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ABSTRACT

The liquid argon time projection chamber (LArTPC) is the detection tech-
nology chosen for several Fermilab-based neutrino experiments. This technology will
be used in studies of neutrino cross-sections and oscillations, neutrinos from super-
novae as well as a variety of studies of beyond the Standard Model physics. This
thesis explores the use of these detectors to study MeV-scale activity. MeV-scale
electrons arising from Compton scatters of deexcitation photons and photons from
inelastic neutron scattering in neutrino-nucleus interactions are reconstructed using
novel methods presented here. This work represents the first demonstration of MeV-
scale physics capabilities in a LAr'TPC neutrino experiment as well as the first obser-
vation of neutrino-produced photons from nuclear de-excitation and inelastic neutron
scattering. A search for millicharged particles, postulated by theories of beyond the
standard model physics, is also performed using data from a LArTPC and the low-
energy reconstruction techniques developed. The results set world-leading bounds on
the parameter space of millicharged particles. The work in this thesis demonstrates
that studies of MeV-scale activity and new physics are possible with LArTPC technol-
ogy and provides the foundation for future LArTPC studies of low energy neutrinos

and new physics.

Xvi



CHAPTER 1
EXECUTIVE SUMMARY

The upcoming Deep Underground Neutrino Experiment (DUNE) [27] and the
SBN Program [28] seek to explore a variety of phenomena in the universe, from the
properties of neutrinos, to supernovae, to physics beyond our current models. To
do this, DUNE and SBN will use one of the most powerful detector technologies
available, the liquid argon time projection chamber (LArTPC). This technology has
proven its value for a variety of physics studies, particularly using GeV-scale beam
neutrinos, but questions remain. LArTPCs have not been used to study activity at
the MeV-scale. They have not been used to examine neutrons or low-energy photons.
In fact, until the studies presented here, it was not clear that these detectors are even
able to see activity from these neutral particles. DUNE wishes to study supernova
and possibly even solar neutrinos, but these neutrinos are low-energy, and no low-
energy neutrinos have been detected in LArTPCs. Proper reconstruction of such
neutrinos is dependent on the ability to reconstruct low-energy activity, far below the
typical energies of beam neutrinos. DUNE and SBN also seek to test theories of new,
beyond the standard model (BSM) physics, but no such studies have been performed
in LArTPCs.

This thesis presents the first demonstration of MeV-scale physics in LArTPCs
by accurately identifying and reconstructing activity due to low-energy photons from
neutrino-produced nuclear deexcitation and inelastic neutron scattering. This work is
the first reported detection of deexcitation photons and photons from inelastic scat-
tering of final-state neutrons from beam neutrino interactions in argon. The potential
detection and reconstruction of activity from neutrino-produced neutrons is barely

addressed in the literature, but is of utmost importance for a wide variety of physics



goals, for example those examining the difference of final state neutron production
in neutrino versus antineutrino interactions. By reconstructing the multiplicity and
energy of neutrons emitted in a neutrino interaction, it may be possible to determine

whether a neutrino or antineutrino interacted.

This work also presents the first search for beyond the standard model physics
in a LArTPC. Using the techniques developed in the first part of this work, a search
for millicharged particles is carried out with ArgoNeuT data. Millicharged particles
have been proposed as a constituent of dark matter and may resolve an astrophysical
experimental anomaly. This search places world-leading limits on the parameter space
of millicharged particles and demonstrates the potential for LArTPC technology to

search for new physics.

Both studies in this thesis were performed using ArgoNeuT, a small (quarter-
ton) LArTPC. ArgoNeuT collected data in the Neutrinos at the Main Injector beam
at Fermilab for a short period, less than six months, yet the work presented here
is competitive with much larger and longer-running detectors. This proves not just
the usefulness of the low-energy techniques presented here, but also the potential
of this detection technology as a whole. The work here also sets the stage for and

makes possible a variety of physics studies to be performed in the Short Baseline

Program [28] and DUNE [3].



CHAPTER 2
THE STANDARD MODEL, NEUTRINOS AND BEYOND

This thesis focuses on reconstructing MeV-scale activity in liquid argon time
projection chambers. This detection technology is typically used in neutrino exper-
iments but may also be used for studies of physics beyond the scope of the current
theory of particles, called the Standard Model. This chapter presents an introduction
to the Standard Model and discusses neutrinos and their role in the Standard Model.
This chapter also discusses sources of neutrinos, particularly particle accelerators, the
sun and supernovae which span the sub-MeV to multi-GeV energy regime. Studies
of neutrinos from all three of these sources would benefit from the work presented
later in this thesis. This chapter ends by examining additional physics beyond the

Standard Model, with an introduction to millicharged particles.
2.1 The Standard Model

The theory describing the known elementary particles and the strong, weak
and electromagnetic forces is called the Standard Model (SM). The SM consists of
eighteen particles: twelve fermions, which have spin 1/2; and six bosons which have
integer spin. The forces are mediated by five of the six bosons. The strong force is
mediated by the gluon (g), the electromagnetic force by the photon () and the weak
force by the charged W' and W~ bosons and neutral Z boson. Finally, the Higgs

(H) boson gives the massive particles their mass. *

The SM is based on a local symmetry group

1See Sec. 2.6.



where C' denotes color, L denotes left-handed chirality and Y denotes hypercharge.
The theory of strong interactions is based on the SU(3)¢ group and is called quantum
chromodynamics. While the strong interaction can be separated from the the other
two interactions, the electromagnetic and weak interactions cannot be separated, and
together are called electroweak. Electroweak interactions are determined by the latter

two groups of Eq. 2.1, SU(2), x U(1)y.

The SM symmetry group (Eq. 2.1) sets the number of vector gauge bosons
based on the number of generators for each group. There are eight generators for
SU(3)¢, thus there are eight gluons. There are three generators of SU(2), the weak
force mediators W+ and Z, and one U(1)y mediator, the photon. While the number
of vector gauge bosons is set by the SM, the number of scalar bosons and fermions is

not.

Fermions make up the remainder of the SM and are further divided into two
types: quarks and leptons (see Fig. 2.1). The six quarks, u (up), d (down), ¢ (charm),
s (strange), t (top) and b (bottom) feel the strong, weak and electromagnetic forces.
Three of the leptons, e (electron), u (muon), 7 (tau), feel the weak and electromagnetic
force, and the remaining three leptons, the neutrinos, feel only the weak force. The
masses and charges of the fermions are given in Table 2.1. All of the fermions can
be grouped into three generations, shown in Table. 2.2 which are similar except for
their mass, which increases with generation number. Along with every particle in the
SM, there is a corresponding antiparticle. For charged particles, the antiparticle has
the same mass but opposite charge. For neutral particles, the antiparticle may be the

same particle, as with the photon, or it may be a different particle.

Neutrinos are fundamental particles that are abundant, light, electrically neu-
tral and come in three flavors. They are the second most common particle in the

universe, after photons, and are produced from a variety of sources, both natural and
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Figure 2.1. The Standard Model of particle physics. Image from [4].

man-made (see Sec. 2.3). Neutrinos are light in that their mass states have a mass
many orders of magnitude smaller than all the other massive fundamental particles

in the Standard Model.

Because they are electrically neutral, neutrinos do not feel the electromagnetic
force. As leptons, they do not couple to the strong interaction, but do couple to the
weak interaction. Because of this, detecting a neutrino is very difficult. There are
three types, or flavors of neutrinos, electron (v,), muon (v,) and tau (v,), and each
neutrino flavor is associated with a corresponding charged lepton, the electron, muon
and tau. For each of the three neutrinos, there is also a corresponding antineutrino,

but it is an unresolved question whether neutrinos are their own antiparticles.

The SM sets the masses of the neutrinos at zero, thereby fixing its flavor. It
is now known that neutrinos do have mass, a discovery made by the observation of

neutrino oscillations, but it is unclear where their mass comes from. A neutrino’s



flavor will change as it travels through space, a phenomenon called oscillation, and

the study of this oscillation is a major topic of neutrino research today [29].
2.2 History of Neutrinos

The neutrino was postulated by Pauli in 1930 as the solution to a problem
posed by beta decay. In beta decay, a heavier nucleus decays into a lighter one along
with the emission of an electron and (as we now know) an electron antineutrino.
Without the presence of the antineutrino, beta decay is simply a two-body decay
A — B+e. As with any two-body decay, in the center of momentum (CM) frame, the
original nucleus is at rest, and the products fly off with momenta of equal magnitude
but opposite direction. The electron’s energy is then a constant given by:

2

2 2
B, = (mA QZTF m) &, (2.2)

where m 4 is the mass of nucleus A, mpg is the mass of nucleus B, m, is the electron
mass, and c is the speed of light. Experiments showed this energy is not a constant;
instead there is a spectrum of electron energies. Pauli proposed there was a third,
undetected particle, which took away some of the energy. Pauli argued his new
particle must be electrically neutral, have spin 1/2 and have a mass less than 1%
the mass of the proton. Fermi later incorporated this particle into his theory of beta
decay [30] and called it the neutrino. In Fermi’s theory, a neutron turns into a proton
and creates an electron and an electron antineutrino. (The neutron had not been
discovered when beta decay was first observed.) This theory also indicates how a
neutron would interact with matter. Fermi’s theory correctly explained the shape of

the beta decay spectrum but incorrectly gave the neutrino a mass of zero [2].

The existence of the electron antineutrino was confirmed by Cowan and Reines

in 1956 [31]. The experiment relied on the Savannah River nuclear reactor as a source



of electron antineutrinos, which were detected via the inverse of beta decay:
v.+p—n+et. (2.3)

The detector was a tank of water and CdCl,. The experimental observable was two
0.511 MeV photons from the annihilation of the positron with an electron along with
a neutron capture on the Cadmium occurring about a few microseconds later and
also producing photons. This detection technique is still used for reactor neutrino

experiments [2].

Around this time, the question of whether neutrinos and antineutrinos are the
same particle was posed. Rearranging Eq. 2.3 yields a crossed reaction v, + n —
p + e~. If neutrinos and antineutrinos are the same particle, then one could replace

the electron neutrino with its counterpart and get
Ve+n—p+te, (2.4)

however this reaction does not occur in experiments. Consequently, the idea of con-
servation of lepton number was introduced. All matter leptons are given a lepton
number of 41, and all antimatter leptons are given a lepton number of —1. Other
particles have a lepton number of zero. Furthermore, experiments indicated the re-
action = — e~ 4+ does not occur, so it is believed that lepton number is conserved

within flavors as well [2].

The existence of a second type of neutrino was proposed as an answer to
another three-body decay, this time the decay of the muon p~ — e~ + 7, +v,. Exper-
iments showed that the energy of the electron was not a constant, again implying a
three body decay. Because lepton number is conserved within each flavor, the reaction
v, +n — p+e~ cannot occur. Pontecorvo then suggested that by using charged pion
decays, which produce almost no electron neutrinos or antineutrinos, but do produce

muon (anti)neutrinos, one could prove that v, and v, are two different neutrinos. In



1962, Lederman, Schwartz and Steinberger [32] conducted an experiment using muon
neutrinos from the AGS particle accelerator at Brookhaven National Laboratory and
observed the reaction

Vptmn—ptp, (2.5)

providing the first evidence for two types of neutrinos [2].

As will be discussed in Sec. 2.4, neutrinos interact via the weak force, the
theory of which was developed by Glashow, Weinberg and Salam in the 1960s. Their
theory proposed the existence of two gauge bosons, the W and the Z. Interactions by
the W boson, called charged current interactions had already been observed. Neutral
current neutrino interactions, caused by the Z boson, were observed in the Gargamelle

experiment at CERN in the early 1970s and confirmed at Fermilab [2,11,33].

Finally, in 2000, the Direct Observation of the Nu Tau (DONUT) [34] ex-
periment at Fermilab detected the last neutrino, the tau, by observing tau leptons
produced by a tau neutrino beam. Because of the tau lepton’s very short lifetime,
a very high resolution detector was necessary to observe the tau lepton’s production
and decay. The short lifetime also makes identifying tau neutrino events difficult,
and DONUT observed only five tau neutrino events, but this number was sufficiently

larger than background to claim discovery.

The only experimental indication of beyond the Standard Model (BSM) physics
is the existence of neutrino mass, made through discovery of neutrino oscillations. In
the Standard Model, neutrinos are considered massless, and the flavor of a neutrino
should not change as it travels through space. If that is the case, then electron neu-
trinos produced by the sun should be detected as electron neutrinos on the earth. In
1968, Ray Davis attempted to do this using a large tank of cleaning fluid. He hoped
to detect solar neutrinos using the reaction v+ 3"Cl — 37 Ar + e and looking for argon

atoms in the tank. He detected just a third of the expected number of argon atoms.



This deficit came to be known as the “solar neutrino problem.” In the 1980s, groups
studying atmospheric neutrinos noticed the ratio of v, to v, detected was around

1 : 1, whereas the expected ratio is closer to 2 : 1 [2,33].

While some claimed the deficit was due to an inaccurate model of the sun or
experimental error, Pontecorvo proposed [35] that one flavor of neutirno could change
into another, which Davis could not detect, a process called “oscillation.” Solar
neutrino oscillations were confirmed by the Sudbury Neutrino Observatory (SNO) in
2002 [36]. Unlike Davis’ experiment, SNO is sensitive to all three types of neutrinos.
Furthermore, because SNO used heavy water (D20), it was able to separately identify
interactions from just electron neutrinos and those from all neutrinos. This allowed

SNO to determine the electron neutrino and total neutrino fluxes [2,33].

Super-Kamiokande (Super-K) studied atmospheric neutrinos [37], and there
too it found evidence of oscillations. Atmospheric neutrinos arise from decays of
muons and charged pions produced by collisions of protons in the atmosphere. Super-
K examined the flux of neutrinos at various angles and found that those coming from
directly overhead fit the expected flavor ratio of 2 : 1, but neutrinos coming from
the other side of the earth did not. Those from the other side of the earth trav-
eled a greater distance, so more oscillated into another flavor (tau neutrinos). Since
atmospheric neutrinos are mostly muon flavor, this observation of oscillations is inde-
pendent of that of solar neutrinos. Other experiments, using neutrinos from a variety
of sources have provided further proof of these oscillations. In the 2000s, reactor and
accelerator-based experiments reported their results of oscillations. K2K [38] and MI-
NOS [39] studied v, disappearance. OPERA [40] studied v, — v, oscillation, while
T2K [41] examined v, — v, oscillation, and in 2012, Daya Bay and RENO reported a
precise measurement of 6;3. These experiments have studied oscillations at different

values of L/FE, providing us with the mass differences of the three SM neutrinos as
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well as the mass range of a possible fourth neutrino. It is also worth mentioning
that around this time, other experiments, such as LSND and MiniBooNE noticed
anomalies suggesting a fourth neutrino, hinting at physics even further beyond the

Standard Model [2,28, 33].
2.3 Sources of Neutrinos

Neutrinos are produced from a variety of sources with a variety of energies.
In addition, different sources produce different flavors of neutrinos. Figure 2.2 shows

the sources and respective energies.
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Figure 2.2. The sources and energies of neutrinos. The x-axis indicates the energy
of the neutrino. The y-axis indicates the cross section of 7,-e scattering. Image
from [5].

Reactors produce only electron antineutrinos, and reactor neutrino experi-
ments seek to study neutrino oscillation and make measurements of reactor power,
flux and fuel composition. The sun produces only electron neutrinos, while super-
novae produce all flavors of neutrinos and antineutrinos. Experiments examining

solar and supernova neutrinos seek to understand the processes stars undergo in the
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middle and end of their lives. Beams of mostly muon neutrinos and antineutrinos
from accelerators are used to study oscillation and neutrino-matter interaction cross
sections. Beam experiments have discovered two of the three known neutrino flavors
and are currently searching for evidence of more (BSM) neutrino types. Finally, as-
trophysicists examine neutrinos from outer space. This thesis will focus on beam,

solar and supernova neutrinos.

2.3.1 Beam Neutrinos. Particle accelerators produce neutrino beams by striking
protons on a stationary target. The resulting interactions produce mesons, primarily
pions and kaons. The charged mesons are then focused by magnetic horns; an illus-

tration of the effect of the horns is found in Figure 2.3. The horns also filter mesons

10 meters

Figure 2.3. An illustration of the effect on the paths of charged hadrons from magnetic
focusing horns. The proton beam enters from the left, striking the target and
producing hadrons. The vertical scale is four times the horizontal scale. Image
from [6].

based on charge sign by changing the polarity of the horns. This in turn changes the
ratio of neutrinos to antineutrinos. By adjusting the spacing of the horns, it is pos-

sible to produce higher or lower energy neutrino beams. After the horns, the mesons
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decay in the decay pipe, producing muons, muon neutrinos and antineutrinos and
a small amount of electron neutrinos and antineutrinos, as shown in Eqgs. 2.6 — 2.9.
These neutrinos then pass through rock, which stops all particles except neutrinos.
Unlike charged particle beams, the neutrinos in a beam do not all have the same

energy, and the beam itself covers a degrees-wide angular distribution.

