycles 478 (ending on



119

8.5

Measured Baseline(m)
Measured Baseline(m)

75

6 7 6 7
Prompt Energy (MeV) Prompt Energy (MeV)
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(e) IBD signal spectra used for the os- (f) IBD-mimicking reactor off spectra
cillation analysis

Figure 7.12. Measured spectra as a function of baseline. Significant peaks could be
noticed around 2MeV and 4 MeV for the reactor on correlated+accidental, reactor
off correlated+accidental which arises from the cosmogenic backgrounds. Event
rates are higher for the baselines in the center these baselines encapsulate more
segments.
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16" March) and 479 (starting on 1°* May) to perform detector maintenance and
calibration work. For this analysis, the dataset from 4t March to 25" May was used

which includes 2 reactor on cycles and 1 reactor off cycle.

| ¢ Data 1 1 |
1.8/ ___RaAA 6.7-7.1m 7.4-7.5m 7.5-8.0m

I + + Hp*-’* *f+}-+—* 11 ;f-.“f"r-t‘i"; 14 + : * ” [ bt
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| I

| I
'c-_B- 1 .{+.*.+4_.§_,§..-..-.-.-.-* L._._._. . I +. ‘}’{f §L++1II

I

71 2 3 4 5 6 7

5 6
(MeV)
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Figure 7.13. Ratio of measured to the predicted IBD spectra(O; ./ P, ) for six baselines
from 6.7 to 9.2 m. Error bars include both statistical and systematic uncertainties.
Also shown are O, ./P, . spectra for the unoscillated (dotted gray) and RAA best-
fit (dotted green) oscillation scenarios.

As mentioned in the Sec. 7.2.3, several segments were turned off because they
showed current fluctuations and were removed from dataset altogether. During the
maintenance period PMT functionality tests have shown that some of the turned off
PMTs gained back their functionality and were consequently turned back on. The
dataset was optimized roughly to maximize the total IBD signal by discarding some

data collected right before the maintenance period such that PMTs that were turned
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off for a very short period of time could still be used.

After processing through the calibration, reconstruction, and event selection
phases, four distinct IBD-like event classes were generated as described in Sec. 6.3.
The segment grouping described in the Sec. 7.2.2 was used and all the four datasets
were grouped into six baselines. The reconstructed IBD candidate spectra as a func-
tion of baseline for all the four event types are shown in Fig. 7.12. Also shown in the
figure is the signal and reactor off background rates constructed using Eq. 6.11. After
background subtraction, a total of 25461 IBD events were collected over 33 (30) cal-
endar (effective) reactor on days yielding 771 IBDs per day. Fig. 7.13 shows O,./P,.
for data, null oscillation and the RAA best-fit oscillation case. In case of no sterile
neutrino oscillations, a flat line for all baselines as the spectrum shape should remain
unchanged over the detector baseline. The figure also shows the oscillation signature

for RAA best-fit oscillation parameters.
7.4 Uncertainty Handling

For this analysis, all uncertainties (both statistical and systematic) were intro-
duced in form of covariance matrices. Mathematical description and the motivation
behind using covariance matrix approach is described in detail in Appendix A.1.
With 16 energy bins and 6 position bins, the covariance matrix is a square matrix
consisting of 96x96 terms. Uncertainties associated with stochastic fluctuations of
the measured IBD rates (statistical uncertainties) are uncorrelated between baselines
and are just extracted from the dataset. Systematic uncertainties associated with
detector and reactor are input in form of a reduced covariance matrix. A reduced
covariance matrix is a statistics-free (or normalized) version of the covariance matrix
describing the correlation between bins as described in App. A.1. Each systematic
uncertainty has an associated reduced covariance matrix which was produced via the

generation of toy datasets. More details of the covariance matrix generation using
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toys are provides in App. A.1. Under the assumption that all the errors are gaussian,
total covariance matrix is just the sum of all statistical and systematic covariance

matrices.

VTotal = VStat + Z VSyst,i' (78)

Shown in the Tab. 7.1 is the list of covariance matrices, their associated uncer-
tainties and the rationale behind generation of the covariance matrices. Uncertainty
assignment and the generation of associated covariance matrices are described in the

following sections.

7.4.1 Statistics. The statistical uncertainties were generated by taking poisson
error of the measured IBD statistics. The measured IBD rates were given in the

equation Eq. 6.11, the resultant statistical covariance matrix is given by

VStat = VTotal,ern + VAcc,rXOn + (ton/toff)2 : (/fp)2 : (VTotal,erff + VAcc,erff)a (79)

where V. and Ve are the covariance matrices obtained from the measured total
and accidental IBD candidates respectively for reactor on and off cases, x, is the
scaling factor associated with the average pressure differential between reactor on
and reactor off and t,, and tyg are given by the reactor on and reactor off run times

respectively as shown in the Eq. 6.11.

Since the predicted spectra for each baseline is generated by scaling the total
reconstructed L vs E spectrum (O, ) as shown in the Eq. 7.2, the statistical covariance
matrix has to take the correlation between O, . and O, into account. The statistical co-
variance matrix including correlations arising from the addition of baseline-integrated

spectrum is given by

M.

