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Abstract

This paper discusses two aspects of the MicroBooNE experiment. We first describe a Photomultiplier Tube
(PMT) test setup, a replica of a part of the MicroBooNE PMT system. We use this setup to determine whether
varying of the length of the signal cable by a significant amount changes the signal we read from the PMT.
Within this setup, we test two lengths of cable. The first is of a small length of one meter, and the second
is of a much larger length of sixteen meters. In running identical tests on both cables, we have observed that
regardless of the length, the signal shows negligible change. The second aspect of this paper describes studies on
neutron-antineutron oscillation within an argon nucleus and its background using a simulation software called
LArSoft. Single antiproton annihilation on argon nuclei in the MicroBooNE detector was simulated in LArSoft.
We hypothesize that the antiproton annihilating with a nucleon in an argon nucleus would create a similar
signature to a neutron oscillating into an antineutron and annihilating with a nucleon within the nucleus. The
latter is a phenomenon which has not yet been observed and which we hope to see in the future in large liquid
argon time projection chamber detectors.



I. Introduction

A. The Standard Model: Overview

The Standard Model is a theory based on the
formalism of Quantum Field Theory(QFT) that was
developed in the early 1970s. The standard model
describes the elementary particles responsible for
making up all of the visible matter in our universe, as
well as describes three of the four known fundamental
forces of nature.

Figure 1: This is a chart containing the elementary particles

and force carriers belonging to the Standard Model.

The standard model, which can be seen above in
Figure 1, is divided into three main sections: Quarks
(up, down, charm, strange, top, and bottom), lep-
tons(electrons, muons, tau, and their corresponding
neutrino counterparts), and force carriers(photons, glu-
ons, Z and W Bosons). The quarks and leptons are then
further grouped into three generations. Each quark gen-
eration contains an ’up’ type with a charge of 2

3 times
the magnitude of the electron’s charge and a ’down’
type with a charge of - 13 times the electron’s charge.
Quarks are only seen bound in quark-antiquark pairs
(mesons such as pions and kaons) and in quark triples
(baryons such as protons and neutrons), they are never
seen alone in nature. Leptons in contrast have integer
charges and do not exist bound in lepton combinations.
Each generation of these particles consist of a negatively
charged lepton along with a neutrally charged neutrino
partner.

The third and last group that the Standard Model
describes are the bosons which are particles that medi-
ate the electromagnetic, strong, and weak forces. The
massless photons are the particles which mediate the
electromagnetic force, the gluons mediate the strong
force, and the W and Z bosons mediate the weak force.
Quarks mainly interact via the strong force, the force
responsible for keeping the protons and neutrons bound
inside all nuclei. The neutral leptons, the neutrinos, in-
teract only through the weak force. This is the reason
why neutrinos are so difficult to detect. The fourth

force, the gravitation force, is the only force which is
not included in the standard model. This force is me-
diated by the theorized gravitons. The Higgs Boson is
also a theorized particle in the Standard Model, and if
it exists, it will explain why it is that the particles we
know have mass.

B. The Standard Model: The Neutrinos

Figure 2: An image showing the oscillation capability of the

three neutrinos.

Neutrinos are special little particles, special since
the only force they can interact through is the weak
force. These are the perfect particles to study if one
wants to learn about this force. The weak interactions
are mediated by the exchange of W and Z bosons. In a
charged current interaction, there is an exchange of the
W Boson, and in a neutral current interaction, there is
an exchange of the Z boson. [1]

In the Standard Model, neutrinos are described
as massless, chargeless particles that come in three
flavors, electron, muon, and tau. The Standard Model
also states that there exists only left-handed neutrinos,
their mass eigenstates are the same as the flavor
eigenstates, and also that neutrinos cannot change into
another flavor as this would violate lepton number
conservation. However, since the 1960s, experimented
data on solar neutrinos from the sun have shown that
nearly two thirds of the number of electron neutrinos
expected upon arrival at the detector are missing. The
only clarification for this mysterious disappearance has
been provided from the Sudbury Neutrino Observatory
(SNO) experiment, which has shown that that the
neutrinos had changed flavors. The νµ : νe ratio was in
fact different for when the neutrinos were at the sun
versus when they reached the detector, and their detec-
tors were only sensitive to electron neutrinos [2].This
oscillation is only possible if neutrinos have mass.
Therefore, the mass eigenstates(ν1, ν2, ν3) cannot
possibly be equal to the flavor eigenstates(νe, νµ, ντ ).
This means that no neutrino traveling through space
has an exact defined mass, it is how they oscillate from
one flavor to another. The following equation gives
the oscillation probability between two neutrino flavors.