=+, T ot +y, (2.6)
Kt —=pum+u, K™ —=u +p, (2.7)
pwo=e  +try,  ut—oet+u+p, (2.8)
Kt —n4+et4+v., K —=1+e +70, (2.9)

There are two neutrino beams currently used at Fermilab: the Neutrinos at
the Main Injector (NuMI) beam and the Booster Neutrino Beam (BNB). The NuMI
beam is of higher energy and is used for long-baseline experiments. The BNB is
used for short-baseline experiments. The neutrino beams are created by protons sent
through the Fermilab accelerator complex, which begins with a bottle of hydrogen.
An extra electron is added to the hydrogen atom, giving it a negative charge. These
ions are accelerated in the Pre-Accelerator to 750 keV. The ions are then sent into
the Linear Accelerator which accelerates them to 400 MeV. Both electrons are then
stripped off, and the protons enter a synchrotron called the Booster which accelerates
them to 8 GeV. After the Booster, some protons are directed to the BNB target, while
others are sent to the Main Injector. The Main Injector accelerates protons to 120

GeV after which they are sent to the NuMI target or other fixed target experiments.

The NuMI beam was designed for the Main Injector Neutrino Oscillation
Search (MINOS) experiment [42] and is the beam used for three other Fermilab

experiments, NOvA, MINERvA and ArgoNeuT. The NuMI beam uses 120 GeV pro-
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tons from the Main Injector which strike a graphite target. The target is 15 mm tall,
6.4 mm wide and 95.38 cm long. The infrastructure also features two magnetic horns,

a hadron monitor, hadron absorber and three muon monitors, shown in Figure 2.4.

Muon Monitors

Target Hall Decay Pipe < -
& i p Absorber
N =N
Target "
Protons from \
—_—

Main Injector -

m 2
30m 675 m H
5m

.. — —
12m 18m 210m

Hadron Monitor
Rock

Figure 2.4. Diagram of infrastructure for the NuMI beam. Image from [6].

The NuMI beam can be operated in several modes. By adjusting the polarity
of the horns, either positively or negatively charged hadrons can be focused. Thus,
the beam can be operated in neutrino mode, where the beam is mostly (94%) muon
neutrinos, or in antineutrino mode, where the beam is 58% muon neutrino and 40%
muon antineutrino. The beam also contains also a small amount of electron neu-
trinos and antineutrinos. When the NuMI beam was designed, the neutrino mass
difference Am3,, an important number for oscillation studies, was not well known.
Since neutrino oscillation probabilities depend on this value, the MINOS collabora-
tion wanted a beam whose energy could be modified depending on the value of Ams3,.
Consequently, one of the horns can be moved, allowing for changes to the energy
spectrum of the beam. The NuMI beam has three configurations: low, medium and
high-energy. The spectra of these configurations is given in Figure 2.5. During the
majority of the beam’s operation, the low-energy setting was used. The profile of this
mode is seen in Figure 2.6; more detail about the construction and operation of the

NuMI beam is given in [6].

To create the BNB, 8 GeV protons from the Booster strike a Beryllium target.
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Figure 2.5. Flux of neutrinos from the NuMI beam with different horn settings.
Perfect focusing refers to every pion being perfectly focused along the beam axis.
The y-axis indicates the event rate at the MINOS far detector; it is included here
to describe the relative fluxes. Image from [6].

There is only one fixed horn, so while the polarity of the horn can be changed, the
energy spectrum cannot. The BNB does not have any hadron monitors, but does
have a muon counter located at an angle off the beamline. Because the proton beam

is of lower energy, the neutrino spectrum, shown in Figure 2.7, is also of lower energy.

Beam neutrinos have several advantages over other sources. For one, the source
can be turned on or off, allowing an experiment to obtain data describing non-beam
backgrounds. Backgrounds can be minimized by reading out the detector only when
neutrinos are expected to arrive at the detector. This is known due to the timing of the
accelerator. The energy and flavor spectrum of the neutrinos can also be changed by
changing the polarity of the horns and/or by changing the spacing of the horns. While

accelerators produce mostly muon neutrinos and antineutrinos, with some electron
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Figure 2.6. Flux of neutrinos from the NuMI beam operating in the low-energy,
antineutrino mode and entering ArgoNeuT, a liquid argon detector, 1 km down-
stream. Image from [7].

(anti)neutrinos, it is also possible to produce tau neutrinos, as was done for the
DONUT experiment. Furthermore, as shown in Figure 2.2, higher energy neutrinos
have larger cross-sections, which results in more detections. Accelerator sources do
have some disadvantages. For one, an accelerator is expensive to operate. In addition,

the beam is not perfectly flavor/matter pure, unlike the sun and nuclear reactors.

2.3.2 Solar Neutrinos. The sun is powered by nuclear fusion, which also makes
it a source of neutrinos. For all main sequence stars, the primary process is the

proton-proton (pp) chain, which begins with the following reaction:
p+p—d+et +v,+0.42 MeV. (2.10)

It is also possible, but far less common (0.4% probability), to produce deuterium d
by the reaction
p+e +p—d+v.+ 1.442MeV, (2.11)
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Figure 2.7. Flux of neutrinos from the BNB beam at MiniBooNE. The flux is roughly
the same for all BNB experiments. Image from [8].

called the “pep” reaction. The neutrinos in this reaction are monoenergetic at 1.442
MeV. The deuterium can then react with another proton to produce *He and a photon.

There are many possible reactions involving *He. One is called the “hep” reaction:
*He +p — *He + et + v, + 18.77 MeV. (2.12)

Alternatively, the *He can then react with another *He to produce “He, or it can react

with a *He to produce "Be and a photon. The "Be can interact with an electron,
"Be+ e~ — "Li+ v, + 0.862 MeV, (2.13)

producing “Be neutrinos, which are monoenergetic at 0.862 MeV. There is a small
probability (0.02%) that "Be will react with a proton, producing 8B. The 8B decays,

producing ®B neutrinos:

’B — ®Be* + et + v, + 15.04 MeV. (2.14)
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For stars with masses around one solar mass and above, the pp chain is not
enough. The next step is the Carbon-Nitrogen-Oxygen (CNO) cycle, in which protons
fuse with carbon and nitrogen, producing nitrogen and oxygen, respectively. The
nitrogen and oxygen undergo beta decay, producing more electron neutrinos. The
fluxes of these sources are given in Figure 2.8. More information about these processes

can be found in [9,43,44].
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Figure 2.8. Solar neutrino flux spectrum listing the sources mentioned in the text.
Image from [9].

Solar neutrino experiments have provided us with oscillation measurements [45]
as well as a measurement of the MSW effect on oscillations in matter [46]. These mea-
surements have also validated the Standard Solar Model by measuring the predicted

neutrino flux. Future measurements are described in detail in [3,47].

2.3.3 Supernova Neutrinos. Supernovae are one of the most spectacular events
in the universe. They arise at the end of the life of a star, when the star explodes.

A supernova can come about in two possible ways. In one, a white dwarf gains mass
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by accretion from a companion star. In the other, the iron core of a massive star
collapses. Studies of neutrinos from supernovae can provide information on not just
supernovae but also on neutrinos themselves. Supernova neutrinos are low energy

(tens of MeV), compared to beam neutrinos [11,27,48].

A Type II supernova occurs at the end of all stages of nuclear burning. Stars
more massive than the sun undergo stages of fusion beyond those already described,
and stars with a mass greater than ten solar masses undergo all stages, ending with
silicon burning. Silicon burning produces iron, which does not undergo fusion. The
star is then left with an iron core. Surrounding the iron core are shells of silicon,
oxygen, neon, carbon, helium and hydrogen. Until this point, fusion has kept the
star’s core from collapsing in on itself. After this, degenerate electrons will prevent
the collapse, but as the shell grows, the electrons become relativistic. The electrons
will fail to prevent the core from collapsing once the the mass of the core reaches the
critical point of the Chandrasekhar mass. Furthermore, the high temperature and
density of the core allow for two processes which absorb energy from the core and
trigger the collapse of the core, nuclear photodisintegration and electron capture. In
nuclear photodisintegration, thermal photons break iron nuclei into nuclei that are
not as tightly bound. The amount of energy lost by the core is enormous, equal to the
amount of energy the sun radiates in 10 billion years. In electron capture, an electron
is captured by a proton to produce a neutron and electron neutrino. Since neutrons
are formed, this process is called “neutronization.” When the density of the iron core
is high enough, the Fermi energy of the electrons is sufficiently high to overcome the
energy barrier for electron capture. The density of electrons in the core is so high that
beta decay cannot occur, and the electron capture process continues. The amount of
energy lost via this process is of the same order as that via photodisintegration; in
this case, the energy is lost via electron neutrinos. The core stops collapsing when

the density of the core is greater than nuclear matter. This is followed by a shock
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wave which produces an explosion. Following the explosion, a neutron star is left.
The last two of these stages are extremely complex and only partially understood;
see Ref. [49] for a brief overview. If this neutron star is massive enough, a black hole

will form [11,27,48].

The production of supernova neutrinos during the core-collapse of a massive
star can be divided into three stages. The first step is neutronization which produces
v, from electron capture and lasts tens of milliseconds. Next comes the accretion
phase, lasting tens to hundreds of milliseconds, where again v, are produced. The
final phase is the cooling phase. This segment, which lasts tens of seconds causes
most of the gravitational binding energy to be lost. Neutrino-antineutrino pairs of
all flavors are produced in almost equal amounts. This “neutrino blackbody cooling”
is the primary method of energy release and dictates the energy spectrum of the
neutrinos. Electron neutrinos interact most with the matter inside the core because
of the large number of neutrons present. Electron antineutrinos can interact with
the protons left in the core, so the number of their interactions is larger than for all
remaining neutrino flavors (i, 7, and their antimatter counterparts, collectively called
v;). These v, are not energetic enough to create their corresponding charged lepton,
so they can only undergo neutral current interactions. Neutral current interactions
take away less energy from the neutrino, so there is a hierarchy of the average energy
of neutrino flavors: (E, ) > (Ep,) > (E,.). The spectrum of neutrinos produced is
given in Figure 2.9. It is important to note that oscillation effects in such a dense
medium are not fully understood and could substantially alter the spectrum seen in

the Figure [11,27,48].

The only core collapse supernova observed by neutrino detectors was super-
nova 1987A, detected on February 23, 1987. Three detectors, Kamiokande, IMB and

Baksan, saw a total of 24 events over 13 seconds caused by interactions of neutrinos
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Figure 2.9. Supernova neutrino spectrum. The dip in the v, spectrum is due to
collective effects. Note that oscillation effects in such a dense medium are not fully
understood and could substantially alter the spectrum. Image from [10].

from the supernova. The relative event times and energies of the neutrinos are given
in Figure 2.10. All of the neutrinos detected were 7, with an average energy of 12.5
MeV. Calculating the flux using these observed neutrinos reveals that around 1053 erg
was released from the supernova; this number agrees with supernova models. Since
the flux matched expectations, a lower limit on the lifetime of the neutrino can be
set: 10° years. In addition, from the spread of arrival times, limits on the mass of the

neutrino can be placed: my, < 5.70 eV [11].

While photons may take several hours to exit a supernova due to interactions,
neutrinos escape more quickly. Because of this, they provide a better picture of
the activity inside a supernova, such as the processes occuring at each phase. The
neutrino signal will test the accuracy of models of supernova neutrino production, such

as the time and flavor profiles. In addition to learning about supernovae, supernova
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Figure 2.10. Relative event times and energies of neutrinos from SN1987A. Image
from [11].

neutrinos provide insight into neutrinos themselves. Studies of supernova neutrino
flavors and energies provide another probe of the mass hierarchy and one of the mixing
angles. This is possible because both neutrinos and antineutrinos are produced,
but the spectra of v, and v, depends on the mass hierarchy. Finally, they can also
provide an early warning for astronomers wishing to optically observe a supernova. By
detecting elastic scattering of neutrinos with electrons, it is possible to determine the

location of the supernova using the direction of the scattered electron [10,27,50-53].
2.4 Neutrino Interactions

Neutrinos only interact with matter via the weak force, mediated by either
the neutral Z boson or the charged W boson. In the former case, the interaction is
a neutral current (NC) interaction, while in the latter it is a charged current (CC)
interaction. Charged current interactions result in the production of a charged lepton,
the flavor of which depends on the flavor of neutrino that interacted. For this to occur,
the energy of the neutrino must be higher than the mass of the charged lepton. A

NC interaction produces no charged lepton. Experimentally, CC interactions can
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be used to study oscillations between the three active neutrinos, as they produce a
lepton which identifies the flavor of the interacting neutrino. On the other hand,
NC interactions produce no lepton, so it is impossible to determine the flavor of the

interacting neutrino.

At neutrino energies of around 0.1 —20 GeV, common for accelerator produced
neutrinos, interactions are typically further classified as one of four types, for both
CC and NC interactions. The first is quasi-elastic scattering, shown in Figure 2.11,
where the neutrino elastically scatters off a nucleon. In CC neutrino interactions,
a proton is turned into a neutron, while in CC antineutrino interactions, a neutron
turns into a proton. This interaction for both neutrinos and antineutrinos is shown

in Eqgs. 2.15 — 2.17 below.

Vv 'F_ Vv Vv

n P ! 2!

Figure 2.11. Charged current (left) and neutral current (right) neutrino interactions
on neutrons. Note that the neutral current reaction produces no charged lepton.

Ve+n—e +p Tetp—e +n (2.15)
vitn—u +p  T,+p—pt+n (2.16)

vi+n—=T1 +p  Ur+p—=Th4+n (2.17)
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In both CC and NC interactions, the nucleon is freed. As the freed nucleon
travels within the nucleus, it can scatter off of other nucleons, freeing them as well.
This is referred to as “final-state interactions.” A CCQE interaction could thus have
multiple protons and neutrons emitted. The nucleus itself can be left in an excited
state. To de-excite, the nucleus will release photons and possibly other nucleons. A

study of these de-excitation photons will be discussed later.

The second class of interactions is resonance production which is an inelastic
interaction. Here the struck nucleon is excited, creating a baryon resonance. When
the resonant state decays, nucleons and mesons are produced, commonly pions, as
shown in Eqs. 2.18 — 2.20 for CC interactions and Eqs. 2.21 — 2.24 for NC interactions,

where [ can be e, p or 7.

v+p—1-+p+at Uitp—=lt+pt+a (2.18)
v4+n—=1+p+a°  T4+p—=lt4+p+a° (2.19)
v+n—=1"+n+at idn =1t dn+a (2.20)
v+p—uy+p+a° T +p—ou+p+a° (2.21)
v+p—=uy+n+at U4+n—70,+n+n° (2.22)
v+n—uy+n+n° T4+n—70,+n+n° (2.23)
vi+n—uy+p+n Ui+n—v+p+n (2.24)

The baryon resonance can also decay to one or more photons. While the branching
ratio of the latter decay is small, it does provide a background to some oscillation
studies, as e.g. Cherenkov detectors cannot distinguish between an electron and a
photon. Single pions may also be produced by coherent scattering. In coherent

scattering, a neutrino scatters with the nucleus (N) providing little energy to the
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nucleus. The result is a forward-going pion and a nucleus left in its ground state. The

CC and NC versions of this interaction are given in Eqs. 2.25 and 2.26, respectively.
n+N—=>pu +N+at U +N—->put+N+7 (2.25)

v+N-—->y+N+7° 7,+N->7+N+x° (2.26)

The final interaction type is deep inelastic scattering, where the neutrino in-
teracts with a quark in the nucleon. This type of interaction is typically seen in
experiments as a shower of hadrons, since the scattered quark combines with other
quark(s). As shown in Figure 2.12, quasi-elastic interactions dominate at lower ener-

gies, while deep inelastic scattering dominates at higher energies [5].
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Figure 2.12. Measurements of cross sections for quasielastic scattering, resonance
production and deep inelastic scattering for neutrinos. From [5].

It must be noted that experiments typically classify interactions based on their

topology, i.e. the particles detected. Experiments are unable to see what occurs in
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the nucleus (the final state interactions); charged particles have energy thresholds
for detection, and neutral particles are difficult to see, so it is difficult to determine
exactly the category of interaction (quasi-elastic, resonant production or DIS) that
occurred. With a high-resolution detector with low thresholds, one can see more
of the activity exiting the final state nucleus. LArTPCs have high resolution (few
millimeter) and low thresholds (10 MeV for pions, 21 MeV for protons) and are thus
able to observe complex topologies, for example protons emitted back-to-back [17]

(also Fig. 4.2).
2.5 Neutrino Oscillations

As mentioned earlier, the only confirmed physics beyond the Standard Model
is neutrino oscillation. This is due to the fact that neutrinos have mass, and that
their mass eigenstates are not the same as their flavor eigenstates. This section will
explore the theory behind neutrino oscillations, tests of this theory, consequences of

oscillations and planned studies.