E)Z, (7.10)

M

_ 2 le 2

VStﬂtyl,C - UStat,l,e : (1 -2 M ) + UStat,e ' (
e

Derivation for the covariance matrix is given in Appendix A.3.
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Additionally, off-diagonal terms in the covariance matrix that correspond to
same energy bins across all the position bins have correlations arising from the usage of
baseline-integrated spectrum O, in the prediction. These correlations are included by
generating MC toys and extracting the reduced covariance matrix from the resultant

correlations.

7.4.2 Fully Correlated Detector-wide Systematics. The systematics that
impact the full detector in a similar manner are considered here. In all the cases
below the covariance matrix was generated by generating toys by varying the relevant

parameters the same way throughout full detector.

7.4.2.1 Energy Response. The full detector energy response covariance matrix
takes the following four full detector energy response effects into account. A full

description of the these response effects and their evaluation is given in the Sec. 6.2.4.

1. Scintillator quenching
2. Cherenkov effect
3. Energy independent energy scale

4. Energy resolution

These four parameters were estimated simultaneously by comparing MC to calibra-
tion. Consequently a single covariance matrix was generated for all the four param-
eters. For generating the covariance matrices, the default values (u) and the uncer-
tainties (o) of all four parameters were considered as shown in the Tab. 7.1. Four
random values were independently generated assuming four corresponding gaussian
distributions N (u, o) one for each response effect. Several toys each corresponding to

one set of randomly generated response parameters were simulated using PG4. After
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Table 7.1. List of systematic uncertainties assumed in generating the covariance

matrices.

Systematic uncertainty Default o Motivation for value/sigma chosen
Value

Background normalization - 5% Cosmogenic FN+nLi has an uncertainty in correlation
coefficient of <0.2%. 5% assumed as conservatively.

Birks’ non-linearity 0.1 0.012 Fit parameters and the corresponding fit

Cherenkov Contribution 51% 4% uncertainties obtained from simultaneous fits
between data and MC for a combination of sources

Energy scale 1 0.007
as described in Sec. 6.5. Conservatively, the

Energy resolution 0.0445 0.002 uncertainties considered here are slightly higher than

Energy loss N/A 30 keV Mexfimuenutesiation anywhere within the detector be-
tween data and MC for 22Na was found to be 30 keV
and was conservatively used.

Background scaling - 0.002 Variation in BiPos between reactor on and off periods
were of the order 0.2%

Uncorrelated volume - - The uncertainty in fits to the RnPo rates for each
segment.

Uncorrelated efficiency - 5% Variation of the MC-generated efficiencies within the
detector found to <5%, 5% conservatively assumed.

Uncorrelated energy resolution 0.0445 0.002 Replicated the value obtained from the full detector
data-MC fits.

Uncorrelated energy loss - 30 keV Replicated the value from the full detector data-MC
comparison.

Baseline uncertainty 7932 mm 100 mm Estimated from the detector survey.

28 Al contribution - 100% Assumed 100% since the contribution is very
small (0.5%).

Non-equillibrium isotope con- - 100% Estimates were based on theory, and the uncertainty

tribution conservatively assumed 100% since the contribution
is very small(<1%).

Background peak non- - 5% The variation in nH to nC peak heights found to be

uniformity uncertainty

<5%. A conservative estimate of 5% assumed.
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passing each MC through P2x, covariance matrix was generated using FEq. A.31.

7.4.2.2 Escaping Gamma Energy. The PROSPECT detector being relatively
small has some of the annihilation gamma energy escaping from the detector. The
energy loss is simulated by PG4 package and an uncertainty was assigned based on the
inaccuracy of the PG4 simulation. ?2Na, a positron source was deployed at multiple
positions along the length of the segment at multiple positions in the detector. The
maximum difference noticed between ??Na calibration data and the corresponding

MC was conservatively used as the energy loss uncertainty [173].

7.4.2.3 Background Energy Scale. The IBD dataset was generated by sub-
tracting reactor off correlated IBD candidate spectrum from reactor on correlated
IBD candidate spectrum. The IBD signal could be impacted if the detector energy
scale varies between reactor on and reactor off data taking periods. This has been
taken into account in form of a BG scaling covariance matrix. Energy scale was es-
timated by examining the shift in the BiPo [174] and the RnPo [175] energy scales

over time.

7.4.2.4 Background Normalization. The main source of reactor off correlated
backgrounds are cosmogenic neutrons. Both cosmogenic neutrons are atmospheric
pressure dependent, the pressure dependence is taken into account by normalizing
the reactor off correlated IBD candidates spectrum as shown in the Eq. 6.11 be-
fore subtraction. The total uncertainty in the pressure over the data taking period

translates to an uncertainty in the background normalization [176].

7.4.2.5 Baseline Uncertainty. Markers indicating the position of the detector
segments in relation to the outside edge of the detector were installed on the detector
during the post-assembly survey. The reactor to detector distance was estimated by

measuring the distance from the detector markers to already existing markers in the
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reactor facility. The uncertainty corresponding to the baseline was estimated to be 10
cm [161] based on the markers in the detector. The covariance matrix was generated

assuming a gaussian error in the baseline.