P (α, β)(L) = sin2 2θ sin[1.27(
L

E
(∆m)2)] (1)

where α, β are the neutrino flavors in which an oscil-
lation takes place, θ is the mixing angle, (∆m)2 is the
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difference of the squared mass eigenstates, L is the dif-
ference from neutrino source to detector, and E is the
energy of the neutrino. For three neutrino species, this
can be written in a ’three-dimensional’ case, including
the probability of oscillation between all three neutri-
nos. This oscillation is given by the Mixing Matrix, and
is as follows, νe

νµ
ντ

 =

Ue1 Ue2 Ue3e
iδ

Uµ1 Uµ2 Uµ3
Uτ1 Uτ2 Uτ3

 ν1
ν2
ν3

 (2)

where U is the product of three rotations corresponding
to all possible oscillations between all three neutrino fla-
vors, δ is a CP violation phase. As long as δ is nonzero,
this implies that the oscillatory behavior for neutrinos
versus antineutrinos is different.

C. MicroBooNE: The Experiment

MicroBooNE is a Liquid Argon Time Projection
Chamber (LArTPC) filled with approximately 170 tons
of pure liquid argon. The detector is located along the
booster neutrino beam line at Fermilab, and it was
designed to investigate the unexpected excess of low
energy neutrino events that the MiniBooNE [See Ap-
pendix A] experiment had originally observed.

This excess will be able to be observed at 9σ if the
excess was due to electron sources, and 3.4σ if the ex-
cess is due to photon sources.

In addition to having the capability of unfold-
ing the mystery of the low energy excess events, Micro-
BooNE will have sensitivity to electron neutrinos that
is about twice as good as in MiniBooNE. It will also
have the ability to excellently identify particles in gen-
eral.

Aside from all the physics advantages, Micro-
BooNE will be a stepping stone in R&D for liquid argon
TPC’s. Liquid argon detector studies have revealed a
promising future in that they will be excellent rejectors
of background Neutral Current (NC) neutrino events
while holding onto the important Charged Charged
Current (CC) ones for neutrino oscillation searches.
This will also be opening the door for future larger kilo-
ton scale Liquid argon TPC detectors, such as LBNE.

A liquid argon TPC is a system that is currently
in it’s research and development stages, and they are
going to be the future of neutrino oscillation physics.

The MicroBooNE TPC consists of three wire
planes, one which is a vertical collection plane, and two
induction planes which are ±60◦ to the vertical. When
a charged particle ionizes the liquid argon in the TPC,
positive ions and electrons are produced. These ioniza-
tion electrons are drifted toward the wire planes and
are used to image the tracks of the particle. The way
this works is, following the ionization of the argon by
the particle, light is emitted and the PMTs instanta-
neously pick up this light signal. The electrons then
drift to the wire chamber planes. They induce signals

on the two induction planes to pinpoint where the elec-
tron is located. The vertical plane then collects the
electrons. [3] The drift position can be determined from
the drift velocity and drift time, where the drift time is
the the difference between the time the PMT picks up
the the light signal emitted by the ionized argon and
the time the electron reaches the wire plane. Figure 3
below illustrates a labeled diagram of the LArTPC in
MicroBooNE.

Figure 3: A labeled diagram of the LArTPC in

MicroBooNE [4].

II. PMT Signal Attenuation Tests

A. What is a PMT?

Figure 4: An 8” Photomultiplier tube.

A photomultiplier tube (shown above in Figure 4 )
is a vacuum tube detector of light that provides ex-
tremely high sensitivity and a very fast response to in-
cident light. PMTs are ideal for detecting low pulses
of light. These light detectors work by intensifying the
amount of electrons generated by a photocathode that
is exposed to some amount of light. The way this works
is shown below in Figure 5.

Figure 5: A schematic diagram of how a PMT internally works.
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An increasingly high voltage is initially to the cath-
ode, dynodes (a series of electrodes), and anode. This
then causes a potential ’ladder’ to be set up along
the length of the cathode-dynode-anode system. When
light enters the photocathode, photoelectrons are emit-
ted into the vacuum tube via the photoelectric effect.
The applied high voltage causes each electron to be di-
rected and accelerated towards the first dynode. At the
point each electron strikes the dynode, many secondary
electrons are emitted and accelerated towards the sec-
ond dynode, and so on until all dynodes are hit. This
creates an electron cascade, there are thousands more
electrons than when at the first dynode. At the anode,
this cascade is collected to give a current, and thus can
be analyzed [5].

B. MicroBooNE: The PMT

Figure 6: An image of the PMTs inside of the MicroBooNE

cryostat.

MicroBooNE will make use of thirty 8 inch cryo-
genic PMTs. The PMTs will be aligned on a rack (seen
above in Figure 6 ) inside of the cryostat, facing the wire
planes on the TPC. Each PMT has a special high volt-
age signal cable that is soldered to the back end of the
PMT high voltage base circuit. Each of the cables exit
the cryostat together out of one of its nozzles, Nozzle 16
(shown below in Figure 7 ). Because of the promptness
of the scintillation light (6 nanoseconds) being much
faster than the nominal drift velocity of the electron in
the TPC (1.63m/ms), scintillation light can be used as
a trigger for the detector [6]. This scintillation light will
tell us whether an event has taken place.