We will begin by deriving the equations for neutrino oscillation. This follows
from [29]. A neutrino in a flavor state |v,) (o = e,p,7) can be described as a

superposition of massive neutrino states |v;):

Ve) = Z i) (2.27)

where the mixing matrix U}, is the Welght of the mass state in the flavor state. The
massive neutrino states are eigenstates of the Hamiltonian, and their time evolution

can be described as

() = e B

Vi) (2.28)

where F; = \/p? + m? is the energy eigenvalue. This implies the flavor state’s (|v,))

evolution over time is given by

balt) = 3

(2.29)



26
Now, since U is unitary, the mass states can be written in terms of the flavor states:

Vi) = Z Usgi [Va) - (2.30)

If we insert Eq. 2.30 into Eq. 2.29, we obtain the time evolution of a flavor state in

terms of flavor states:

|va(t) Z (Z E) |vg) (2.31)

where 8 = e, u, 7. The probability of oscillating from one flavor to another as a

function of time can be obtained by taking the modulus squared of Eq. 2.31.
Py () = | (vg|va(t) Z i UsiUa Up e B EDE, (2.32)

For ultrarelativistic neutrinos,

m
E,~FE+ —, 2.33
+op (2.33)
SO
m2 — m2
B —Fi~—t 3 2.34

Defining Amg; = m7 —m3, Eq. 2.32 can be written as

Am? t}

Py (t Z aiUpiUajUs; exp {—z oY (2.35)

Oscillation experiments know the distance L traveled by the neutrino, but not the
time. Assuming that the neutrino travels at (almost) the speed of light, so t = L,

Eq. 2.35 can be written as

Am L]

Py (t Z UsilUa, U, exp{ o7 (2.36)

For antineutrinos, one takes the complex conjugate of the mixing matrices, thus

am L} . (2.37)

Py, o, (1 Z UaiUsUs;Usj exp {—z 5
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The theory of neutrino oscillations is considerably simplified if one examines
just two flavors of neutrinos. If there are two flavors of neutrinos, v, and v,, and if a
neutrino oscillates between the two flavors, then neither flavor is a eigenstate of the
Hamiltonian. We will call the true eigenstates v, and v,. We can convert between

the flavors and eigenstates in the following way:

V1 cosf) —sinf Ve

= . (2.38)

Vo sinf) cos@ Vi

—iEit/h to 1y and 15 to the initial states, we

If we apply the usual time dependence e
obtain

vi(t) = —sin e PV py(t) = cos fe 2, (2.39)

If we feed this into the original matrix (Eq. 2.38), solve for v, and take the modu-
lus squared, we obtain the probability of an electron neutrino turning into a muon
neutrino. We can generalize this and write the probability of a neutrino of flavor «

turning into the other flavor 3, also called the “appearance probability” as:

(2.40)

Am?cL
P vy = sin® 26 sin? (L> ,

4hE

2

- is the difference of the squares two mass states, L is the

where Am?* = m3 —m
baseline, or the distance at which the neutrinos are detected, and E is the energy of the

neutrino. Experiments measure the appearance and/or disappearance of neutrinos.

While the two-flavor approximation is quite useful in most experiments, it is
worth including the matrix which governs three-flavor neutrino oscillation, called the

Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix:
—ib

C12C13 S512€13 S513€

— —i§ —is
Upnins —512C23 — C12523513€ " C12C23 — S12523513€ " S923C13 (2.41)

—i —id
512523 — C12€23513€ —C12523 — 512€23513€ C23C13,
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where ¢;; = cos0;;, s;j =sinb;;, 1,5 € {1,2,3},7 # j and § is the CP-violating phase.
If neutrinos are their own antiparticles, called Majorana fermions (Dirac fermions if
not), then the matrix in Eq. 2.41 needs to be multiplied on the right by another,

diagonal matrix:

1 0 0
0 e 0 |, (2.42)
0 0 esom

where ap; and as; are the two Majorana CP violating phases.

Several experiments have studied neutrino oscillations. This is typically done
with the use of two or more detectors, one placed closer to the source of neutrinos
(called a “near detector”) and one placed further from the source of neutrinos (“far
detector”). The near detector is usually placed close to the source of neutrinos and
is used to study the flux of neutrinos before oscillation occurs. The far detector is
usually placed at a distance where neutrino oscillation is maximal (see Eq. 2.40).
For reactor neutrino experiments, this distance can be as low as a few meters, while
for accelerator neutrino experiments it may be hundreds of kilometers. Accelera-
tor neutrino experiments such as MINOS, K2K, T2K and NOvA have determined
the atmospheric mixing angle 3. As mentioned earlier, neutrino beams primarily
produce muon neutrinos, so beam neutrino experiments study the disappearance of
muon neutrinos and the appearance of electron neutrinos. The muon neutrinos may
oscillate into tau neutrinos, however detection of tau neutrinos is even more difficult.
For one, the energy required to produce a tau lepton (3.5 GeV) may be higher than
the neutrino energy, and the lifetime of the tau lepton is very short (< 3 x 10713 s),
making detection of the tau lepton difficult. Nuclear reactors produce only electron
antineutrinos, so reactor neutrino experiments can determine the solar mixing angle

013 by searching for electron antineutrino disappearance. Since the energies of reac-
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tor neutrinos are too low (MeV-range) to produce muons or tau leptons, the study
of muon/tau neutrino appearance is not possible. Daya Bay [54] determined 63 to
high precision. The current values of the mixing angles and mass splittings are given

in Table 2.3.

Before completing the discussion of neutrino oscillations, it is worth noting two
classes of oscillation anomalies which can be explained by the existence of a fourth,
“sterile” neutrino. The first comes from reactor experiments and is called the “reac-
tor anomaly.” Several reactor experiments reported a deficit of electron antineutrinos
from nuclear reactors. This deficit may be explained by an incorrect calculation of
the neutrino flux or systematic uncertainties, or it can be explained by the oscilla-
tion of electron antineutrinos into a sterile antineutrino which is undetectable. The
PROSPECT experiment has already studied this anomaly, and its findings indicate
the existence of sterile neutrinos is unlikely [55]. The other anomaly comes from
beam neutrino experiments. Both the LSND and MiniBooNE experiments reported
an excess of electron neutrino events. LSND and MiniBooNE were placed in neutrino
beams comprised of mostly muon (anti)neutrinos. Both detectors work by observing
Cherenkov light and were placed at locations where L/FE is the same. As with the
reactor anomaly, these anomalies can be explained by the existence of sterile neutri-
nos, or incorrect knowledge of backgrounds [28]. This latter anomaly will be tested

in MicroBooNE and the SBN program, discussed in Sec. 3.4.1.

Sterile neutrinos differ from the other three neutrinos (called “active”) in that
they do not interact by any force except for gravity. Since the decay width of the Z
boson limits the number of active neutrinos to three, any additional neutrinos must
be sterile or much more massive. Despite the fact that they don’t interact via the

weak force, it is possible to test for the existence of sterile neutrinos, as discussed
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later in Sec. 3.4.2. Further discussion of sterile neutrinos can be found in [56].
2.6 Neutrino Mass

The discovery of neutrino oscillations proved that neutrinos have mass, but
the absolute masses of the mass states are unknown. From cosmology, we know
the the sum of the neutrino masses must be less than 0.170 eV/c?, although these
limits are dependent on the validity of the standard cosmological model. Oscillation
experiments tell us only the differences of the squares of mass states, so it is not

possible to tell which mass state is the heaviest.

Since there are three neutrino masses, there are three mass splittings: Am3, =
m3 — m?, Am32, = m32 — m3 (often called the “atmospheric’ mass splitting) and
Am?, = m% —m? (called the “solar” mass splitting), but only two are independent as
Am?, = Am3; + Am2,. While it is known that my > m;, and the magnitudes of the
splittings are known, it is not known whether mg > ms, called normal hierarchy (NH)

or my > mg, called inverted hierarchy (IH), however experiments indicate normal

hierarchy is favored [1,2,33].

In addition to not knowing what the masses of the neutrinos are, we also do
not know how neutrinos get their mass. To begin to see the problem, we can start

with a general mass Lagrangian:

mp My (0
) , (2.43)

— 2% = % (1@ e

my; Mp Y°
where mp and mj; are called the Dirac and Majorana mass terms, respectively. To
obtain a mass, we can diagonalize the matrix. The eigenvalues are mp 4 |my|. If
my; = 0, the matrix is diagonal to begin with, and the eigenvectors ¢ and ¢ are

not charge conjugation states. We are left with a Dirac particle, which obtains its

mass from the Higgs mechanism. If this is not the case, we are left with Majorana
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neutrinos, which obtain their mass by different means. One theory for the source of

neutrino mass is called the “see-saw mechanism” [29,57].
2.7 Neutrino Detection

Detecting neutrinos is one of the most difficult parts of neutrino physics. Neu-
trinos only interact via the weak force; therefore, the interaction cross-section is small.
While it is true that cross sections increase as energy increases, as shown in Figure 2.2,
even the highest cross sections shown in the Figure are well below that of electron
scattering. When a neutrino does interact in a detector, all that is seen is some of
the products of that reaction. When charged particles travel in a medium, they ion-
ize atoms along the way, making their existence and path detectable. Neutrinos are

neutral, so their trip though matter is invisible.

The way to alleviate this problem is to use an intense source of neutrinos
and/or a large detector. Nuclear reactors and particle accelerators work well as they
a have large neutrino flux. Large detectors are used since they provide many oppor-
tunities for incoming neutrinos to interact. There are a variety of neutrino detectors
currently operating. Some, like Super-K, use a large tank of liquid surrounded by
photomultiplier tubes (PMTs) to detect Cherenkov light. Others, like NOvA [58]
and PROSPECT [59] use scintillator material and PMTs or other light detectors.
Unlike Super-K, NOrvA and PROSPECT are segmented detectors which allows them
to resolve several sources of activity, but not all of the detector volume is active. A
third detector is the liquid argon time projection chamber, which has the advantage

of being fully active while still providing the advantages of a segmented detector.
2.8 Beyond the Standard Model and Millicharged Particles

While the Standard Model correctly describes much of what is known about

particle physics, it is not a complete description of the Universe. The Standard
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Model sets the mass of neutrinos at zero, with no oscillation between the flavors,
but experiment has shown otherwise. The Standard Model says nothing about the
nature of dark matter, which makes up around a quarter of the Universe, nor does
it say anything about dark energy, which makes up 70% of the Universe. We live in
a matter, and not antimatter dominated universe, but equal amounts of matter and

antimatter were produced in the early Universe, providing yet another mystery.

There are many theories of Beyond the Standard Model (BSM) physics which
seek to explain these and other puzzles of the universe, or seek to provide an expla-
nation of anomalous results in particle physics and astronomy. The vast majority
of these are beyond the scope of this thesis. Sections 2.5 and 2.6 touched on two
of these topics, namely neutrino oscillation, mass and the possible existence of ster-
ile neutrinos. Another topic which will be discussed in the following is millicharged

particles.

All free particles in the Standard Model have a charge which is an integer
multiple of the charge of the electron. While quarks have fractional charges, they
are always found in bound states where the total charge is an integer. It is possible,
however to develop a theory where free particles exist with charges much smaller than

that of the electron. Such particles are called “millicharged particles.”

Millicharged particles arise out of a theory of a dark sector with a U(1)" gauge
symmetry. In this dark sector, there exists a massless photon which couples to our
photon, a process called kinetic mixing, but with a small coupling constant. The
result is that dark sector particles, which have integer charge in their world, appear
to us as having fractional charge. The Lagrangian for such particles interacting in

the standard electromagnetic field is:

L = ixy"0,x — my XX + QA XX (2.44)
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where m, is the Dirac mass of the particle, @), is the charge, A, is the ordinary

photon, v* are the Dirac matrices [60].

Millicharged particles have been proposed as a solution to the EDGES anomaly
and may constitute up to 2% of the dark matter in the Universe. The parameter space
of these particles is constrained by astrophysical events, for example supernova 1987A

big bang nucleosynthesis and by experiments, for example at SLAC and the LHC [61].

These particles can be produced in a particle accelerator by striking a proton
beam onto a fixed target. The millicharged particles arise via the decays of neutral
mesons or direct Drell-Yan pair production arising from proton interactions in the
target [21,62]. A Feynman diagram of a pair of millicharged particles produced in
a 70 decay is shown in Figure 2.13. This production process is similar to that of
beam neutrinos discussed in Section 2.3, except that neutrinos arise from charged,
not neutral mesons. Indeed, a fixed target producing neutrinos can also produce
millicharged particles. While the magnetic horns focus the charged mesons, thereby
constraining the width of the neutrino beam, the horns have no effect on the neutral
mesons and little effect on the millicharged particles, so the beam of millicharged

particles is much wider.

X

Figure 2.13. Feynman diagram of a pair of millicharged particles produced by the
decay of a 7 meson.
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Several authors have proposed ways to search for these particles [21,60,63].
Chapter 6 presents the results of a search for millicharged particles using a liquid

argon time projection chamber.
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Table 2.1. Masses and Charges of Particles in the Standard Model. Neutrinos are
treated as massless in the SM. Charge is given in units of the charge of the electron.
Values from [1].

Particle Mass (MeV) Charge

U 2.2 2/3
d 4.7 -1/3
c 1280 2/3
5 96 -1/3
t 173000 2/3
b 4180 -1/3
Ve 0 0
vy 0 0
vy 0 0
e 0.511 -1
I 106 -1

T 1780 -1




36

Table 2.2. Generations of the Standard Model. From [2]

First Generation Second Generation Third Generation

U c t
d s b
Ve Y Vr
e 0 T

Table 2.3. Current best-fit values for neutrino mixing angles, mass splittings and CP
violating phase. From [1].

Parameter Value

AmZ, 7.37 x 107° eV?

Am2, 2.56 x 1073 eV

sin? 01, 0.297
sin? fo3 (NH) 0.425
sin® A3 (IH) 0.589
sin? 013 (NH) 0.0215
sin? 63 (IH) 0.0216

§/m 0.38
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CHAPTER 3
THE LIQUID ARGON TIME PROJECTION CHAMBER

The three particle detectors commonly used in neutrino experiments are liquid
scintillator detectors, Cherenkov detectors and liquid argon time projection chambers
(LArTPCs). Cherenkov detectors such as Super-K, SNO and MiniBooNE consist of
a tank of liquid, usually water, surrounded by light detectors, usually PMTs. The
detectors operate by detecting Cherenkov light emitted as particles travel through the
detector medium. Cherenkov light is emitted when a particle travels faster than the
speed of light in the medium. The result is an electromagnetic shockwave, similar to
the one produced when an object travels faster than the speed of sound in a medium.
The pattern of light is different for different particles, allowing the detector to dis-
tinguish between particle species. The notable exception is electrons and photons,

which appear the same to a Cherenkov detector [64].

Scintillation detectors consist of cells optically separated from each other and
filled with liquid scintillator. A PMT or other light detector is attached to each cell
to observe the scintillation light produced when a particle passes through the cell. By
examining the light pulses, it is possible to distinguish between different particles, a
technique called “pulse shape discrimination.” This technology, used by NOvA and
PROSPECT, has the advantage of rapid readout. A disadvantage is that it must be

segmented, so not all of the detector is active [64].

The liquid argon time projection chamber (LArTPC) is the third currently
popular technology for neutrino experiments. One if its main advantages is its high
resolution in 3D. The ability to zoom in on particle activity, down to a few millime-

ters, is essential when one wishes to detect low energy particles which travel a short
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distance. There are other detectors which have as good or even better resolution,
for example bubble chambers, but LArTPCs have several advantages. For one, they
provide calorimetric information, a necessary component for particle identification.
LArTPCs are also easily “reset,” meaning the detector is back to its initial state soon
after the event occurred. LArTPCs record particle tracks in 3D, compared to 2D for
bubble chambers. In addition, LArTPCs can be scaled to large sizes, where again the

volume is fully active.

A noble liquid/gas must be used in TPC experiments so electrons ionized by
neutrino interaction final-state particles do not attach to the medium. Noble liquids
other than argon may be chosen as the detector medium, but argon has several
advantages. First, it is inexpensive, so scaling to large sizes is cost-effective. Liquid
nitrogen can be used to keep the argon at liquid temperatures (87 K), which is also
cost-effective. At ~ 1.4 g/cm?, liquid argon is dense, increasing the likelihood of and
number of neutrino interactions. Finally, argon is transparent to its own scintillation

light.

LArTPC technology is currently in use in the MicroBooNE detector at Fer-
milab and the protoDUNE [65] detector at CERN. Previous LArTPCs, such as Ar-
goNeuT [15], ICARUS [66] and LArIAT [67], have demonstrated this technology’s
potential, and several other LArTPCs will operate in the future, such as SBND [28]
and DUNE [27], in addition to the reuse of the ICARUS detector at Fermilab [28].
The use of the LArTPC in DUNE ensures this technology will play a central role in
neutrino physics for decades to come. While the operation of all LArTPCs is similar,
this chapter uses examples mainly from ArgoNeuT, as it is the detector used for this

thesis.

In addition to describing this detection technology, this chapter also describes

the propagation of particles through liquid argon, focusing on photons and neutrons,
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and provides the background for the low-energy photon study discussed in subsequent
chapters. This chapter also describes how millicharged particles propagate through

liquid argon.
3.1 Principle of Operation

The principle of operation of a LArTPC is as follows. As charged particles
traverse the liquid argon medium, they ionize electrons at a rate of about 42,000
electrons/MeV. A cathode biased at a high voltage, typically on the order of 10° V,
along with a field shaping cage, create a uniform electric field. This electric field
causes the ionized electrons to drift at a constant velocity to a series of sensitive wire
planes (usually two or three). Figure 3.1 shows the layout of these components and
how a neutrino interaction event might be reconstructed. The wire spacing (pitch)
within each plane is typically between 3-5 mm with the wires in each plane oriented
at an angle with respect to the other planes. Ionized electrons first encounter two
induction planes. The wires on these planes detect the electrons as they approach and
travel away from the wires, yielding a bipolar waveform. After passing the induction
planes, the electrons are collected on the collection plane, where the waveform is

unipolar.