7.4.2.6 %Al Uncertainty and Non-equilibrium Contribution. The MC L vs
E spectrum includes a contribution from Aluminum activation and Non-equilibrium
isotopes as mentioned in the Secs. 7.2.2.2, 7.2.2.1. The 7, spectrum for both of these
cases is in (0,4) MeV 7, energy range and contributes ~1.5% together over the full
spectrum range. Since the overall contribution to the MC spectrum is relatively small,

the uncertainty was conservatively assumed to be 100%.

7.4.3 Segment-to-segment Uncorrelated Systematics. There are a group
of uncertainties that are fully uncorrelated either between segments or baselines.
Each of these systematic uncertainties have an associated covariance matrix and were
generated first in the Seg vs E bins and then converted to L. vs E bins using the

mapping detailed in Appendix A.2.

7.4.3.1 Volume Variation. The liquid scintillator was doped with ?*”Ac and the
measured RnPo « event rates in each segment is taken as a proxy for the relative
volume of each segment. The uncertainty in the RnPo rates measured in segment
was used to generate toys for that respective segment uncorrelated with the other

segments.

7.4.3.2 Efficiency Variation. PG4 simulation was used in generation of detector
response matrices. A conservative uncertainty of 5% uncorrelated between segments

was assumed.

7.4.3.3 Energy Scale. The energy scale could be different between individ-
ual segments primarily arising from non-uniform calibration. Comparison of energy

scales from calibration sources have shown uniformity within 0.5% as shown in the
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Fig. 6.9 [174], [177], [175].

7.4.3.4 Emergy Loss. The energy loss because of the gamma leakage and energy
deposition in the dead volume may vary between segments. In particular, the gamma
leakage is position dependent with more energy leaking closer to the edge of the
detector. The difference between ??Na calibration data and corresponding MC that

produced the maximum value was conservatively used as the energy loss uncertainty.

7.4.3.5 Energy Resolution. The energy resolution is primarily depended on the
number of photoelectrons detected by the PMTs. The number of photoelectrons ob-
served by the PMTs could vary between the segments based on varying LS conditions
or the reflectivity of the separators. The uncertainty for this covariance matrix was
produced by conservatively assuming the same resolution uncertainty as was used for

the full detector.

7.4.3.6 Background Peak Non-uniformity Uncertainty. The prompt event
of the main class of IBD mimicking backgrounds are from gammas generated from
the neutron capture on Hydrogen (nH) and the neutron inelastic scattering on Car-
bon (nC). nH produces gammas with a 2.2 MeV peak and nC produces 4.4 MeV peak.
Variations in nH peak size to nC peak has been found within the detector primarily
based on the variations in the muon veto cut. The variation can be attributed to
the fact the neutrons producing nH peak originate primarily from muon spallation on
the detector material whereas neutrons producing nC are from single muon events.
Toys were generated by assuming gaussian distributions for 2.2 MeV and 4.4 MeV
and varying the size of the peak by 5%. The covariance matrix was generated by
assuming that the variation was completely uncorrelated between segments as well

as between the nH and nC peaks.

Once all the covariance matrices were generated, two reduced systematic co-
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Figure 7.14. Reduced covariance matrix of all the signal related systematics. Each bin
in the matrix corresponds to a distinct position-energy bin and each block matrix
of 16x16 bins correspond to all energy bins for a specific position bin. Positive
values show positive correlations whereas negative values show anti-correlations.
Since diagonal terms in the matrix shows the uncertainties in each position-energy
bin, they are always positive (positively correlated). On the other hand the non-
diagonal terms show the correlations between different bins and could be positive or
negative depending on the correlations between bins. Detector-wide systematics
acts similarly for the matching energy bins across all the position bins. Most
extreme values seen in the matrix are primarily from the bin edge effects.
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Figure 7.15. Signal covariance matrix including both statistical and systematic un-
certainties. Z-axis is shown on log scale to illustrate the correlations between bins
across baselines. Statistical uncertainties dominate as can be noticed from the
large values of diagonal elements. Similarities between block diagonal matrices
across various baselines can be noticed.



130

= 0.005
m

D 90

<

o

£ 80 0.0045
S

= 70

)]

g 0.004

60

50 0.0035

40

30 0.003

20
0.0025

10

O 10 20 30 40 50 60 70 80 90 0.002

Position-Energy Bin

Figure 7.16. Reduced covariance matrix of all the background related systematics.
Since the only uncertainties uncorrelated between segments/baselines are the peak
uncertainties, all the terms except the block diagonal matrices are identical for the
matching energy bins across all position bins. The high values along the diagonal
terms are for the nH and nC peaks as expected.
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Figure 7.17. Background covariance matrix including both statistical and systematic
uncertainties. Z-axis is shown on log scale to illustrate the correlations between
bins across baselines. Statistical uncertainties dwarf the systematical uncertainties.
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variance matrices were generated one each for the signal and the backgrounds by
adding individual covariance matrices bin-by-bin. The total signal (background) sys-

tematic covariance matrix was then generated by using

Vsig,tot = OTVsig,redO (711)

Vigiot = BGT Vg ,caBG (7.12)

Where Vg rea and Vi, eq are the reduced covariance matrices (96x96) for the signal
and background respectively and O and BG are the 96 element-long signal and
background vectors respectively. The systematic covariance matrices for signal and
background are shown in Fig. 7.14 and Fig 7.16 respectively. Similar pattern of
behavior could be seen across multiple baseline bins indicating similar uncertainties
across baselines. The matrices are then added according to the Eq. 7.8 and are
shown in the Figs. 7.15 and 7.17 respectively. It is very evident that in both cases,

the matrices are dominated by the statistical uncertainties.