Figure 7: An image of the cryostat with emphasis on Nozzle

16, the nozzle in which the PMT signal cables will exit through.

C. The Dark Box

Figure 8: A photograph of the PMT setup at Nevis.

Figure 8 is a photographic illustration of a PMT
setup in the MicroBooNE electronics lab at Nevis Lab-
oratories in which signal attenuation was studied. This
setup was designed to be a mini single PMT replica of
the actual PMT part of MicroBooNE. The ’Dark Box’
is a big wooden box covered in a black shielding coat,
and it acquires its name because the PMT is extremely
sensitive to light and it is necessary to avoid any kind
of environmental background light leaking at all costs.
There is a high voltage signal cable that connects the
PMT to a splitter, which takes the raw signal of the
PMT and sends it to channel 1 on the oscilloscope.
The splitter also connects to a high voltage power sup-
ply which we use to control how much voltage we want
to apply to the PMT. Inside the dark box is of course
the PMT, as well as a blue LED light source which is
connected to a pulse generator in which the LED bright-
ness level can be controlled via voltage levels. The pulse
generator is connected to channel 2 on the oscilloscope.
Figure 9 below shows a schematic diagram of this setup.
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Figure 9: A schematic diagram of the PMT setup st Nevis.

D. Signal Cable Tests

Using the setup described above, two signal cable
lengths were tested, one short cable of 1 meter, and a
longer 16 meter cable. The 1 meter cable had been in
the setup prior to these tests, and a 15 meter cable with
two high voltage female connector ends was created to
extend to 16 meters whenever needed [7]. An image of
this created cable is shown below in Figure 10.

Figure 10: A photograph of the 15 meter long cable that was

created for testing.

The PMT has a nominal high voltage of 1100 volts,
therefore it was the voltage that was used throughout
this experiment. Using the pulse generator, a small
amount of voltage was applied to the LED, shining a
small amount of light in the dark box to the PMT. With
the short cable initially connected, the LED was left to
emit light on the PMT for approximately five minutes.
During this time, the oscilloscope was collecting each
pulse reading of the area of the raw signal of the PMT.
After the five minutes, the mean value of this integra-
tion was recorded, and this was repeated switching to
the 16 meter cable, each time turning the high voltage
on and off for safety reasons. The procedure was then
repeated for four more levels of the LED voltage. The
reason such few measurements were taken was because
the maximal voltage the LED could take was 2 volts,
and the lowest voltage in which the PMT signal would
appear on the scope was approximately 1.6 volts. Fig-
ure 11 and Figure 12 illustrate the results of this test.

Figure 11: This is a plot of the PMT Signal versus the LED

Voltage for both the long and short cables.

Figure 12: This is a plot of the percent difference between the

long and short cable of the PMT signal for each LED voltage

measure.

The results show that the length of the cable is in
fact negligible to the signal that is read to within about
5%. This variation could have been due to systematic
errors. For example, the pulse generator used was an
old device that was extremely sensitive to touch and
hard to set an exact voltage in general. It can also be
noted that before these tests were done, it was predicted
that if any variation were to be observed, it would be
the long cable that had smaller area readings than those
of the short cable. The exact opposite was instead ob-
served. One possibility for this discrepancy could be
systematic error.

III. Baryon Number Violation Studies

A. The Ultimate Goal

Overall, we are interested in studying proton de-
cay a phenomenon that has not yet been observed. Ac-
cording to the Standard Model, protons are the lightest
known baryon. Therefore they should not be able to
undergo decay. However, Beyond Standard Model The-
ories have studied the possibility of proton decay being
possible. Experiments have constrained the lower limit
of the proton’s half-life for all modes of decay to be ap-
proximately 1033 years. Presently, the most commonly
studied mode of decay is

p→ K+ + νµ (3)
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where the kaon decays into a µ+ and a νµ, and then
the muon decays into a νe, νµ, and a e+. In other neu-
trino experiments, such as Super K, this decay mode is
not very hard to be detected and observed. This is due
to the fact that Super K is a Water Cerenkov detec-
tor. Since the kaon has slow velocities, it is difficult to
emit scintillation because it would have to travel faster
than the speed of light in water and emit Cerenkov
light. Super K has though searched for this and have
placed a limit. Liquid Argon TPC detectors however
will be much more capable of observing the kaon since
it ionizes the argon in the TPC. While MicroBooNE will
most likely not be the experiment to observe this decay
process, the future larger scale detectors hopefully will.