In each detector readout, each wire signal is sampled at a rate of a few mega-
hertz. When a LArTPC is used in a neutrino or charged particle beam, the total
readout time is typically longer than the maximum drift time. This is done to exam-
ine activity occurring before and after the beam arrives and to account for the spread
of arrival times for beam particles. The black line in Figure 3.11 shows the signals
recorded on one induction plane wire (top) and one collection plane wire (bottom) in
the ArgoNeuT TPC (see Sec. 3.3). The wire signals for a triggered detector readout
are collected into an event. The wire signals are then processed in an automated

reconstruction (see Sec. 3.5).
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Figure 3.1. Diagram of LArTPC operation. As charged particles travel through
the liquid argon, electrons are ionized. A cathode (left) biased at a high voltage
creates an electric field which causes the ionized electrons to drift to planes of
wires (middle) which detect the electrons. Wave forms on wires are read out, and
the activity of the charged particles is reconstructed (right). No light collection
system is shown here, however it is typically placed behind the wire planes. Image
from [12].

Scintillation light is also produced as a charged particle travels through the
argon and ionizes or excites the argon. Ionized argon atoms can combine with other
nearby argon atoms, producing an excited state. An excited atom returns to its
ground state by the emission of photons. To detect this light, a light collection
system, typically PMTs, is placed behind the wire planes. In argon, the emitted light
has a wavelength of 128 nm (9.39 eV) with ~ 10* photons/MeV emitted. This is in
the vacuum ultraviolet (VUV) range and is invisible to commonly used light collection
systems, so wavelength-shifting compounds are applied to the PMTs to turn the VUV

light into visible light [27].
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The scintillation light is mainly used to trigger the detector readout. As scin-
tillation light arrives at the PMTs almost immediately (ns) after it is emitted, wire
readout can begin as soon as a neutrino interaction occurs. This allows for an accu-
rate determination of the drift coordinate. Since the detection of scintillation light
indicates the presence of particle activity in the event, only events with scintillation
light (and therefore activity) are read out. This reduces the number of “empty” or

“neutrino-free” events and lowers the amount of data storage space required.
3.2 Particle Propagation Through Argon and Detection

After a neutrino interacts, neutral and charged particles are produced and
subsequently travel through matter. By obtaining information about these secondary
particles, such as their multiplicity, type and energy, it is possible to reconstruct the
neutrino interaction. In order to determine this information about the secondary
particles, it is necessary to know how they propagate through matter. The behavior
of charged particles and low energy (< 10 MeV) photons, neutrons and millicharged

particles, which are the subject of this thesis, is described below.

3.2.1 Charged Particles. Fast moving charged particles lose energy in collisions
typically < 100 eV which ionize or excite atoms in the medium. For particles more
massive than the electron and traveling at moderately relativistic speeds, the average

rate of energy loss, dFE/dx is given by the Bethe equation:

dE\ . ,Z 1 (1. 2m.c*B*v*Wiax s 1
<—%> =Kz ZE (§ln IE - P = 55(57) ) (3.1)

where K is a constant, z is the charge number of the incident particle, Z is the atomic
number for the medium, A is the atomic mass for the medium, 5 = v/c , m, is the
mass of the electron, ¢ is the speed of light, v is the relativistic gamma, Wi., is
the maximum energy transferred to an electron in a single collision, [ is the mean

excitation energy and §((8v) is a density effect correction. Multiplying the Bethe
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equation by the density of the medium gives the linear stopping power, or the energy

loss per unit length.

Although (dE/dz) is used frequently, it does have drawbacks, namely the
average is weighed by a few very high energy collisions. It is sometimes better to use

the most probable value of dF/dx:

I I

zf(lnw—i—lné—i—j—ﬁz—5(ﬁfy)>, (3.2)

where £ = (KZz%1)/(2A3?), x is the thickness of the liquid argon cell and j is a

constant. More information can be found in [1].

3.2.2 Photons. Asshown in Figure 3.2, at energies below 10 MeV, photons interact
in argon primarily by Compton scattering. As the energy of the photon decreases,
photoelectric absorption contributes more to the total cross section. In both of these
interactions, a single electron is produced. When the energy of the photon is above
1.022 MeV, pair production is possible, with the fraction of the total cross section
increasing with energy. In pair production, an electron and positron, each with mass
0.511 MeV, are produced. Produced electrons then ionize/excite argon similarly to

heavy charged particles, creating a detectable signal in the LArTPC.

3.2.3 Neutrons. Neutrons primarily interact in two ways in argon: by scattering off
a nucleus or by being captured by a nucleus. The scattering can be elastic or inelastic.
In elastic scattering, a neutron scatters off a nucleus without transferring energy to
it. In inelastic scattering, the neutron transfers energy to the nucleus, leaving it in an
excited state. In order to inelastically scatter, the neutron must have a kinetic energy
which is at least that of the first excited state in the nucleus. The nucleus then de-
excites, releasing photons in the MeV-range. If the energy transferred to the nucleus
is large enough, the nucleus may release nucleons as well. When the kinetic energy of

a neutron is low enough, it can be captured by a nucleus. This also causes the new
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Figure 3.2. Cross-sections of photon interactions in liquid argon for energies between
0.1 — 10 MeV. Data from [13].

nucleus to release MeV-scale photons. Figure 3.3 shows measured cross-sections of
various neutron interaction processes. Inelastic scattering with emission of photon(s)
is the most likely process for neutrons below a few tens of MeV, producing photons

with a range of energies, with the minimum being at 1.46 MeV, the first excited state

of A [68].

I performed a GEANT4 simulation to study the propagation of neutrons in
liquid argon. This simulation used the NeutronHP physics list with a volume of liquid
argon of 80 m? inserted into GEANT. T'wo samples of 10,000 monoenergetic neutrons
were studied. One contained neutrons with a kinetic energy of 100 keV. This energy
is too low for inelastic scattering as the first excited state of “°Ar is 1.46 MeV, so all
photons produced in this sample will come from neutron capture. The second sample
contained neutrons with a kinetic energy of 10 MeV, an energy high enough to reach

the highest excitation levels of CAr.
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Figure 3.3. Cross-sections for inelastic scattering with photon production (gold
square), proton emission (blue circle), and neutron emission (red triangles and
gray diamonds). Image from [14].

The energies of individual photons by neutron interactions are given in Fig-
ure 3.4. The left plot shows the energies of individual photons from neutron capture,
while the right plot mainly shows the energies of photons from inelastic scattering,
with some due to neutron capture. We see that in both cases, the energies of the
photons are below 10 MeV, and that certain energies are more common. In partic-
ular, the peak at 1.46 MeV is particularly prominent in the right plot, indicating
that deexcitation from the first excited state of *°Ar is common. The total amount of
energy, released to photons is variable in scattering events depending on the energy of
the incoming neutrino. In capture events, however, the total energy is almost always
~ 6.1 MeV. Figure 3.5 shows the total energy released in photons by neutron capture
events (left), and inelastic scattering and neutron capture (right). Thus, MeV-scale
reconstruction in liquid argon is essential to identifying and reconstructing final-state

neutrons from neutrino interactions.
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Figure 3.4. Energies of individual photons from 100 keV neutrons (left) and 10 MeV
neutrons (right). Note the peak at 1.46 MeV due to the first excited state of 4°Ar
in the right plot.

8000

6000

4000

Number of Events
Number of Events
o
o
o

2000

] 200
|

PRI I | S O’w_Ll_wawaw L
8 9 10 0 4

o
=L L L Y B L B B

[=)
N

4 5 6
Energy (MeV)

Figure 3.5. Total energy of photons from 100 keV neutrons (left) and 10 MeV neutrons
(right). The left plot shows photons only from neutron capture, while the right
plot shows photons from neutron capture and inelastic scattering.

3.2.4 Millicharged Particles. Like all charged particles, millicharged particles
lose energy by atomic excitation and ionization. Millicharged particles also obey
the Bethe equation (Eq. 3.1), and because their charge (z in Eq. 3.1) is smaller,
the ionization and excitation rates are reduced by €. Consequently, the majority of
the mCP ionization track is undetectable in most current detectors. As discussed in
Sec. 3.2.1, occasionally a particle traveling through matter will strike an electron hard
enough such that the recoil electron produces produce a visible signal via subsequent

ionization, similar to delta rays produced by a muon. The distribution of recoil
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energies scales with the inverse squared of the electron recoil energy,

do N 2mave?
dE,  m.E?’

(3.3)

where ¢ is the cross-section, E,. is the energy of the recoil electron, « is the fine struc-
ture constant, and € is the fractional mCP charge, and we have taken the relativistic
mCP limit. Low-energy thresholds are therefore key to detecting these “delta rays”

produced by mCPs.
3.3 The ArgoNeuT LArTPC Experiment at Fermilab

The first LArTPC neutrino experiment in the U.S. was ArgoNeuT, a quarter-
ton LArTPC. ArgoNeuT has been used primarily to study neutrino-argon cross sec-
tions and final-state production rates using neutrinos from the NuMI beamline at
Fermilab for five months in 2009-2010. ArgoNeuT was the detector used for the
study in this thesis of low-energy (< 10 MeV) photons from neutrino interactions in

liquid argon and for a search for millicharged particles produced in the NuMI target.

The TPC, shown in Figure. 3.6, was small, 47 x 40 x 90 cm? (z,y, 2), with the
longest dimension along the beam. On one side of the x-direction was a cathode made
of G10 and copper. On the opposite end were three wire planes, spaced 4 mm apart.
All wires were 152 um in diameter, aligned parallel to the other wires within a plane
and spaced 4 mm. The innermost wire plane was the shield plane, made up of 225
wires oriented vertically (in the y direction). These wires were not instrumented but
were used to shape the electric field and to provide shielding to the other wire planes
against induced signals from drifting charge. The next plane was the induction plane
which contained 240 wires oriented at 60 degrees to the z-axis. Finally there was the
collection plane, which also contained 240 wires and was oriented at —60 degrees to

the z-axis. The location of the wire planes can be seen in Figure 3.7.

To create the electric field, the cathode was biased a negative high voltage
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Figure 3.6. Image of the ArgoNeuT TPC (front) and cryostat (back). The wires are
seen on the right of the TPC. Image from [15].

of magnitude 23.5 kV. On the opposite end were three wire planes, each biased to
a different voltage. By correctly setting the potentials of the wires, the wires do
not interfere with the drifted charge. In between were copper strips which wrapped
around the TPC forming the field shaping system, made of rectangular rings in the
yz-plane. The potentials of the rings decreased linearly from the cathode to the
wire planes. The combination of the cathode, field cage and first wire plane created
a uniform electric field pointing towards the cathode and with a magnitude of 481
V/cm. This caused ionized electrons to drift towards the wire planes at a constant
velocity of 1.57 mm/us, with a total drift time of 300.5 us. The cathode and rings

are seen in the inset of Figure 3.7.

In each detector readout, each wire channel was sampled every 198 ns, for a

total readout window of 405 us or 2048 samples. The maximum drift time is shorter
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Figure 3.7. Diagram of the ArgoNeuT TPC showing the layout of the different TPC
components. The inset shows the cathoe and field shaping rectangular rings. Image
from [15].

than this (300.5 us); the extra readout time was used for presampling of events to
determine baselines and noise levels. Triggering for an event was determined by the
NuMI beam spill, at a rate of 0.5 Hz. While the NuMI beam is intense, ArgoNeuT is
a small detector, and neutrino cross sections are low, so most events do not contain
a neutrino interaction or other high energy activity. Such events are referred to
as “empty” events, although they may contain small amounts of activity due to
radioactive decays or electronics noise. A more detailed description and operational

parameters of the ArgoNeuT detector are given in [15].

ArgoNeuT’s small (4 mm) wire spacing and high readout rate (198 ns sampling

time) allow for millimeter precision of 3D positions within the detector. Wire and
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time coordinates for both planes can be converted into x,y,z coordinates by the

following equations:

T = tvg (3.4)
w—v
y=(04 Cm)?cos& (3.5)
z = (0.4 cm) wiv h (3.6)

2sinf 2tanf’

where t is the sample time, v, is the drift velocity (1.57 mm/us, w is the collection
plane wire number, v is the induction plane wire number, 6 is the angle of the wires
(60 degrees), and h is the height of the TPC (40 c¢m) [15]. The wire planes and

coordinate system can be seen in Figure 3.8.
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Figure 3.8. ArgoNeuT’s coordinate system and wire planes. Image from [15].

ArgoNeuT benefited from the presence of the MINOS near detector (ND) lo-
cated immediately downstream of it, as shown in Figure 3.9. The MINOS ND [42]

was a large (compared to ArgoNeuT) magnetized detector made of alternating layers



50

of steel and scintillating strips. As a result, the momenta and signs of muons which
were produced by neutrino interactions in ArgoNeuT, exiting the detector and enter-
ing the MINOS ND can be determined by using information from the MINOS ND.
This is done by matching tracks in ArgoNeuT to tracks in the MINOS ND [15].

MINOS ND

Figure 3.9. Relative locations of ArgoNeuT and the MINOS ND. The neutrino beam
points into the page. Image from [15].

There are three benefits to using MINOS ND information. First, by deter-
mining the charge of the muon, it is possible to determine whether a muon neutrino
or antineutrino is responsible for the CC interaction seen in ArgoNeuT. Second, it is
possible to determine the energy of the muon. Since ArgoNeuT was small, all muons
produced within ArgoNeuT were energetic enough to escape the detector volume,
making determining the muon’s energy impossible. The MINOS ND’s magnetic field
causes the muon to travel in a curved path, and the radius depends on the momentum
of the muon, so even if the muon escapes the MINOS ND, it is possible to determine
its energy. Third, since only muons are able to penetrate several layers of the steel in

the front of the MINOS ND, it is possible to determine whether a track in ArgoNeuT



ol

was caused by a muon or pion, something that is difficult in LArTPCs. An example
of a muon produced within ArgoNeuT, then leaving and entering the MINOS ND is
shown in Figure 3.10. Because the MINOS ND is magnetized, the muon’s track is
curved. By matching the muon track in ArgoNeuT to the muon track in the MINOS
ND, ArgoNeuT can obtain additional information about the muon and neutrino inter-
action. ArgoNeuT also benefited from its placement 100 m underground; this earth
above ArgoNeuT stopped the vast majority of cosmic rays. In ArgoNeuT, activity

from cosmic rays is expected in fewer than 1 in 7000 triggers.

Figure 3.10. Matching of tracks between ArgoNeuT and the MINOS ND. A muon
(long track) produced in ArgoNeuT (small box in foreground) leaves ArgoNeuT
and enters the MINOS ND (large octagon in background). Also shown are other
muons produced within the MINOS ND. Note the curvature of the muon tracks
due to the magnetic field within the MINOS ND. Image from [15].

During the majority of ArgoNeuT’s run, the NuMI beam was operated in the
low energy antineutrino mode; neutrino fluxes produced during this operation mode

are described in [69]. The composition of the beam was 58% muon neutrino, 40%
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muon antineutrino, and 2% electron neutrino and antineutrino. The average energy
for muon neutrinos was 9.6 GeV, and the average energy of muon antineutrinos was
3.6 GeV. The antineutrino mode run lasted 4.5 months with 1.25 x 10%° protons on

target (POT) acquired [15].
3.4 Other LArTPC Neutrino Experiments at Fermilab

Fermilab is the host to a number of LArTPC experiments in addition to Ar-
goNeuT. These experiments are being built to pursue many of the physics aims de-
scribed in the last chapter, as well as providing experience for the future-community-
centerpiece DUNE LArTPC experiment. This section introduces the other Fermilab-
based LArTPCs: MicroBooNE, SBND, ICARUS, LArIAT and DUNE.

3.4.1 MicroBooNE. MicroBooNE is the next LArTPC at Fermilab. At 89 tons,
it is considerably larger than ArgoNeuT. The TPC is 2.56 m (drift) x 2.33 m (ver-
tically) x 10.37 m (beam). There are 3,456 collection plane wires oriented vertically
and two induction planes with 2,400 wires each, oriented at +60 degrees to verti-
cal. MicroBooNE also has a light collection system composed of 32 photomultiplier
tubes (PMTs) placed behind the wires. This system allows MicroBooNE to collect
scintillation light produced as charged particles travel through the liquid argon. Scin-
tillation light arrives at the PMTs almost immediately after it was emitted, giving
MicroBooNE an immediate indicator of activity in the TPC. If there is no activity
in the TPC, the readout is not saved. In addition, this triggering diminishes the
uncertainty in the location of particles in the drift direction, since the wire readout
beings almost immediately after ionization occurs. MicroBooNE also features a third
instrumented wire plane, which provides redundancy in case wires cease to function.
Unlike ArgoNeuT, MicroBooNE sits in the Booster Neutrino Beam (BNB), a lower
energy beam at Fermilab, at a distance of 470 m from the target [70]. MicroBooNE is

on the surface, so cosmic rays will be a background. To help alleviate this, a cosmic
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ray tagger (CRT) was installed. The CRT, described in [71] is composed of panels
which form four planes covering the detector on four sides. The panels are composed
of scintillating strips placed side by side. Along the panels are wavelength shifting
fibers which collect the light from the panels and send it to a Silicon Photomultiplier

(SiPM). MicroBooNE began operation in 2015 and continues to this day.