It is worth noting that the statistical covariance matrices were derived from
data while the systematic covariance matrices were generated using the predicted
spectrum. This is to avoid a common pitfall [178] (pages 101-105) that biases the

results when measured values are used to define the systematical uncertainties.
7.5 Confidence Interval Assignment

To properly assign confidence intervals, a full frequentist approach as proposed
by Feldman and Cousins [179] was used in this analysis. A unique value (Ax%) for
each (sin? 26,Am?,) point was generated for a specific confidence level (CL) employing

the following steps:

1. For each point in the (sin* 26,Am?,) grid, 1000 oscillated MC toy datasets were
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generated following the strategy described in Appendix A .4.

2. For each of the toy datasets, x2., for every point in the grid was generated

using Eq. 7.1 where the toy dataset was used instead of data.

3. AX2 = sznin,true - X?nin,best—ﬁt was then extracted where X?nin,true and XIQnin,best—ﬁt
are the x2,, for the true oscillation parameters and the best-fit oscillation pa-

rameters respectively for the toy under consideration.

4. Steps 1-3 were then repeated for all the toys and a Ay? distribution was gener-
ated for each sin? 20 and Am?,. Shown in the Fig. 7.18 are the Ax? distributions

for no oscillation and RAA oscillation hypotheses.

5. A separate value of AxZ(«a) for each point in the Am2,-sin? 26 grid correspond-

: 0C Pay?)
ing to a confidence level was generated such that W = «, where

P(Ax?) is the Ax? distribution from step 4.
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Figure 7.18. Probability distribution function of Ax? for RAA oscillation (purple)
and null oscillation (teal) hypotheses. Also shown in red is the Wilk’s theorem-
predicted Ay? distribution for two degrees of freedom.

Shown in the Fig. 7.19 are the 90% and 95% CL xZ values for the full parameter

space. A point in oscillation parameter grid is said to be excluded by the data at «
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confidence level if Ax2,., > AxZ where Ax?,,, is obtained from the data following

Eq. 7.1 and Ax% was obtained at the specific oscillation parameters.
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Figure 7.19. Critical Ax? values for all the points in the (sin®20,Am2,) parameter
space for 90%(left) and 95%(right) confidence levels.
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Figure 7.20. Sensitivity of the PROSPECT experiment at 95% CL.

Shown in the Fig. 7.20 is PROSPECT’s sensitivity for the dataset size used
in this analysis generated using 10000 unoscillated toys. The fluctuations in toys
included statistical and systematic uncertainties as defined in the Sec. 7.4. For each

toy, a 95% exclusion curve was generated using the procedure described above. The
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sensitivity of the experiment was then generated by taking the median of all the

exclusion curves.

7.6 Fitter Validation and Performance
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Figure 7.21. Validation of fitter in reproducing input oscillation parameters. Shown
in red crosses are the oscillation parameters of the supplied toy datasets and in
blue are the best-fit oscillation parameters generated by the fitter.

The effectiveness of the fitter in reproducing inputs oscillation parameters
was tested using toys without statistical and systematic fluctuations. Oscillated toy
datasets for 16 points equally spaced in log scale in the (sin®26,Am?2,) grid were
supplied as inputs to the fitter and the resultant best-fit points were compared to
the input values. Results shown in Fig. 7.21 demonstrate the validity of the fitter in

reproducing input oscillation parameters. Small deviations in the low (sin® 26,Am?,)
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regions far from the sensitivity of the experiment were found, but the differences in
x? for all the cases were found to be O(0.001) and are possibly from the rounding

errors in inversion of the covariance matrices.
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Figure 7.22. Distributions of the best-fit values produced by fitting MC datasets
generated using RAA best-fit oscillation parameters (sin® 20, Am?2,)=(0.165,2.39).
The distributions have median values of (sin®20, Am2,)=(0.159, 2.42) and are
centered around the true values. The peaks with smaller amplitudes in Am?, cor-
responds to frequencies of oscillation that are offset by 2w. The analysis technique
relies on oscillation shape distortion as a function of energy and position but is not
dependent on the absolute normalization. This in turn implies that the fitter is
more sensitive to fluctuations in Am?2, and less sensitive to fluctuations in sin®26.
This can be noticed from the broader distribution of sin® 26 compared to Am?2,.
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Figure 7.23. Best-fit sin?20 and Am?, distribution for MC toys generated using
16 different input oscillation parameters. The input and the best-fit oscillation
parameters are in agreement for the points in the parameter space sensitive to the
detector.



138

70}

60}

50}

40|

30}

20}

Figure 7.24. Best-fit sin® 26 distribution for MC toys generated using the same 16

different input oscillation parameters as the ones used in Fig. 7.23. The distribu-
tions are centered at higher sin® 26 because the detector is not sensitive to small
oscillation amplitudes and the fluctuations (statistical and systematic) leads the
fitter to produce a smaller x? for an oscillation amplitude in a close vicinity of the
sensitivity of the detector.
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Figure 7.25. Best-fit sin?26 distribution for MC toys generated using 16 different
input oscillation parameters. The agreement between input and the best-fit oscil-
lation parameters as well as the width of the best-fit distribution is better for the
points in the parameter space sensitive to the detector. In particular for the top
two points on the right side, the oscillation frequencies and amplitudes are high
enough that the ranges of best-fit Am?, are smaller than the width of Am?, bins.
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The ability of the the fitter to reproduce the input oscillation parameters
in presence of fluctuations was also tested. Oscillated MC toy datasets following
Appendix. A.4 were generated by including fluctuations arising from statistical and
systematic uncertainties. Because of the fluctuations, the fitter is not expected to
reproduce the input parameters for all the toys but is expected to produce a distri-
bution of best-fits values centered around the true oscillated parameters. Shown in
Fig. 7.22 are the best-fit values for 1000 toys for the oscillation parameters corre-
sponding to the RAA best-fit point. The best-fit points generated has median values
of sin? 20=0.159 and Am?,=2.42 showing good agreement with the true oscillation
parameters sin®20=0.165 and Am?,=2.39. Shown in the Figs. 7.24, 7.25, 7.23 are
the best-fit values for 1000 toys for the same values of oscillation parameters as used
in the Fig. 7.21. The best-fit values were found to be in general agreement with the
input oscillated parameters in the parameter space sensitive to the dataset. In all
cases the toys were generated using the dataset size corresponding to 33 (28) reactor
on (off) days. Systematic uncertainties quoted in Tab. 7.1 were used in generating
the fluctuations in toys in addition to the fluctuations arising from the statistical

uncertainties.
7.7 Results

Using the data and inputs as described in Sec. 7.3, x2 values for each (sin® 20,Am?2,)
grid points and null oscillation hypothesis were calculated as indicated by Eq. 7.1.
The best-fit x2/NDF of 57.9/78 was found at (sin®20,Am?2,) (0.40, 0.50). In com-
parison the x?/NDF for 3v oscillation case and RAA best-fit oscillation are found
to be 61.9/80 and 68.7/78 respectively. By comparing the Ax? values of the data
with the corresponding Ax% distribution, the p values were generated. Accordingly,
AX2 1 — Xtwige = 4 is found to have a p value of 0.58 demonstrating that the

PROSPECT data agrees well with the 3v prediction. The Ax&aa — XPesrir = 10.8
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Figure 7.26. Toy x? distribution generated using 10000 toys in null-oscillation (left)
and RAA best-fit (right) oscillation cases. Also shown for comparison is the stan-
dard y? under Wilk’s theorem assumption. It could be seen that the null oscillation
hypothesis would be erroneously rejected at better significance if the standard y?
distribution is assumed.
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Figure 7.27. The Exclusion and sensitivity curves of the PROSPECT experiment
as well as the 1o and 20 regions around the sensitivities. Sensitivity curve is the
median of 10000 toys generated under no oscillation hypothesis. The 1o and 20
regions cover the 68.3% and 95.5% quantiles of toys around the median.
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corresponds to a p value of 0.013 thus excluding the RAA best-fit point at 2.20. Toy
Ax? distributions along with the Ax?3 ., values for the 3v and the RAA best-fit os-
cillations are shown in the Fig. 7.26. Using the x? values and the procedure defined
in the Chapter. 7.5, the 95% CL exclusion curve was generated [2| as shown in the

Fig. 7.27.
7.8 Cross-checks

The exclusion curve shown in Fig 7.27 was generated using full frequentist ap-
proach as described in Sec. 7.5. To verify the confidence intervals generated using the
Feldman Cousins, another statistical approach called Gaussian CLs method [180]'7
was used. Gaussian CLs method is a relatively simple and a computationally less in-
tensive alternative to the Feldman Cousins approach. The same test statistic defined
in Eq. 7.1 used for the Feldman Cousins approach was used for the Gaussian CLs
approach. The exclusion curves generated using both methods agree well as shown

in the Fig. 7.28.

One of the important claims of the PROSPECT experiment is the ability to
perform search for sterile neutrinos without much dependence on the reactor 7, model.
As mentioned in the Sec. 7.1, the predicted spectra for each baseline is obtained
by scaling the measured detector-wide spectra to each baseline appropriately taking
position and segment dependent effects into account. The segment and position-
dependence was in effect provided by MC spectra as shown in the Eq. 7.1. These
MC spectra were generated assuming Huber model for the reactor 7, spectrum. The
reliance of the PROSPECT results on the reactor v, models was checked by perform-

ing the full chain of analysis on Huber and Vogel models and comparing the results