The main physics goal of MicroBooNE is to clarify the MiniBooNE low-energy
excess. This excess is a statistically significant surplus of electromagnetic events
observed over a run of 10 years, in both neutrino and antineutrino mode running. This
excess could be due to photons or electrons. If the former, then current modeling of
certain nuclear process rates is incorrect, but this is a minor flaw. The latter indicates
activity from electron neutrinos and antineutrinos, in excess of what is expected from
the beam, indicating oscillations to electron (anti)neutrinos. This oscillation rate does
not fit into the standard oscillation parameters between the three known neutrinos,
but can fit into a model with the three known (also called “active”) neutrinos and
one sterile neutrino. This sterile neutrino would not interact via any force except for
gravity and is not included in the Standard Model, so the confirmation of this excess
would indicate physics beyond the Standard Model. Since MiniBooNE is a Cherenkov
detector and is not able to distinguish between electrons and photons, it is unclear
which particle produces this excess [28]. MicroBooNE, however, is a LArTPC, and
the ability to distinguish between electrons and photons in such detectors has already

been demonstrated [7].

3.4.2 SBND and ICARUS. Two more LArTPCs will join MicroBooNE on the
BNB. The closest will be the Short Baseline Near Detector (SBND), a 112 ton TPC
located 110 m from the BNB target. SBND’s proximity to the target allows for high

statistics measurements of neutrino-argon interactions as well as determining the

unoscillated flux of the BNB. The other TPC is the refurbished ICARUS-T600, a 476
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ton detector. ICARUS (Imaging Cosmics And Rare Underground Signals) originally
ran in the INFN-LNGS Gran Sasso laboratory in Italy and was exposed to the CNGS
neutrino beam. The detector has since been moved to Fermilab and is placed 600 m
from the target. Together, these three detectors make up the Fermilab SBN program.

The main goal of the SBN program is to search for sterile neutrino oscillation [28].

While MicroBooNE will provide a measurement of the MiniBooNE excess,
several uncertainties will remain. The other two detectors will help reduce these
uncertainties. SBND will also provide more information about cross-sections and the
beam profile, reducing two sources of uncertainties. In addition, the three detectors
will allow for studies of both muon neutrino disappearance and electron neutrino
appearance. The existence of a sterile neutrino can also be determined by a neutral
current disappearance study. Since neutral current interactions do not depend on the
flavor of the neutrino but do depend on whether the neutrino is active or sterile, this

study provides another avenue [28].

3.4.3 LArIAT. LArIAT (Liquid Argon In A Testbeam) was the repurposed Ar-
goNeuT detector placed in a charged particle testbeam at Fermilab. It had several
improvements over ArgoNeuT, such as an internal light collection system and bet-
ter electronics. Using other detectors outside the TPC, LArIAT was used to study
charged particle interactions in liquid argon in a testbeam of known particles and
energies to calibrate and measure LArTPC response to different particle types. As
such, it served as a research and development platform for future LAr experiments.

Large LArTPCs currently being developed rely on measurements and experience from

LArTAT’s runs [67].

3.4.4 DUNE. The work done on all of the above experiments will also serve as
input to another future experiment, the Deep Underground Neutrino Experiment

(DUNE). DUNE is a long-baseline experiment with multiple detectors, three near



95

detectors at Fermilab, and another, 40 kton LArTPC, in South Dakota. As its name
implies, the far detector will be placed about one mile underground; this will help
shield the detector from most cosmic rays. Reducing such backgrounds is important
for any experiment, but especially so when the objects of study are rare and low-
energy events, such as proton decay and solar and supernova neutrinos. DUNE will
also study neutrinos produced by a beam at Fermilab. DUNE will receive high-
energy neutrinos from a new beam at Fermilab which will be similar in energy to the
NuMI beam, but at a higher intensity. The near detectors will be able to measure
the unoscillated neutrino flux as well as possibly study new physics, while the far
detector will measure the oscillated flux, mass hierarchy and CP violation in addition

to the physics studies mentioned earlier [3,27].
3.5 Event Reconstruction in LArTPCs

Event reconstruction in LArTPCs is performed in several steps, using the LAr-
Soft reconstruction package [72]. In the first step, the unipolar and bipolar LArTPC
wire signals (described in Sec. 3.1) undergo deconvolution based on a Fast Fourier
Transform [15]. This process reduces noise and creates unipolar waveforms for all

wire planes, shown as the blue lines in Figure 3.11.

Deconvolved wire signals are then processed through an automated “hit-finding”
algorithm. To find a “hit” corresponding to deposited charge from drifting ionization
electrons, wire waveforms are scanned for local maxima. If one is found and is above
a predefined threshold, the peak signal is fitted with a Gaussian and is labeled as
a “hit.” From this Gaussian fit, information about the hit is extracted, for exam-
ple the peak height and area of the Gaussian curve. The time sample number is
also recorded as the location of the peak of the Gaussian. The number of electrons
detected on the wire is is linearly proportional to the electronic signal recorded, in

analog to digital conversion (ADC) units. An example of such channels or fitted
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Figure 3.11. Wire signals from an ArgoNeuT event. Top plane is induction, bottom
collection. The horizontal axis indicates time sample number, and the vertical axis
indicates signal strength. Raw wire signals are in black (note the bipolar form of
the raw signal in the induction plane), deconvoluted wire signals in blue, and fitted
peaks in red.

hits is shown in the orange curves in Figure 3.11. Higher-level clustering of hits is
then performed to generate reconstructed particle topologies, such as “tracks” and
“showers” produced by ionization of heavy and light charged particles. The particle’s
kinematic and calorimetric quantities can then be reconstructed for use in physics
analyses. The definition of a cluster used in this section is the same as that in the
literature; the definition will be slightly different in later sections of this thesis. To
form a cluster in data, a Density-Based Spatial Clustering of Applications with Noise
(DBSCAN) algorithm [15] is used. The algorithm works by choosing an arbitrary hit
and collecting other hits which are “density-reachable.” A point p is directly density-
reachable to another point ¢ if it is within a specified distance and if ¢ is surrounded
by sufficiently many points. A point s is density reachable to p if it is connected to
p by a series of directly density reachable points. Any points density reachable from
any point in a cluster are part of the cluster. After clustering is completed, a Hough
transform identifies line-like objects. The lines are then identified as tracks, shown in

Figure 3.12.

Once tracks are identified, one can attempt to find a neutrino interaction ver-



57

2000

1500

o= @3 =

—llll{ll[l‘llll'llll[—

1000

500

| s N | | N
50 100 150 Wire #

=

Figure 3.12. Tracks identified by the automated reconstruction in an ArgoNeuT
neutrino event. Color indicates the two different tracks. Image from [15].

tex associated to the track(s). In experiments on the surface, the presence of cosmic
rays makes identifying the neutrino interaction vertex difficult. Since ArgoNeuT was
underground, with minimal cosmic ray interference, the process is simpler. For Ar-
goNeuT, the process begins by identifying either a track matched to another recorded
track in MINOS ND (another nearby detector), or the longest track. The start of
this track is chosen as the neutrino interaction vertex candidate. Other tracks can
be associated with the vertex if their point of closest approach is within some limit.
This process occurs in each wire plane; the two vertex points are then matched across

planes for a 3D position.

LArTPCs have fine 3D position resolution, shown in Figure 3.13. By examin-
ing contemporaneous wire activity across planes, it is possible to reconstruct the 2D
trajectory of a charged particle. To obtain the third coordinate, i.e. along the drift
direction, timing information is used. Since the drift velocity is constant across the
drift direction, it is possible to find the location of the ionization by examining when
the ionization was detected by the wires. In older TPCs such as ArgoNeuT, the time

is defined with respect to the arrival of the beam. To increase the accuracy of the drift
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coordinate, LArTPCs are now outfitted with light collection systems, typically PMTs
which detect scintillation light. In addition to ionizing electrons as a particle travels
in the detector, scintillation light is also produced. The scintillation light signal is
used to provide an absolute timestamp on the wire readout. In this case, there is no

bias in the drift time.

FRONT-SIDE VIEW

Figure 3.13. The same event as in Figure 3.12, reconstructed in 3D. Note that the
tracks exit the detector. Image from [15].

The number of electrons collected in a LArTPC is not equal to the number
of electrons ionized by a charged particle and this must be accounted for during
reconstruction. This is due to two factors, electron recombination and the presence of
impurities in the liquid argon. Recombination occurs when ionized electrons attach to
nearby argon ions. This effect depends on the electric field in the TPC, the dE/dx of
the particle causing the ionization and the angle of the particle’s trajectory relative to
the electric field. As the electric field increases, the amount of charge remaining, called
the recombination factor, decreases. It is of course impossible to increase the electric
field indefinitely, so there will always be some loss in the charge ionized. As shown
in Figure 3.14, the recombination factor decreases as dE'/dz increases. There are two
main models for recombination, the Birks model and the Box model [16]. The Birks

model was developed to determine the loss of scintillation light and performs fairly
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well in modeling loss of ionized electrons. It is however limited in its range of dF/dzx,
and applying it is difficult for high dE/dx values. The generic Box model does not
work well at low dF /dx values, but with small modifications to certain constants in the
model, the new modified Box model adequately describes recombination. LArTPC

experiments use this modified Box model, described in [16] and shown in Eq. 3.7,

dE o exp[ﬁVVlon(dQ/dx)] — G
dr B ’

(3.7)

where 8 = 0.30 cm/MeV, Wi, = 23.6 €V is the ionization energy of argon, dQ/dz is
the amount of charge ionized per unit length and o = 0.93 is a constant. A study of

electron recombination using ArgoNeuT is found in [16].
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Figure 3.14. Recombination factor as a function of dE/dx in an electric field of 480
V/em for a variety of models. ArgoNeuT and other LArTPCs currently use the
Modified Box Model. Image from [16].

The other factor impacting the amount of charge collected is the presence of
impurities in the liquid argon. Since argon is a noble element, free electrons will
not attach to it, but they may attach to elements that are electro-negative, such as
oxygen. The number of electrons captured on impurities increases exponentially with

time, so electrons ionized closer to the cathode are more likely to be captured than
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those ionized close to the wire planes. This effect is called the electron lifetime and
can be measured either with specialized equipment or by examining the signal loss
of muon tracks which pierce the anode and cathode. In reconstruction, the signal is

amplified with the following relation

Qion = Qcoll eXP[t/T]a (38)

where Qion, is the amount of charge ionized, Q.o is the amount of charge collected,
t is the drift time, and 7 is the measured electron lifetime. It is possible to remove
impurities in argon, and improvements in the removal process have largely mitigated

this problem.

LArTPCs are able to identify particles by examining the energy deposited per
unit length (dE/dz), which depends on the particle and its momentum or energy. A
more massive particle will deposit more energy per unit length than a lighter one. In
addition, as a particle comes to a stop, the amount of energy deposited increases. A
combination of these two properties allows one to clearly identify an electron, proton
or kaon track. Determining whether a track was due to a pion versus a muon is more
difficult as they have similar dF/dx values. A plot of dE/dx as a function of the
residual range of various particles is give in Figure 3.15. Further information about

the passage of particles through matter is found in Sect. 3.2.
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Figure 3.15. Amount of energy deposited per unit length (dE/dz) versus residual
range for a variety of particles in liquid argon. Image from [15].
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CHAPTER 4
LARTPC PHYSICS STUDIES

LArTPCs have many features which make them ideal detectors for neutrino
and BSM experiments. Their high resolution imaging combined with calorimetry
allow for a large variety of physics studies. This chapter focuses on a range of physics
studies which can be performed with a LArTPC, starting at the GeV scale and moving

to the MeV scale.
4.1 Neutrino Physics Studies at GeV Scales

The majority of physics studies in LArTPCs have been performed at the GeV
scale, using neutrinos from accelerators. Among the most common are cross-section
measurements and other neutrino interaction measurements. Precise determination of
cross-sections is important for determining interaction rates and reducing systematic
uncertainties, especially in oscillation experiments. Cross-sections on argon have been

measured in ArgoNeuT [17,69,73,74] and MicroBooNE [75,76].

Oscillation measurements make use of clearly defined topologies of beam neu-
trino interactions. Oscillation studies have been performed in ICARUS [77]. The
major goal of MicroBooNE is to understand the MiniBooNE “Low Energy Excess,”
essentially an oscillation study. The goal of searching for sterile neutrino oscillation

is shared by the SBN program as a whole [28].

Since the neutrinos are high-energy, events appear with clearly defined topolo-
gies. For example, Figure 4.1 shows an electron neutrino CC interaction event in
ArgoNeuT, where the electron shower is clearly visible along with several tracks at

the vertex. Figure 4.2 shows a muon neutrino CC event, also in ArgoNeuT, with
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a long muon track (in green) and two, short proton tracks. Note that the protons
leave the vertex back-to-back. This is due to nuclear effects within the target nucleus,

another topic which can be studied in LArTPCs [17].

ADC
100

Run 775, Event 8598
Collection View

-25

Figure 4.1. An electron neutrino CC event in ArgoNeuT displaying a high-energy
electron, seen as a shower. Other hadronic activity is seen at the vertex. Only
the collection plane is shown Wire number is indicated on the x-axis. The y-axis
indicates time in ticks. Color indicates amount of charge collected. Image from [7].

4.2 Benefits of MeV-Scale Abilities for GeV-Scale Physics Studies

Current LArTPC experiments have difficulty accounting for the amount of
energy lost to neutrons in a neutrino interaction. The problem is even worse in
antineutrino interactions, where the nucleon with the most energy is a neutron. Fig-
ure 4.3 shows predicted energies of neutrons emitted in antineutrino interactions on
polystyrene in MINERVA. The antineutrinos have an average energy of 3 GeV, typical
of beam neutrinos. The predictions come from three neutrino interaction generators
and show significant disagreement, yet all agree that the amount of energy taken away
by the neutron can be quite high, approaching 10% of the neutrino’s energy [78]. Since

neutrons are neutral, it is impossible to see them directly. The only way to detect
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Figure 4.2. An muon neutrino CC event in ArgoNeuT. The muon is seen as the long,
nearly horizontal track. This event display also shows two protons traveling away
from the vertex back-to-back, indicating nuclear effects. Top plane is collection,
bottom induction. Wire number is indicated on the x-axis. The y-axis indicates
time in ticks. Color indicates amount of charge collected. Image from [17].

them is after secondary interactions, primarily by electrons from Compton scatters of
photons from inelastic scattering of neutrons, as described in Sec. 3.2.3. The energies
of these electrons are typically less than 3 MeV, so MeV-scale reconstruction methods

are crucial for reconstructing neutrons to determine their energies and multiplicities.

In electron (anti)neutrino CC events and events where a high energy photon
is found (such as 7° decays), one or more showers is reconstructed in the event. An
example of such a shower produced by a high-energy electron is shown in Figure 4.1.
Showers are caused by high-energy electrons, and high-energy electrons lose a portion
of their energy in the form of radiative photons. The higher the energy of the electron,
the more energy is lost in radiative photons. These photons are typically low energy
and deposit their energy by Compton scattering, producing lower energy electrons

away from the core of the shower. MicroBooNE has studied this effect and has shown
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Figure 4.3. Energy spectrum of neutrons as predicted by three neutrino interaction
generators for 3 GeV antineutrinos interacting on polystyrene. This energy is
typical of beam neutrinos. While there is disagreement between the generators, all
three indicate that a substantial portion of the antineutrino’s energy can be given
to neutrons. Image from [18].

that a substantial portion of the electron’s energy can be lost to these photons [12], as
shown in Figure 4.4, which compares the true spectrum of Michel electrons (red) from
cosmic rays to the reconstructed spectrum using only energy lost due to ionization
and not radiative photons (gray). The difference in the spectra shows that the amount
of energy lost to photons is large. The ability to reconstruct the Compton scatters
of these photons would help bring the reconstructed spectrum closer to the true

spectrum, for both Michel electrons and higher-energy electrons.