"Gaussian CLs is a statistically appropriate method even when the conditions
for the Wilk’s theorem are not satisfied. It has the advantage that it is not as
computationally intensive as the Feldman Cousins method but it can only be used
when a signal is not discovered.
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Figure 7.28. A comparison of exclusion curves generated using Feldman Cousins and
Gaussian CLs method. The agreement is satisfactory and provides credence to the
confidence levels generated using the Feldman Cousins method.
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Figure 7.29. Comparison of exclusion curves generated using Vogel and Huber models.
This shows the curves generated using Gaussian CLs method, but similar level of

agreement was found when FC was used.
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as shown in the Fig. 7.28. The impact of the reactor v, model was minimum as
evident from matching exclusion curves produced by the models. In addition, the
best-fit point remained identical and the difference in x2, between both cases was

~0.2 showing that the reactor v, model only has a small impact on the results.
7.9 Impact of Systematical Uncertainties

The impact of various systematics on the y? values were checked by individ-
ually removing each covariance matrix and performing fits. The impact is shown as
the difference in y? from the nominal value. As expected, removing an uncertainty
increased the x?2,;, value in all cases. Tab. 7.2 has a list of all systematic uncertain-
ties and the resulting 6x?s and the best-fit values upon removal of the uncertainties.
The biggest impact was found for the uncorrelated background peak non-uniformity,
uncorrelated energy resolution, and the baseline shift uncertainties with a modest in-
crease in x2 by 1.9, 1.0, and 1.0 respectively. All the other uncertainties contributed

to under 1.0.
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Table 7.2. Contribution of the systematic uncertainties to the x? value. dx2,, cor-
responding to each uncertainty is the difference between the x?. when using all
the uncertainties and when that particular uncertainty is removed. Major varia-
tions were shown in bold for the baseline uncertainty, the background peak non-
uniformity uncertainty, and the uncorrelated energy resolution. The best-fit point
also remains relatively stable for all the uncertainties except for the uncorrelated
energy scale.

Uncertainty Eliminated 5)(%”” o
- Am?2, sin%20
All uncertainties - 0.50 0.40
No systematics (Only statistical uncertainties) 6.0 0.50 0.35
Baseline shift 1.0 0.50 0.40
Non-linearity 0.5 0.50 0.40
Background normalization 0.3 0.50 0.40
Correlation 0.2 0.50 0.40
Correlated
Background energy scale 0.2 0.50 0.40
Al28 and Non-eq 0.2 0.50 0.40
Energy loss 0.1 0.50 0.40
Background peak non-uniformity uncertainty 1.9 0.50 0.40
Energy resolution 1.0 0.50 0.40
Uncorrelated  Energy scale 0.5 0.45 0.40
Efficiency 0.4 0.50 0.40

Energy loss 0.4 0.50 0.40
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CHAPTER 8
CONCLUSION

PROSPECT is a short-baseline reactor antineutrino experiment designed to
search for sterile neutrinos and make a precise measurement of 2**U reactor antineu-
trino spectrum from the High Flux Isotope Reactor at Oak Ridge National Labora-
tory located in Tennessee. PROSPECT designed a detector with novel segmentation
system to reach these goals. Several aspects of the detector design are novel or
are improvements over the previous detectors with similar design. As part of the seg-
mentation system the custom-built highly reflective optical separators and 3D printed
support rods enabled PROSPECT to achieve low dead-volume and high dimensional
uniformity. The PROSPECT segmentation system along with the double-ended read-
out have made 3D event reconstruction possible allowing for a reactor model inde-
pendent oscillation search. PROSPECT also designed PSD capable %Li-loaded liquid
scintillator with high light yield that enabled high resolution measurement of 235U

spectrum with high background reduction.

Using a segmented detector, PROSPECT performed an oscillation search with
33 days of data collected on surface close to a nuclear reactor. Employing a reactor
model-independent fitter, the suggested best-fit was excluded at 2.20 with this data.
The close proximity of the detector to the HFIR reactor, the PROSPECT experiment
is already able to provide the most competitive limits in the high Am?, region. Shown
in the Fig 8.1 is the PROSPECT exclusion curve in comparison with the exclusion
curves generated by the other sterile neutrino searches using the reactor neutrinos
as sources. Current PROSPECT sensitivity is limited by statistics. With additional
data and improved statistics, most of the suggested parameter space will be covered

by PROSPECT as shown in Fig. 8.1.
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Figure 8.1. The exclusion curve of the PROSPECT experiment in comparison with
the other reactor neutrino experiments [181-184] searching for sterile neutrinos.
With only 33 days of reactor on data, PROSPECT experiment is already compet-
itive with the other experiments at high oscillation frequencies that ran for much
longer durations. Also shown is the PROSPECT sensitivity with 3 calendar years
of PROSPECT data. PROSPECT experiment will have the best sensitivity of all

the reactor experiments for high frequency oscillations.
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PROSPECT is already able to make the most precise 23U spectrum measure-
ment [185] originating from a highly enriched Uranium reactor. The precision of the
spectrum measurement will increase with more statistics and improved systematics.
Finally, PROSPECT deployed an on-surface detector with almost no overburden and
has observed neutrinos with a signal-to-background of 1:1 demonstrating the ability of
on-surface detectors to observe neutrinos paving way for the use of neutrino detectors

for non-proliferation purposes [186, 187].
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APPENDIX A
STATISTICAL TECHNIQUES
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In this appendix, statistical methods and the inputs used in performing the

oscillation search are described.

A.1 Equivalence of the Pulls based y? and the Covariance Matrix Based

X2

In hypothesis testing and parameter estimation, typically constraints are set
on the parameters of interest by forming confidence intervals. In defining confidence
intervals, a function (test statistic) that depends on the parameters of interest and
the observed dataset is defined. In the large statistics regime where the data could
be approximated to a gaussian distribution, a commonly used test statistic for a

collection of N variables is given by

2
o*
i=1 ? j=1

RO CORIC R SELUIDIE S A1)
where o; and e; are observed and expected counts for the i** variable given param-
eters @ with a statistical uncertainty of ;. K sources of systematic uncertainties
are considered and the systematic uncertainty of j** variable in " bins is given by
sj;. Statistical uncertainty could depend on @ based on the way a test-statistic is
defined [188,189]. The nuisance parameter «; could then be adjusted along with 0

to find the minimum value of x?(0),.:n. The best-fit parameter is thus defined as

0.in = arg min \%(0).

Eq. A.1 could be represented in matrix form as

Y¥’=(u-R'a)"(u-R'a) + o'«

(A.2)
=u'u—2a'Ru+a’RR a + a'a,
where
0; — €;
U; = )
o
R; = &, and (A.3)
0;



I is the identity matrix of rank N
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The minimum values of the nuisance parameters could be found analytically

by taking the derivative with respect to av and setting it equal to zero.
o
oo
. Ru+ RRTamin + oy = 0.

0

Multiplying Eq. A.4 on the left side with a,;, gives

T

min

T

ol Ru+al, RR oy, + ol i = 0.
Solving for au,;, produces
Omin = RRTR +Iy) 1w
Substituting A.4 in Eq. A.2 at o, produces
Xinin = U0 — o Ru
Substituting the value for iy, from Eq. A.6 in Eq. A.7 for x2,, produces
i, =u"(RTR 4+ Iy) 'u

Separating the matrix u into two parts:

the Eq. A.1 can be written as

Xoin = AT(ST(R'R +1y)S) ' A

=ATVA.
where V is the covariance matrix defined by:

K
2 2 :
Vij =0, (5ij + slislj.
l

(A4)

(A.6)

(A7)

(A.8)

(A.9)

(A.10)

(A.11)

(A.12)

(A.13)
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A more detailed step-by-step derivation could be found in this the Ref. [190].
Using covariance matrix has the advantage that the correlations between all the bins
are naturally included in the non-diagonal terms. Since covariance matrix implic-
itly includes variation over the systematics, fitting was not done explicitly over the

nuisance parameters resulting in significant reduction in computation time.
A.2 Mapping Covariance Matrix from Segments to Baselines

The oscillation analysis is performed in energy and baseline bins as describes in
the Sec. 7.1. The segment uncorrelated uncertainties have to be generated in segment
basis and then transformed into baseline basis. The method to transform a segment

based covariance matrix to a baseline based matrix is as follows.

Theorem 1. Let X be a random wvector of N elements with a covariance matriz

V(X). Let A be a matriz that can act on X. The covariance matriz of AX is

V(AX) = A V(X) AT (A.14)

The definition of a covariance matrix can be written in terms of the expectation

of the set of variables X:

V(X) = E[(X - E[X])(X — E[X))"]. (A.15)

The expectation operator is linear, such that, for a variable X and a constant

ElaX] = aB[X]. (A.16)
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Hence, the covariance matrix of AX can be derived as follows:

V(AX) = E[(AX — E[AX])(AX — E[AX])"] (A.17)
= B[(AX — AE[X])(AX — AE[X])"] (A.18)
= E[AX - EX])(AX — E[X]))"] (A.19)
= B[A(X — E[X]))(X — E[X])T4"] (A.20)
— AE[(X — E[X])(X — E[X])"] AT (A.21)
= AV(X) AT (A.22)

For a given set of segments and baselines, the matrix A defines the mapping

between the segments and baselines.
A.3 Statistical Covariance Matrices

Oscillation search was performed by comparing the scaled detector-wide spec-
trum to spectra for all the baselines. As discussed in Sec. 7.4.1, in addition to the
observed spectra Oy, the predicted spectra P, also includes statistical fluctuations.

Additionally, since P, = O, ]\1/\[/}’6 = (>, 01,6)%, the terms P, . and O, have correla-

tions. The statistical covariance matrix has to include uncertainties and correlations

that arise from defining P, . using O .

For simplicity in deriving the covariance matrix terms, few terms are redefined

as follows: \
k= ke = Wl
X =0y,
(A.23)
Y =0,

Z=Y -X=0,—-0.
P, . can then be defined as

Po.=k Y (A.24)



154

The first and the second moments for X, Y, and Z are defined as ux, uy, and pz and

0%, 0%, and 0% respectively. From A.23, it can be seen that puy = ux + pz.