After a GeV-scale neutrino interaction, the final-state nucleus is often left in
an excited state. The nucleus deexcites by releasing photons, the energies and mul-

tiplicities of which depend on the specific isotope of the final state nucleus. While
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Figure 4.4. Energy spectrum of Michel electrons from a simulation of cosmic rays in
MicroBooNE. Red denotes the true Michel electron spectrum. Black denotes the
reconstructed spectrum using only energy deposited by ionization; this excludes
energy lost in the form of radiative photons. Distributions are area normalized.
From [12].

the energy released in these photons is relatively small (< 10 MeV typically), these
photons can provide important information. For one, they will allow for a more com-
plete reconstruction of the neutrino’s energy. In both cross-sections and oscillation
studies, knowledge of the neutrino’s energy is essential. The ability to accurately
reconstruct low-energy activity demonstrated in this thesis will allow experiments to
more accurately account for the neutrino’s energy [28]. The photons may also enable
identification of the final-state nucleus via gamma spectroscopy, which could indicate
whether a neutrino or antineutrino interacted or what final-state particles should be

present at an interaction vertex.
4.3 Neutrino Physics Studies at MeV Scales

In addition to the studies mentioned, future LArTPC experiments such as the
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SBN program and DUNE will have an even broader realm of physics studies, many
focusing on MeV scales. Some examples are described below. A major goal of DUNE
is to detect and reconstruct supernova neutrinos should an event occur during the
experiment’s lifetime. This would provide insight into the processes occurring inside
a supernova. As discussed in Section 2.3, supernova neutrinos have energies < 60
MeV. These neutrinos are not energetic enough to produce muons or tau leptons, but
they can produce electrons in CC absorption and scattering events. In CC absorption
events,

Ve +PAr — e 4+ K* (4.1)

and

Te + 0Ar — et +40C17, (4.2)

the electron neutrino (antineutrino) is absorbed and an electron (positron) is emitted.
The nucleus is also left in an excited state (denoted by the *). To deexcite, the nucleus
releases photons. Since the energies of the neutrinos are low, these deexcitation

photons account for a large fraction of the neutrino’s energy. In scattering events,
Vp+e —uvt+e, (4.3)

any flavor of neutrino can scatter with an electron. The nucleus is left in the ground
state, so no photons are emitted. Table 4.1 lists expected event rates for the different
types of interactions in DUNE of neutrinos from a supernova 10 kpc away. To perform
oscillation measurements, it is necessary to be able to identify which interactions are
due to electron (anti)neutrinos, which requires looking for absorption events. A way
to distinguish between an absorption event and a scattering event is by the presence
of deexcitation photons. It is therefore crucial to be able to reconstruct such photon
activity which exists at the MeV-scale. An example of such activity can be seen in
Figure 4.5, which depicts a simulated supernova electron neutrino absorption event

in the ArgoNeuT detector. The main electron emitted is visible as the relatively
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long trail. Near the electron are small blips due to Compton scatters of deexcitaiton
photons which indicate this is an absorption reaction. Until the work presented in
Chapter 5, analysis methods could only reconstruct the main electron; activity from
the deexcitation photons was neglected [10,27].

Table 4.1. Expected interaction rates in DUNE of neutrinos from a supernova 10

kpc away. Livermore model does not assume oscillations, but GKVM assumes
collective oscillations. From [3].

Channel Events “Livermore” Model Events “GKVM” Model
Ve + 40Ar — e 4 40K* 2720 3350
Ve + 0Ar — et +10CI* 230 160
Vpy+e = v, +e 350 260
Total 3300 3770

Another interesting example is solar neutrinos. The sun produces even lower-
energy neutrinos as described in Sec. 2.3. Detection in a LArTPC is again by electron
neutrino absorption and scattering. While the energy requirement for the former is
5 MeV, excluding much of the solar neutrino flux, studies can still be performed.
For example, DUNE would be able to measure the ®B and hep flux, the latter of
which has never been measured [79]. Since the sun produces only electron neutrinos,
oscillation measurements can be performed, allowing for more precise fits of 615 and
Am?,. DUNE’s capability to improve these two parameters is seen in Figure 4.6,
which shows present measurements on the left and the potential of DUNE’s measure-
ments on the right. The curves indicate 1, 2 and 30 confidence levels. To perform
such a measurement it is necessary to disentangle CC electron neutrino absorption
(Eq. 4.1) from scattering (Eq. 4.3), as discussed above. It should be noted that this

Figure separates these two interactions by using an angular cut. With the ability
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Figure 4.5. A simulated supernova neutrino CC absorption event in ArgoNeuT. A
short electron track is seen along with activity due to deexcitation photons. Top
plane is collection, bottom induction. Wire number is indicated on the x-axis. The
y-axis indicates time in ticks. Color indicates amount of charge collected.

to reconstruct deexcitation photons, separating the interactions is easier, and results

should be enhanced [19].

Accelerators also produce low energy neutrinos from the decay at rest of
muons, pions and kaons [80]. These neutrinos are similar in energy to supernova
neutrinos. The energies and flavors are also well known, so oscillation studies can be
performed using these neutrinos. Such oscillations would occur at shorter distances
(since the energy is lower) compared to typical accelerator neutrinos, so detectors can

be placed closer to the source, instead of hundreds of kilometers away as is typical
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Figure 4.6. Present (left) and future (right) measurements of neutrino mixing pa-
rameters with solar and reactor neutrinos. Curves indicate 1, 2 and 3¢ confidence
intervals. DUNE will be able to significantly improve these values by reconstructing
solar neutrinos. From [19].

for accelerator experiments.
4.4 BSM Physics Studies and MeV-Scale Capabilities

LArTPCs are versatile detectors, able to perform a variety of BSM physics
studies. Some of these studies can be performed with a neutrino beam. This sec-
tion some examples of possible studies that can benefit from MeV-scale LArTPC

reconstruction. A more complete discussion is found in [81].

As described previously, the signal for millicharged particles is isolated low-
energy depositions, pointing back to the production point. As a result, MeV-scale
reconstruction methods are crucial for performing a search for these theoretical parti-
cles in LArTPCs. The demonstrated ability of LArTPCs to perform reconstruction at
the MeV-scale allowed ArgoNeuT to perform the first search for millicharged particles
in a LArTPC (Chapter 6).

Due to their high resolution, LArTPCs can study neutrino tridents. A trident

is a process where a neutrino interaction produces a neutrino and two leptons with



71

opposite signs. While this is allowed in the SM, they are very rare and depending on
the angle between the two leptons, could indicate new physics. Other tridents, such
as 1™, where [ is a lepton are also theoretically possible. There are two unresolved
questions for reconstruction of tridents in LArTPCs. The first is what is the smallest
angle between the two charged particles such that they can be distinguished. The
second is how well a LArTPC can determine which particles make up the trident.
Distinguishing between charged pions and muons is difficult in LArTPCs, and sign

determination is difficult as well.

Tridents can arise from the decay of heavy sterile neutrinos. This activity is
accompanied by the presence of activity from deexcitation photons, namely Compton
scatters, however the photon activity will be separated from the trident activity.
While the trident activity is likely to have energies in the GeV-range, the photons
are likely to have energies of a few MeV. These heavy neutrinos can arise from meson
decay and mixing of active neutrinos and may play a role in the generation of neutrino
mass. Since they are more massive than the active neutrinos, they will arrive in the
detector later, so LArTPCs can search for them by examining activity after the

expected arrival of active neutrinos [81].

In addition to running the accelerator in neutrino production mode, the SBN
program will also have the ability to study sub-GeV dark matter by operating when
the accelerator runs in “beam-dump” mode, where the proton beam misses the target

and instead hits the absorber, thereby minimizing the neutrino flux.
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CHAPTER 5

FIRST DEMONSTRATION OF MEV-SCALE PHYSICS IN LIQUID ARGON
TIME PROJECTION CHAMBERS USING ARGONEUT

LArTPCs have already demonstrated excellent reconstruction capabilities at
GeV-scale energies, but their capabilities at the MeV-scale are unknown. As earlier
discussed, numerous GeV-scale studies would benefit from MeV-scale reconstruction
abilities. Futhermore, several other low-energy neutrino and BSM physics studies
depend on the ability to detect and reconstruct activity at the MeV-scale and below.
This thesis seeks to demonstrate these capabilities and perform a BSM analysis using

such activity.

The following is a study in ArgoNeuT on reconstructing low-energy (< 3 MeV)
depositions from de-excitation photons and inelastic neutron scattering from neutrino
interactions. The analysis is published in Physical Review D [82] and was presented at
a Fermilab Joint Experimental-Theoretical Physics seminar. The work, based entirely
on my own analysis efforts but building on low-level tools developed by the ArgoNeuT
collaboration, has been well-received, with 13 citations as of the writing of this thesis
and a follow-up analysis being performed in MicroBooNE. Authors have written on

the impact of this work for future LArTPC experiments [78].
5.1 MeV Scales in LArTPCs

Identifying and reconstructing particles at MeV energies in a LArTPC presents
challenges not present at higher energies. At higher energies (> 100 MeV), charged
particles will travel far in liquid argon, a distance of several centimeters to meters.
They will leave detectable signals on dozens or hundreds of wires that can be used to

reconstructing the identity and energy of the particle (see Sec. 3.5). However, charged
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particles with kinetic energies of a few MeV or less may travel a distance shorter than
the distance between adjacent wires in LArTPCs (3-5 mm). As a result, current
analysis methods which use many wire signals to reconstruct the physics occurring in
the LArTPC are ineffective at these energies, and new, low-energy-specific methods

are needed.

To accomplish these goals, we used data acquired from ArgoNeuT and searched
for small energy depositions associated with neutrino events. We then compared them
to predictions from the FLUKA neutrino interaction generator [83]. With the new
topological reconstruction tools we developed, we found clear evidence of activity due
to deexcitation of the final-state nucleus and inelastic scattering of neutrons in the
analyzed events.

5.2 Production and Interaction of Low-Energy Photons in Neutrino-Argon
Interactions

MeV-energy photons are produced in two possible ways in neutrino-argon in-
teractions, by deexcitation of the final-state nucleus and by inelastic scattering of
final-state neutrons in the argon. When a neutrino interacts with an *°Ar nucleus,
that nucleus is often left in an excited state. If the energy of the excited nucleus is
high enough, deexcitation of the nucleus is accomplished first by releasing nucleons.
When the energy is too low to release nucleons, the nucleus deexcites by releasing
photons. The final-state nucleus is then typically an isotope of argon, potassium or
chlorine. These excited nuclei will produce 1-6 photons with energies ranging from 0.1
MeV — 10 MeV. Final-state neutrons which inelastically scatter off an *°Ar nucleus

will also produce photons in the energy range of interest as the nucleus de-excites [84].

Photons are neutral particles and cannot be detected directly. It is possible
to detect them after they undergo an interaction as described in Section 3.2.2, by de-

tecting electrons. Since the most likely interaction process for MeV-energy photons
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is Compton scattering, and a photon can Compton scatter multiple times, we are left
with multiple topologically isolated energy depositions inside the LArTPC. Higher
energy photons can also interact via pair-production, but this is a subdominant in-
teraction for the energies of the photons considered here. The scale of the distance
between subsequent energy depositions for one photon is given by the radiation length

(Xo), which in liquid argon is 14 cm.

FLUKA [83] is the only neutrino MC interaction generator that includes the
simulation of both mechanisms of low-energy photon production in GeV-scale neu-
trino interactions. Figure 5.1 shows the energies and numbers of photons from
charged current interactions of muon neutrinos from the NuMI beam interacting and
depositing energy in a volume of liquid argon with the dimensions of ArgoNeuT,
according to a FLUKA simulation (see Section 5.3 for details). A significant over-
lap in both the energies and numbers of photons from the two processes is visible,
making separation of the source of energy depositions difficult based on these metrics
alone. Since ArgoNeuT is a small detector, a significant amount of in-TPC generated
photons could deposit non-trivial amounts of energy outside of the TPC, making it
difficult to completely reconstruct a photon’s energy. It is also notable that 24%
of product nuclei in this simulation are found in the ground state and produce no

photons.

The typical signature of low energy photon-produced electrons is expected to
be seen as isolated energy depositions (blips) around the neutrino interaction vertex.
An example can be seen in Figure 5.2, where a typical ArgoNeuT neutrino event is

shown.
5.3 Datasets

This analysis uses two primary real datasets from ArgoNeuT’s antineutrino
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Figure 5.1. Energy (top) and multiplicity (bottom) of low-energy photons from
charged current interactions of muon neutrinos from the NuMI beam interacting
and depositing energy in a volume of liquid argon with the dimensions of Ar-
goNeuT. Color indicates source of photon (red are de-excitation photons, blue are
photons produced by neutrons). For a photon to be tracked in the simulation, it
must have an energy > 0.2 MeV.
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Figure 5.2. A neutrino event (raw data) with one track reconstructed as a muon and
one track reconstructed as a proton. Possible gamma activity (isolated blips) is
visible around the muon track. Top plane is collection, bottom induction. Wire
number is indicated on the x-axis. The y-axis indicates time in ticks. Color indi-
cates amount of charge collected.
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mode run which includes over 4 million data triggers. Neutrino events with simple,
low track multiplicity final-state topology have been selected for the present analysis,
as more complex events make the selection of isolated low-energy signatures more
difficult. The first dataset, termed the neutrino dataset, is a subsample of muon neu-
trino and antineutrino events from the ArgoNeuT Charged Current pion-less (CC 07)
events sample, i.e. muon (anti)neutrino charged current events that do not produce
pions in the final state. The selection and analysis of these events, reported in [85], re-
quires matching to a MINOS ND (anti)muon track, and any number of proton tracks
in the final state (ux + Np events). In none of the events is there a reconstructed
electromagnetic shower or a track identified as a charged pion. Threshold for proton
(pion) identification is 21 (10) MeV. From the CC 0-pion sample we have selected a
subsample of events with one muon and up to one proton in the final state (CC O,

0 or 1 proton events) for the present analysis. There are 552 such events.

The second dataset, termed the background dataset, was obtained by examin-
ing triggers immediately before and after each selected neutrino event trigger. These
triggers are “empty events” and do not appear to contain a neutrino interaction but
do contain ambient gamma ray backgrounds, intrinsic 3°Ar activity, above threshold
electronics noise, and products (neutrons and photons) of upstream neutrino interac-
tions. These features are also present in the neutrino events previously described, so
the background dataset is used for a data-driven modeling of the background in the

selected neutrino events. A total of 1970 background events were considered.

We compare the data with a MC dataset, generated using the FLUKA MC
neutrino interaction generator. We produced simulated neutrino interactions in Ar-
goNeuT using FLUKA and the energy spectrum of the NuMI beam. A simplified
ArgoNeuT detector geometry was inserted into FLUKA. In addition to producing

all the final-state particles emerging from the neutrino interaction, including hadron



78

re-interaction inside the nucleus (nuclear effects), FLUKA also simulates the physics
of the final-state nucleus, resulting in the production of final-state de-excitation pho-
tons. FLUKA was also used to propagate final-state neutrons inside the LAr volume,
resulting in the simulation of energies and locations of secondary neutron-produced
photons. The FLUKA-determined properties of non-neutron final-state particles and
secondary neutron-produced photons were then used as input to a LArSoft [72] MC
simulation of ArgoNeuT and propagated through the detector simulation, signal pro-
cessing, and reconstruction stages as for real data. CC On 0,1 proton events, i.e.
events with one muon track entering the MINOS ND and up to one additional proton
with kinetic energy > 21 MeV and no pions with kinetic energy in > 10 MeV in the
final state, compose the selected MC samples for the present analysis. Electronics
noise and ambient radioactivity were not simulated. Instead, the background dataset
described above was used to directly overlay these contributions on top of the MC

dataset.
5.4 Event Reconstruction

As discussed in Section 5.2, the radiation length in liquid argon is ~ 14 cm,
and MeV photon-produced electrons have ranges of a millimeter to a centimeter, as
shown in Figure 5.3. Consequently, for the present analysis a signal on the wire planes
consists of very short clusters of hits on consecutive wires on both active planes of the
TPC, topologically isolated from the rest of the event’s features, with some possible

degree of concentration around the interaction vertex, as shown in Figure 5.2.

The same reconstruction procedure has been applied to all the real and MC
selected data sets described in the previous Section. The reconstruction proceeded
through two steps, one “standard” reconstruction step, followed by a low-energy

specific second step, described in Section 5.4.1.
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Figure 5.3. Energy vs range for electrons and protons for the ranges of interest for this
study. Red denotes protons, blue denotes electrons. The clear separation between
electron and proton means it is unlikely a proton hit will be mistakenly identified
as an electron hit. Data from [20].

First, the “standard” ArgoNeuT automated reconstruction procedure, includ-
ing hit finding, hit reconstruction and track reconstruction, as described in detail
in [73], was applied. Events were required to have a reconstructed neutrino interac-
tion vertex contained in the fiducial detector volume, defined as [3,44] cm along the
drift direction, [—16, 16] cm vertically from the center of the detector, and [6,86] cm

along the beam.

5.4.1 Signal Selection. In the second step, a low-energy specific procedure
to identify and reconstruct isolated hits and clusters was applied. Since low-energy
electrons will leave short isolated features in the TPC, hits that are identified as be-
longing to a reconstructed track were removed. To also remove nearby wire activity
associated with a track (such as delta rays), all hits inside a 120° cone around the
first 2.5 cm of each reconstructed track and a 5 cm cylinder along the remaining track
length were rejected. For tracks reconstructed as being longer than 4 cm, the cylin-

drical rejection region was extended past the end of the track, in case the automated
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reconstruction cuts the track short. To ensure identical rejection efficiencies for all
events, all cut regions in a neutrino event were also cut in the nearby background
events dataset. Then, several cuts were made on the remaining hits found in each
event. A threshold cut removed hits whose fitted peak height is below a certain ADC
count threshold on the induction and collection planes, corresponding to roughly 0.2
MeV. Hits whose fitted peak height is above a maximum ADC count (corresponding
to ~ 1.2 MeV) were also removed, as they were unlikely to be produced by photon
energy depositions. As shown in Figure 5.3, such hits are more likely due to protons.
For example, for a proton to travel a distance of 0.4 mm, the wire spacing, it must
have a kinetic energy of at least 10 MeV, well above the maximum ADC cut. Low
energy protons with very short range can result from a neutron-proton reaction on
argon, however the FLUKA simulation indicates fewer than 1% of hits passing cuts
are due to protons. A fiducial cut was then applied to remove all hits within 6 cm of

the cathode and anode and hits near corners of the TPC.

To further remove hits likely due to above-threshold electronics noise, match-
ing of hit times between induction and collection planes was required. This plane
matching also allowed for reconstruction of 3D hit positions. Using a muon neutrino
CC event (shown in Fig. 5.4) as an example, applied cuts are visually demonstrated

in Figure 5.5.

After the selection was complete, events were individually handscanned to
remove noisy wires and reconstruction failures. Individual wires were removed on an
event by event basis if it was clear they had several hits due to electronics noise, with
equivalent cuts applied to nearby background events. Some hits were also manually

removed if it was clear they belonged to a track that was not reconstructed properly.

Once all cuts were applied and handscanning was complete, the resulting neu-

trino (background) datasets contained 716 (422) collection plane selected hits. A
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Figure 5.4. A raw neutrino data event with one track reconstructed as a muon and
with gamma activity (isolated blips). Top plane is collection, bottom induction.
Wire number is indicated on the x-axis. The y-axis indicates time in ticks. Color
indicates amount of charge collected.

summary of the level of hit removal achieved in each cut for neutrino, background

and MC datasets is found in Table 5.1.

Following this selection, we grouped signal hits into clusters and attempted a
reconstruction of clusters’ positions and energies. A cluster is defined as a collection
of one or more signals on adjacent wires that occur within 40 time ticks on these wires.
This value was determined by examining a simulation of electrons with energies in
the range of interest. If a cluster spans a noisy or unresponsive wire, each section
was considered as a separate cluster. A total number of 553, 4537 and 319 plane-

matched clusters were reconstructed in the selected neutrino, MC and background
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Figure 5.5. The same event as in Figure 5.4 after hit finding and reconstruction.
Each square denotes a reconstructed hit. Color indicates whether or not a hit was
removed and by which cut (see text). Hits that pass all cuts are in red.

events, respectively. In neutrino events, most of the clusters (75%) are composed of
just one hit, 23% are two hit clusters, and only 2% are clusters with more than two

hits.

5.4.2 Position Reconstruction. We reconstructed the 3D position of a cluster
by matching the furthest upstream collection plane hit in a cluster to the furthest
upstream induction plane hit in the matched cluster. This yielded a coordinate on
the yz-plane. We then included the z-coordinate of the collection plane hit to obtain

a 3D position and calculated the distance of each cluster with respect to the neutrino



83

Table 5.1. Effectiveness of different cuts for collection plane hits. Cuts are applied
sequentially. There are 552 neutrino, 1970 background and 3889 MC events.

Percent of Hits Remaining

Cut
Neutrino Background MC
Minimum Peak Height 65% 38% 94%
Maximum Peak Height 58% 37% 84%
Plane Matching & Handscanning 24% 10% 54%

interaction vertex. While a cluster may span more than one wire in a plane, the
distance traveled by the particle creating the cluster is negligible when compared to

the distance from the vertex.

5.4.3 Charge to Energy Conversion. To reconstruct the energy associated
with each reconstructed cluster, first the measured pulse area (ADC X time) of each
hit was converted to the number of electrons by an electronic calibration factor,
then a lifetime correction was applied to account for ionization electron loss due to

attachment on impurities in the liquid argon, as described in [73].

Calorimetric reconstruction in a LArTPC requires converting collected charge
to the original energy deposited. This requires applying a recombination correction
which depends on charge deposition per unit length d@/dz [15], as described in
Sec. 3.5. The low-energy photon-induced signals in the present analysis are just
isolated clusters of a small number of hits, not extended tracks, so the effective length

of the track seen by a wire cannot be determined.

A different method to estimate the energy from the deposited charge which
relies on the assumption that all hits passing cuts are due to electrons only has been

developed; simulation indicates fewer than 1% of hits passing cuts are due to other
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particles. The method uses the NIST table of track lengths for electrons at various
energies (ESTAR) [20], from 10 keV to 1 GeV. Using this table, we can calculate
dE /dx values by dividing the energy by the track length for each row in the table.
Using the Modified Box Equation (Eq. 3.7) to model the recombination effect, we can
calculate the expected dQcon/dx and by multiplying by the track length (i.e. dx), we
obtain the expected amount of charge collected for an electron at a given energy, as
shown in Figure 5.6. By using the result of a fit, also shown in the Figure, we can
convert the measured collected charge on each individual hit to deposited energy. The
total energy in a cluster is the sum of the deposited energy reconstructed for each
individual hit forming the cluster. To test the accuracy of this method, we applied it
to a sample of GEANT4 simulated electrons in the energy range of interest. Figure
5.7 indicates that it works remarkably well, with an energy reconstruction bias of
less than 20%, negligible compared to the uncertainty in the functional form of the
recombination correction itself. Applying this method to a FLUKA simulation of
one-hit electron clusters results in the energy spectrum shown in Figure 5.8, where

almost all (99.9%) one-hit clusters have a reconstructed energy below 2.5 MeV.

5.4.4 Systematic Uncertainties. There are three primary sources of system-
atic uncertainty associated with hit and energy reconstruction in this analysis. As
the electron lifetime varies between runs, we expect a variation and uncertainty in
the number of near-threshold hits that are selected as signal. Despite having precise
measurements of electron lifetime for all runs, we conservatively account for electron
lifetime uncertainties by re-running FLUKA signal hit selections with a 25% increase
in either high- or low-lifetime runs; the resultant spread in reconstructed multiplici-
ties and energies is treated as the systematic uncertainty from this source. A second
systematic uncertainty arises from the choice of a true underlying functional form
for the recombination correction. To account for this uncertainty, we consider recon-

struction of simulated events using the unmodified Box Model as described in [16];
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for a sample of simulated electrons with energies between 0 and 5 MeV. Events
where the electron was not detectable are excluded.



86

450
400
350
300
250

200

Number of Clusters

150
100

50

0 ||||||||||||||||| o L b b by

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Enerav (MeV)

Figure 5.8. Energy deposited in individual one-hit clusters according to the FLUKA
simulation.

deviation from the default selection is treated as an uncertainty contribution from
this source. Finally, there is a 3% error associated with the utilized muon-based cal-
ibration constants, which are fully correlated between all runs. Any multiplicity or
energy variation arising from a +3% shift in thresholds and reconstructed energies is
treated as an uncertainty from this source. We find that electron lifetime uncertain-
ties dominate the low bins of multiplicity and energy, while calibration constants are
the dominant systematic uncertainty at higher photon energy deposition. System-
atic uncertainties in reconstructed positions are expected to be small and were not

considered in this analysis.
5.5 Results

5.5.1 Comparison of Neutrino and Background Datasets. Table 5.2 shows
a comparison of neutrino and background datasets. Comparing the different metrics

leads to the conclusion that we have observed a statistically significant sample of
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neutrino-induced MeV-scale photons. Hit and cluster multiplicities are found to be
significantly higher in the neutrino dataset than in the background dataset, with
1.30+£0.07 and 0.21 £0.02 hits per event, respectively. This difference corresponds to
a 150 statistical excess of signal in the neutrino dataset. The higher neutrino dataset
multiplicity is also accompanied by a larger per-event signal occupancy (54 + 4% in
neutrino events versus 12 + 2% in background events) and total signal energy per
event (1.1 MeV in neutrino events versus 0.19 MeV in background events). This can

be interpreted as evidence of neutrino-induced MeV-scale energy depositions.

Table 5.2. Comparison of neutrino and background datasets when examining hits
passing all cuts. The difference in the first four metrics indicates neutrino-induced
MeV-scale activity is visible.

Metric Neutrino Data Background
Number of hits per event 1.30 0.21
Number of clusters per event 1.00 0.16
Average total signal energy in an event (MeV) 1.11 0.19
Percent of events with at least one signal hit 54% 12%
Average cluster distance from vertex (cm) 22.4 —

5.5.2 Comparison to MC Simulations. A comparison of reconstructed per-
event signal multiplicity and total signal energy for data and FLUKA MC simulation
are shown in Figure 5.9, top and bottom respectively. Background activity is added
to MC events on an event-by-event basis. The activity from a randomly selected

background event is added to each MC event.

In both data and MC, around half of the events have no signal clusters, as
expected based on the small ArgoNeuT detector size and the previously-mentioned

sizable number of predicted product nuclei in the ground-state. Overall, there is good
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agreement between data and FLUKA MC predictions. We find a x?/ndf of 7.81/12
(p-value 0.80) for the total reconstructed energy distributions, and a x?/ndf = 12.6/6
(p-value 0.05) for the cluster multiplicity distribution. Thus, we observe that FLUKA,
which incorporates low-level nuclear processes that result in the production of MeV-
scale energy depositions following interactions of GeV-scale neutrinos in liquid argon,
agrees well with the data. We observe that the largest contributor to the x? between
the data and MC multiplicity distributions is the difference in high-multiplicity events.
The modest excess in MC, which spreads over multiple reconstructed energy bins,
could be indicative of flaws in the hit selection process, or of imperfections in models
or libraries utilized by FLUKA. This feature can be better examined in future high-
statistics studies in larger LArTPCs. Finally, we notice a dip in the first bin in
Figure 5.9 (bottom), due to detector thresholding, which can vary in data from event

to event due to different electron lifetime values.

Both components — de-excitation photons and photons produced by interac-
tions of final-state neutrons on argon — are needed to have data-MC agreement. Figure
5.11 demonstrates the impact of removing either of these components on the cluster
multiplicity and total energy distributions shown previously. The top row indicates
the effect of removing neutron-produced photons, and the bottom row indicates the
effect of removing deexcitation photons. In all four plots, agreement between data and
MC is shown to be poor. If deexcitation photons are removed from FLUKA distri-
butions, we obtain a y?/ndf = 82.6/12 for reconstructed energy and x?/ndf = 93.8/6
for the cluster multiplicity. If neutron-produced photons are removed, we obtain
x%/ndf = 194/12 and x?/ndf = 197/6 for these same distributions, respectively. To
confirm this, we also compared ArgoNeuT data with a different neutrino interaction
generator, GENIE [86], commonly used by US-based neutrino experiments; existing
user interfaces allowed for easy generation of GENIE final states within the LArSoft

framework. The same event selection and reconstruction procedure as in FLUKA was
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Figure 5.9. Cluster multiplicity (top) and total signal reconstructed energy (bottom)
in an event for neutrino data and FLUKA MC events. Events with no reconstructed
energy are not included. Data points include statistical error. Dark green line
indicates FLUKA prediction with data-driven background added (see text). Dark
green shaded area is statistical error in FLUKA, overlaid on total error (statistical
+ systematic) for FLUKA in light green shading. MC is normalized to the number

of neut

rino data events.
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applied to GENIE events. As an example, a comparison of reconstructed multiplicity
is shown in Figure 5.10 (top). The x?/ndf is 57.9/6. This disagreement is attributed
to the lack of de-excitation photons in the GENIE simulation of neutrino-argon in-

teractions.

These results indicate that the observed MeV-scale signals in ArgoNeuT con-
tain both de-excitation and neutron-produced photons. The contribution of each of
these sources to the total activity in an event as given by the FLUKA simulation is
shown in Table 5.3. We find that we cannot distinguish between the two sources of
photons by examining the energy of a hit or cluster alone, but we do see a difference
in the distance of a cluster with respect to the neutrino interaction vertex. The dis-
tribution of these distances is seen in Figure 5.12. Photons produced by de-excitation
of the final-state nucleus tend to be concentrated at lower distances, while photons
produced by inelastic neutron scattering dominate at higher distances.

Table 5.3. Relative contributions of de-excitation and neutron-produced photon com-
ponents in FLUKA MC.

Metric De-excitation Neutron Total

Number of hits per event 0.48 0.98 1.46
Number of clusters per event 0.35 0.77 1.12
Average event energy (MeV) 0.41 0.76 1.17
Average cluster energy (MeV) 1.18 0.98 1.04
Average hit energy (MeV) 0.86 0.77 0.80

Average cluster distance from vertex (cm) 15.7 23.4 21.0
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Figure 5.10. Cluster multiplicity (top) and total signal reconstructed energy (bottom)
in an event for neutrino data and GENIE MC events. Events with no reconstructed

energy are not included. Data points include statistical error.

Dark blue line

indicates GENIE prediction. Light blue shaded area indicates statistical error for
GENIE prediction. MC is normalized to the number of neutrino data events.
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Figure 5.11. Cluster multiplicity (left) and total signal reconstructed energy (right) in
an event for neutrino data and FLUKA MC events. Events with no reconstructed
energy are not included. Data points include statistical error. Dark green indicates
FLUKA prediction with only deexcitation photons (top) or with only neutron-
produced photons (bottom). Data-driven background is added to all plots (see
text). MC is normalized to the number of neutrino data events.
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vertex in neutrino data and FLUKA MC events. Data includes statistical error.
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cleus. Red indicates the contribution of photons from inelastic neutron scattering.
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5.6 Conclusions

The ability to reconstruct activity at the MeV scale in a LArTPC is crucial
for future studies of supernova, solar, and beam neutrino interactions. Future MC
studies and higher-statistics datasets from future large LArTPCs will provide addi-
tional understanding of the value of these MeV-scale features. By studying low-energy
depositions produced by photons in ArgoNeuT neutrino interactions and comparing
to simulation, we have shown that such a reconstruction is possible. Performing this
study required the creation of new techniques for low-energy LArTPC reconstruction.
By reconstructing photons produced by nuclear de-excitation and inelastic neutron
scattering, we have extended the LArTPC’s range of physics sensitivity down to the

sub-MeV level, reaching a threshold of 0.3 MeV in this analysis. This range now
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spans more than three orders of magnitude, up to the GeV level.

This analysis represents the first-ever reported detection of de-excitation pho-
tons or final-state neutrons produced by beam neutrino interactions in argon. Both of
these particle classes could provide valuable new avenues of investigation for physics
reconstruction in LArTPCs. Reconstruction of MeV-scale neutron-produced features
may enable some level of direct reconstruction of final-state neutron energies or multi-
plicities, which would provide a valuable new handle on one of the dominant expected
differences between neutrino and antineutrino interactions in liquid argon. Precise
reconstruction of de-excitation photon multiplicities and energies will improve overall
reconstruction of neutrino energies, particularly for those at lower energies, such as

supernova and solar neutrinos.

In addition, studies of low scale new physics scenarios, such as millicharged
particles, light mediators, and inelastic scatterings with small splittings (see e.g.
Refs. [62,87,88]), could invaluably profit from such low energy reconstruction, as

shown in the next chapter.
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CHAPTER 6
MILLICHARGED PARTICLE SEARCH USING ARGONEUT

As discussed in Section 2.8, millicharged particles are one of many BSM physics
theories being investigated in experimental particle physics today. Using the tech-
niques for reconstructing low energy activity in LArTPCs, described in Chapter 5,
it is possible to perform a search for millicharged particles using a LArTPC. This
chapter presents the techniques used in and the results of such a search using Ar-
goNeuT data. This content, which represents the first BSM search ever performed
with a neutrino LArTPC, has been submitted to Physical Review Letters and is
found in arXiv:1911.07996 [89]. As in Chapter 5, this work is based on my own anal-
ysis efforts, building on low-level tools developed by the ArgoNeuT collaboration and

working with Fermilab theorists.
6.1 Production of Millicharged Particles Reaching ArgoNeuT

Millicharged particles can be produced at any intense fixed-target-produced
beam via the decays of neutral mesons or direct Drell-Yan pair production arising
from proton interactions in the target. (See Sec. 2.8.) [21,62]. A detector placed
downstream of such a target may be exposed to a large flux of millicharged particles
produced at the target. In the case of ArgoNeuT, the detector is placed downstream of
the NuMI target. The NuMI target is struck by 120 GeV protons with a high intensity.
The expected flux of millicharged particles entering ArgoNeuT, 1 km away from the
target, is given in Figure 6.1 [21]. The Figure gives the flux of millicharged particles
from various meson decays and Drell-Yan production for charges of 10~2¢ with an
exposure of 10?2° POT. Millicharged particles are produced in pairs, so the maximum

mass for a millicharged particle is half the parent’s mass. This plot demonstrates
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that even a small detector like ArgoNeuT, placed 1 km away from the source can still

receive a large number of millicharged particles.
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Figure 6.1. Number of millicharged particles with charge 10~2¢ entering ArgoNeuT for
10%° POT, integrated over all millicharged particle energies. Colors indicate which
neutral meson decay. Yellow dot-dash indicates Drell-Yan production. From [21].