Using the terms defined in Eq. A.23, A.24, the variance of the term O;, — P,

is given by
0*(Ope — Pe)=0*(X —k-Y)

Since the terms X and Y are correlated, Eq. A.25 can be defined as
(X =k Y)=0*(X)+ k- 0*(Y) — 2k - o(XY),
where o(XY') is the covariance between terms X and Y.
o(XY) = E[XY] — E[X]|E[Y]
=EX(X +2)] — pux - py
=E[X? - X - Z)] — px - py
Since X and Z are not correlated Eq.A.27 can be written as
7(XY) = BX? — BIX] - EZ) — jix -y
=0°X +pk —px - E[Y — X] - py
=0’ X + ik — px - (py — px) - py
=’ X + px — px - py — px - By
=o?X.
Substituting o(XY') from Eq. A.28 in Eq. A.26 yields
0 (X — ke Y)=0*(X)+k*-0*(Y) - 2k - 0°X

=o*(X) - (1 —2k)+k*-a*(Y).

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)

Finally replacing the terms X, Y and with their original definitions yields the variance

for [, e bin

Vie=0%(O1c — Pieo) = 0*(Opc) - (1 = 2k) + k* - 0*(O,).

(A.30)
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This covariance matrix was only used during the fitting and omitted during toy gen-

eration.
A.4 Covariance Matrices and Toy Datasets

Covariance matrices for all the systematic matrices were generated using
V= B[(X - p)(X — )] (A31)

where X is a toy vector generated using for a nominal distribution g and variations

defined by the type of systematic under consideration.

Feldman Cousins method was used to generate the exclusion regions after per-
forming fits. This method relies on generation of several MC toys for each oscillation
parameter set. These MC toys should include fluctuations arising from the statistic
and systematic uncertainties including correlations between bins. The fluctuations
are generated using Cholesky decomposed covariance matrices. A MC toy with N
bins is generated using

Y=p+Lz (A.32)

where p is an N element long vector containing the central values in each bin, L is
a triangular matrix generated by Cholesky decomposing covariance matrix, z is an
N element vector containing uncorrelated random values generated using a Gaussian
distribtion A/(0,1). Y is the generated MC toy that includes fluctuations originating
from the covariance matrix V. The covariance matrix includes all statistical and
systematic uncertainties discussed in Sec. 7.4 apart from the correlations arising from

using the detector-wise spectrum to generate the predicted spectrum.

The generation of toys from covariance matrix is the reverse process of gener-

ating covariance matrix from toys [191,192]. A positive definite symmetric matrix V
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can be Cholesky decomposed to produce a unique matrix L.

V=LL"
(A.33)
= LE[zz"]L",

where in the last equation since terms in Z are uncorrelated random variables,

E[zzT = I. Since expectation is a linear operator

V = E[Lzz"L"|
(A.34)
= E[(Lz)(zL)"].
This proves that the expectation value of Lz(zL)" is the input covariance matrix.
Recalling the definition of covariance matrix from Eq. A.31 that the Cholesky de-
composition of a matrix produces unique result, Eq. A.34 proves that Lz = X — p
proving that Y from Eq.A.32 is a toy containing all the fluctuations arising from the

covariance matrix V.

X=Y=p+ Lz (A.35)
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APPENDIX B
RATIONALE BEHIND USING FELDMAN COUSINS APPROACH
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The standard (Wilks’ theorem [193,194]) way of generating confidence region is
by comparing the x? generated using data with the standard x? function. This is only
valid under a specific set of conditions as described in detail in the articles [179,180].
In case of search for sterile neutrino oscillations, the Wilks’ theorem fails in several

cases.

1. One condition needed for the Wilks’ theorem is to have an open neighborhood
around the true value of oscillations. This condition is not satisfied for the null
oscillation and low oscillation amplitude cases since sin® 20< 0 is invalid. This

condition is well illustrated in the Ref. [180] in Figs.1 and 5.

2. Neutrino oscillations are sinusoidal in nature but Wilks’ theorem assumes a
gaussian probability distribution. For high frequency oscillations, the fits will
have tendency to prefer local minima and hence Wilks’ theorem breaks down.
This can be seen in the Fig. 7.22 where some of the best-fits are concentrated

around the points that produces local minima.

3. Additionally, for a binned analysis, Wilks’ theorem breaks down in case of
searches for sterile neutrinos at high Am?, where the oscillation frequencies

compete with the energy resolution of the detector.

Using the standard method would produce regions of overcoverage-assigning
higher confidence than is true—or undercoverage—assigns lower confidence than is true—
in several regions of the parameter space. To illustrate the point, the experiment’s
coverage was generated using the critical xy* maps 7.6 and is shown in Fig. B.1. It can
be seen that most of the parameter space would be overcovered but a small region
of parameter space would also be undercovered. The exclusion curve generated using
both methods is shown in Fig. B.2. Since most of the exclusion curve is in the over-

coverage region, the standard approach incorrectly provides better apparent coverage
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Figure B.1. Regions of significant overcoverage and undercoverage using the standard
approach for the data set size and the uncertainties used in this analysis. The
parameter space is dominated by overcoverage regions except for small regions in
the high Am?2, and sin® 26 values.
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than the Feldman Cousins method. This shows the importance of assigning coverage
based on using a statistically powerful technique like Feldman Cousins approach as

opposed to the standard approach.

B
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Feldman-Cousins 95% CL Exclusion

Standard 95% CL Exclusion

107

Figure B.2. A comparison between the exclusion curves generated using Feldman
cousins approach and the standard approach. It can be seen that most of the
parameter space will be overcovered if the standard method was used.
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