6.2 Detection Signature

The detection signature of mCPs in the detector is elastic scattering with
atomic electrons resulting in knock-on recoils above the detection threshold [21].
Therefore, in order to be able to reconstruct mCPs which pass through ArgoNeuT,
we search for small individual energy depositions in the detector. As demonstrated in
Chapter 5, in ArgoNeuT it is possible to reconstruct with very good efficiency elec-
tromagnetic energy depositions as low as 300 keV. Following the method suggested
in [21], to cut down on possible backgrounds in our search for mCPs we look for
events with two individual soft energy depositions that are aligned with the upstream

target, as shown in Figure 6.2.



97

Signal
s o ArgoNeuT
Lo Target ..
S0 T
£ R +
i
©
1033 m (2)
Background
ﬂ'—'L"::':::2::'7":::31 3° ArgONeUT
. Target
sy oo Sooooooon000
______ 3 IO — o *
© >
1033 m (2)

Figure 6.2. Schematic (not to scale) of the ArgoNeuT detector location relative to
the upstream target. Signal is a double-hit event with a line defined by the two
hits pointing to the target (top). A background double-hit event generally will not
point to the target (bottom). Figure adapted from Ref. [21].

6.3 Datasets

We searched for the presence of mCPs in data from ArgoNeuT’s antineutrino
mode run. The trigger condition for the ArgoNeuT data acquisition was set in co-
incidence with the NuMI beam spill signal. A total of 4,056,940 collected triggers
has been analyzed. The vast majority of NuMI beam spills delivered did not pro-
duce an observable neutrino interaction within the TPC due to the very low neutrino
cross-section and the limited size of the detector, resulting in “empty” events. In
this analysis we searched for the possible presence of mCPs in these empty events.

Events containing a neutrino interaction inside the LAr volume and events contain-
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ing charged particles (mainly muons) produced by neutrino interactions upstream of
the ArgoNeuT detector and propagating through the LAr TPC volume are removed.
The background for the mCP search is due to ambient gamma ray activity, beta elec-
trons from intrinsic 3 Ar activity, fluctuations of electronics noise faking signals from
true energy depositions, and low-energy electrons produced by Compton scattering
of photons from inelastic scattering of entering neutrons from neutrino interactions
occurring upstream of the detector. To estimate the contribution due the first three
sources of background, in the following analysis we compare events acquired when
the NuMI beam was operating at its typical high intensity (named “high-beam” in
the following) to events acquired when the intensity was very low (< 1% of the av-
erage intensity, named “low-beam” in the following). In this case the last source of

background, coming from neutrino-induced neutrons, is not present.
6.4 Reconstruction

The reconstruction technique used in this analysis is described in detail in
Chapter 5. It consists of a two step process, the standard LArTPC reconstruction [73]
followed by a specific procedure for the identification of isolated low-energy deposi-
tions in the event. In the first stage of the analysis, hits in the recorded TPC wire
signals are found, and clusters of consecutive hits are identified. Events with high-
energy activity, i.e. with long tracks or showers, are removed. This leaves 3,259,427
high-beam events, corresponding to 1.0 x 10?° protons on target (POT), and 208,730
low-beam events. The next step aims at efficiently identifying and reconstructing
isolated low-energy activity in the selected events. Only hits localized in space within
a fiducial volume region are selected, and a series of cuts is applied to possibly remove
random electronics noise, as described in detail in Chapter 5.. Individual signal hits
whose amplitude corresponds to an energy deposition of > 300 keV are grouped into

clusters, where a cluster is defined as one or more hits on adjacent wires. For each
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cluster on a wire plane, we look for a corresponding cluster on the other wire plane
that appears at the same time, a process called plane matching. Plane matching
keeps hits due to true energy depositions in the TPC volume and rejects hits due to
electronic noise fluctuations above threshold occurring in either plane but not simul-
taneously in both. This technique is used to significantly reduce random electronics
noise. Plane matching also allows for a determination of the three-dimensional (3D)

position of the cluster.
6.5 High-Beam vs Low-Beam Data

The selected clusters appear to be uniformly distributed throughout the de-
tector volume. The average number of low-energy clusters per event is 0.15 and 0.069
for high-beam events and low-beam events respectively. Cluster multiplicities are
given in Table 6.1. The vast majority of the events are empty (0 clusters) in both
data sets, with a lower fraction (88%) in the high-beam data. In the low-beam data
(94% empty events), the 1-cluster fraction (~6%, mainly from 3°Ar 3 activity) almost
exhausts the sample. The greater activity in the high-beam sample is expected to be
from neutrino-produced neutrons entering the detector volume. Additional activity
from low energy electrons can be anticipated to be produced by elastic interactions of
mCPs generated at the neutrino beam production target. Since our analysis method
of selecting multiple soft energy depositions aligned with the upstream target is ex-
pected to be very effective in reducing the background [21], we do not apply any

background subtraction procedure to the data.
6.6 Analysis

The final step of the analysis, the search for possible mCPs in events from
the high-beam data, requires the identification of two low-energy depositions that are

aligned with the upstream target (see Fig. 6.2 top). The distribution of the energy
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Table 6.1. Number of plane matched clusters passing cuts in an event for events with
low-beam intensity (“low-beam”) and events without high-energy activity (“high-
beam”).

Number Events  Percentage Events Percentage

of clusters low-beam low-beam high-beam high-beam

0 195,420 93.6% 2,855,299  87.6%
1 12,428 5.95% 330,548 10.1%
2 782 0.37% 55,372 1.70%
3 76 0.036% 13,177 0.40%
>4 24 0.011% 5,031 0.15%

deposited in each cluster, in each one-hit cluster and the distance between clusters
for events with at least two clusters is shown in Figure 6.3. As shown in the top left
figure, the majority of events have energy depositions in the region around 1 MeV.
For events with at least two clusters we create all possible lines that connect the two
clusters. While many events have more than two clusters, we find that no lines have
more than two collinear points within a tolerance of 3 cm (i.e. there are no three-
cluster lines). To check whether the lines point back to the target we extrapolate
every line to a plane located at the downstream end of the target (1033 m upstream)

and normal to the neutrino beam direction.

The uncertainty on the location of the intersection of the line with the plane is
determined by the separation of the clusters (smaller cluster spacing corresponds to
larger uncertainties) and stems from the uncertainties in the locations of the clusters
inside the detector. The latter uncertainties are determined by the spatial resolution

of the detector, which is 0.015 cm in the horizontal drift direction (z), 0.28 cm in
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Figure 6.3. Top left: Energy deposited in each cluster in high-beam events with at
least two clusters. Top right: Distance between clusters in a line in events with two
or more clusters. Bottom left: Energy deposited in individual one-hit clusters for
high beam events. The majority (97%) are below 2.5 MeV. Bottom right: Cosine
of angle between line and vector pointing to the target. Any mCP signal should
appear at cosf = 1.

the vertical direction (y) and 0.16 cm along the beam direction (z) [15]. The smaller
uncertainty in the drift direction compared to the other directions is due to the fre-
quency of the detector readout, which samples the drift distance in 0.03 cm samples.
The uncertainties in the other two directions depend on the wire spacing and orien-
tation of the wire planes; thus the uncertainties in the beam and vertical directions
are not the same. There is also a global uncertainty of 1.52 c¢m in the drift direction
due to the 10 us beam spill window. This uncertainty in the arrival time of the beam
has the same effect on both clusters in a line. While these uncertainties are small
compared to the size of the detector, they can become quite large, depending on the
relative location of the points, when extrapolated to the location of the target, 1033

m upstream. Since we use the position of the intersection of the lines on the plane to
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identify signal events coming from the target, we want events with good directional
resolution and thus place a cut of > 10 cm on the separation between clusters. For
two clusters in the center of the detector and separated by 10 cm, the uncertainty at
the target plane is 41 m in the vertical and 2.25 m in the horizontal directions for lines
that point in the vicinity of the target. By applying the 10 cm cut on the separation
between the two clusters we are ensuring that the uncertainties at the target plane
are always smaller than these. Events where the two clusters are separated by less
than 0.4 cm in the beam (z) direction are also ignored to remove lines with undefined

slope.

The locations and the uncertainties of the points of intersection of the lines
with the plane at the target’s edge are shown in Figure 6.4, where the target is located
at the center. Only points at a distance < 10 (100) m from the target in the horizontal
(vertical) direction are shown in the figure. We note that double hit events that are
separated in y by less than the vertical resolution will always be reconstructed as
horizontal in the lab frame due to the discrete nature of the detector wires. This
feature, which is generic for a discrete detector, leads to a population of horizontally
reconstructed events with Y=-61 m in Figure 6.4 because the beam is pointing 3°

downwards.
6.7 Expected Signal and Background

The number of expected background events is estimated using a Monte Carlo
simulation, assuming that the lines are isotropic and taking the distribution of cluster
separation from data, as shown in Figure 6.3 (bottom right). We estimate the prob-
ability that two clusters will align with the target within the uncertainties. With the
detector performance parameters reported above, and taking into account the spa-
tial separation of clusters and the resulting uncertainties, we expect 1.46 background

events which point back to the target.
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Figure 6.4. Locations of the points of intersections (shown as grey circles) of lines
defined by two clusters with a plane perpendicular to the beam at the downstream
target’s edge. Uncertainties in the location (see text) are also shown. The target,
denoted by the red cross, is located at (0,0). The candidate signal event, denoted
with a blue square, is consistent with originating from the target within its uncer-
tainties. Note that the scale in the vertical axis is 10x that of the horizontal axis,
since the horizontal uncertainties are smaller. Only points at a distance < 10 (100)
m from the target in the horizontal (vertical) direction are shown.
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The rate of expected mCPs passing through the ArgoNeuT detector depends
on the mass of the mCP. The geometrical acceptance varies between 107 to 1077
for signal events [21]. The detection probability for double-hit signals is inversely

proportional to the fourth power of its electric charge @,.

The number of expected background events can be estimated by assuming the
lines in double hit events are isotropic. The distribution of cluster separation is taken
from data, shown in Figure 6.3 (top right), using pairs of events which do not point
to the target’s vicinity (cosine > 0 in Fig. 6.3 (bottom right)). Using a Monte Carlo
simulation, assuming that the lines are isotropic and taking the distribution of cluster
separation from data, we estimate the probability that two clusters will align with the
target within the uncertainties. With the detector performance parameters reported
above, and taking into account the spatial separation of clusters and the resulting

uncertainties, we expect 1.46 background events which point back to the target.
6.8 Search for mCP Candidates

We found one possible mCP signal candidate event, shown as a blue square
in Figure 6.4. The position of the line in this event overlaps with the location of the
target within the horizontal and vertical uncertainties. The event has been visually
scanned, and it shows no anomalies. The selected event, shown in Figure 6.5, has
two clusters spaced 11.8 cm apart with with an energy of 0.72 (2.82) MeV in the more
upstream (downstream) cluster. The observed candidate signal event is compatible

with the expected background.

Before using this observation to set a limit, we consider the systematic un-
certainty related to ArgoNeuT’s exact orientation with respect to the target. Using
the spread in direction of through-going muons [90], we find that the direction of the

target location is uncertain by +1.0° horizontally and 40.59° vertically. In the plane
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of Figure 6.4, this corresponds to £18 m in x and £10.6 m in y. When the target
location is moved within this uncertainty window, up to five two-cluster events can
be found in the ArgoNeuT high-beam data. We set limits using both one and five
observed events and treat the difference as a systematic uncertainty. As an additional
test, we have checked that the number of signal events in the plane of Figure 6.4 is
consistent with a Poisson distribution as the target location is allowed to vary across
a large window (well beyond the systematic uncertainty). We have also considered
the effect of the mCPs traversing the dirt en route from the target to the detector,
following [21]. We find that the amount of energy loss is negligible in the region of
interest. The angular deflection of an mCP from elastic scattering off of nuclei is also
negligible for most of our parameter space. The angular deflection may become of
order the typical spatial resolution only for € = 107! and thus can affect the limit
only for m, above 2 GeV. We estimate the limit for these high masses can be weaker

by about 15% in e.

The expected number of mCPs traversing ArgoNeuT and their energy distri-
bution for a given mCP mass and charge are simulated with Pythia 8 [91], as detailed
in Ref. [21]. The mean free path for every mCP is computed through equation (3.3)
following the procedure in [21], giving a probability to deposit a double hit event. We
then set limits using a CLs method [1] without subtracting background. Figure 6.6
shows our limits on mCPs as a function of their mass and charge. We put constraints
at the 95% confidence level on mCP parameters that do not produce more than 4.7

events for one observed signal event.

To account for the uncertainty in detector orientation discussed above, we
also draw a limit on parameters that lead to more than 10.5 events, corresponding
to five observed signal events, and draw a band between these two cases. We note

that the limits in both these cases are very close. These upper limits on the number
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of expected events correspond to the conservative assumption that the background
cannot be subtracted. The results of previous experiments [22-26] are shown for
comparison. Our result is a significant increase in the exclusion region in the range

of millicharged masses > 0.1 GeV and charge < 10~ !e.
6.9 Summary

We have set new constraints from a search for millicharged particles in the
ArgoNeuT LArTPC experiment at Fermilab. For a detector exposure of 1.0 x 102
POT, one candidate event has been observed, compatible with the expected back-
ground. ArgoNeuT has probed the region of @, = 107'e — 10 ¢ for masses in
the range m, = 0.1 — 3 GeV, unexplored by previous experiments. This analysis
represents the first search for millicharged particles in a LArTPC neutrino detector,
performed with a novel search method using a cluster doublet aligned with the beam
target location. The analysis techniques used in this search can be applied to future

larger mass LArTPC experiments and motivate new searches.
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Figure 6.5. The candidate signal event. Top: Zoomed in image from the collection
wire plane. Two isolated clusters are visible in the event. The two clusters are
spaced 11.8 cm apart with an energy of 0.72 (2.82) MeV in the left (right) cluster.
Color in the image indicates the amount of charge collected. The horizontal axis
is perpendicular to the collection plane wires. The vertical axis is parallel to the
drift direction. Bottom: 3D reconstruction of the event with the reconstructed line
superimposed.
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Figure 6.6. ArgoNeuT limits (blue) in the m, — e plane for millicharged particles
at 95% C.L., where ¢ = ), /e. The limit is drawn where mCP are unlikely to
produce more than the observed number of events. The thickness of the blue band
accounts for the systematic uncertainty in detector placement. Existing limits from
other experiments, including SLAC MilliQ) [22] and collider experiments [23-26],
are shown in gray.
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CHAPTER 7
CONCLUSIONS

This thesis has demonstrated the capability of liquid argon time projection
chambers to detect sub-MeV-scale energy depositions. Two important results are pre-
sented. They are the first physics measurements in this energy range in a LArTPC.
In Chapter 5, we presented a study of low-energy photons produced in neutrino in-
teractions. Using data from ArgoNeuT, MeV-scale energy depositions from photons
from nuclear deexcitation and inelastic neutron scattering were identified and recon-
structed, and a novel reconstruction technique has been developed. The reconstructed
number, energies and positions of these depositions were compared to a FLUKA sim-
ulation of neutrino-argon interactions. The reconstructed activity is consistent with
that created by photons produced when the final-state nucleus deexcites and by pho-
tons produced by inelastic scattering of final-state neutrons. This study demonstrated
that reconstruction at MeV scales in LArTPCs is indeed possible. It also shows that
existing neutrino generators are capable of correctly simulating final state photon and

neutron products in neutrino-argon interactions.

Mev-scale reconstruction capabilities are critically important for future low-
energy LArTPC studies. For supernova and solar neutrinos, MeV-scale feature recon-
struction may enable enhanced energy reconstruction and the ability to differentiate
between interaction channels, greatly enhancing the versatility of these datasets to
answer key questions in particle and astrophysics. This study indicates that for
GeV-scale neutrinos, reconstruction of the energies and multiplicities of deexcitation
photons and final-state neutrons may very well be possible in large LArTPCs, such as
DUNE. The ability to accurately reconstruct these two neutral particles aids greatly

in the reconstruction of beam neutrino energies and the final state nucleus. This
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in turn may provide insight into the differences between neutrino and antineutrino

interactions in these experiments.

This work has already influenced several theoretical studies discussing the
potential of other LArTPCs, particularly DUNE. These studies have discussed the
resolution of LArTPCs [78] and the ability for DUNE to study solar neutrinos [19].
A follow-up analysis mimicking the techniques developed here is currently being per-
formed in MicroBooNE in the hopes of increasing the statistical power of the results

presented in this thesis.

This thesis also includes the first search for beyond the Standard Model physics
in a LArTPC, a search for millicharged particles in data from ArgoNeuT presented
in Chapter 6. This search used the low-energy techniques developed in the previous
analysis to search for isolated low-energy depositions from millicharged particles. This
search sets world-leading limits on the parameter space of millicharged particles. This
search also demonstrates the potential of LArTPCs in BSM physics studies and shows
that even a small LArTPC can set limits competitive with dedicated millicharged

particle experiments and large experiments, like those at the Large Hadron Collider.

The first analysis is published in Physical Review D [82] and presented at
several conferences, including a Joint Experimental-Theoretical Physics Seminar at
Fermilab. The second analysis has been posted on the arXiv [89] and submitted to

Physical Review Letters, in addition to being presented at conferences.
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