B. Another Hope

Despite the fact that MicroBooNE will not have
the capability of detecting the proton decay process de-
scribed above, it will hopefully be able to take us a step
closer to another decay mode of interest. This mode
of decay is that where we have a neutron inside a nu-
cleus oscillating into an antineutron. The antineutron
will then either annihilate with a proton or a neutron,
depending on which one is closest to it, causing the
nucleus to become unstable with the loss of these two
nucleons. This is of interest to us because in this case
as well as the decay described above, we have a simi-
larity in that we have the disappearance of a baryon,
resulting in a violation of baryon number conservation.

C. Simulation Studies: What is LArSoft?

This second mode of baryon number violation can
be studied using a simulation software package called
LArSoft. LArSoft is a simulation framework for liquid
argon TPC detectors. Given the geometry of a partic-
ular detector, one can simulate events of many types to
study a wide variety of different interactions. In sim-
ulating events using the geometry of MicroBooNE, we
hope to study and learn as much as we can from these
events so that we will be ready to compare observed
data with detailed predictions when we are faced with
real data from the actual detector. In addition to study-
ing events that are of interest to us, we also hope to
study background events so that we can learn enough
about them to efficiently reject them.

D. Event Generation: An Antiproton

Figure 13: This is a cartoon image of an antiproton incident

on an argon nucleus.

Ideally, we would like to generate an antineutron
inside of MicroBooNE and study its interaction. If
we generate an antineutron essentially at rest, it
will interact with one of the many argon nuclei and
annihilate with a nearby nucleon inside the nucleus.
This interaction will create a similar scenario to that
of the neutron oscillating to the antineutron with a
difference in that here we only lose one nucleon as
opposed to two. However, since we have data available
from experiments at CERN on proton-antiproton
annihilation, we chose to generate an antiproton
instead of an antineutron so that we can use this data
for various cross-checks. We expect that antineutron
events should be very similar to the antiproton events.

Figure 14: This is an antiproton event as seen in the LArSoft

Event Display for the vertical wire plane view. (Note that this

view is not the entire length of the detector. It is a zoom-in on

the event.)

Using the May 23, 2011 fixed release of LArSoft,
500 antiproton events were generated, and Figure 14
above shows an event as seen in the Event Display.
The Event Display is a feature of LArSoft that allows
you to visualize and interpret the events that have been
simulated within the MicroBooNE geometry. It shows
the interaction vertex (where the interaction has taken
place) as well as all of the tracks of the charged particles
that have been created by the mother particle. When
one runs the Event Display, three views are shown,
where each view corresponds to each of the wire planes
in the TPC. The colors seen correspond to the amount
of ionization energy that is deposited by the particles.
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The ticks on the horizontal axis are the wires along the
wire plane, where each tick mark corresponds to each
wire. The ticks on the vertical axis are time ticks within
the event readout window. The Event Display is basi-
cally a ”Time versus Wire” distribution for each plane
view.

E. The Interaction and Cross-Checks

Following the generation of the antiproton comes
the interaction. The antiproton is essentially at rest
upon generation with an energy of approximately
938MeV, its rest mass. It then interacts with an
argon nucleus in the liquid argon and annihilates with
a nearby nucleon. The argon nucleus then becomes
unstable and breaks up. giving rise to many secondary
daughter particles, including nuclear particles and
fragments.

The next step comes the analysis of this interac-
tion, where the truth information was studied. A C++
script was written to do the first step of the analysis.
Within the script, code was written to look for the
multiplicity of pion daughters for each event. An ex-
periment at the Low-Energy Antiproton Ring (LEAR)
at CERN, the Crystal Barrel experiment looked at the
pion multiplicity distribution following an antiproton-
proton annihilation in liquid hydrogen at rest. What
they had observed was that this distribution could be
fit to a Gaussian centered at a mean of 5 pions. This
is shown in Figure 15a. Looking at the distribution
of pion daughter multiplicity following the antiproton-
nucleon annihilation in within the 500 LArSoft events,
this too shows a Gaussian distribution centered at
around 5 pions. This is shown in Figure 15b. In compar-
ing the two distributions, one can conclude that either
the antiproton mostly annihilated with antiprotons or
that annihilation with a neutron or proton will yield
very similar results following the interaction.

Figure 15a: The distribution for pion daughter multiplicity

following an antiproton-proton annihilation in the Crystal

Barrel experiment at CERN [8].

Figure 15b: Thhe distribution for pion daughter multiplicity

for the 500 LArSoft generated antiproton events.

The next check to be done was a momentum con-
servation check. Since the antiproton was generated
essentially at rest, the summation of the momenta in
each direction of all the first generation daughter parti-
cles following the interaction should add up to approx-
imately zero. Within the same analysis script written
for pion multiplicity, code was written to find the mo-
mentum values for all the daughters, add them up, and
plot the summations to a histogram (seen in Figure 16 ).

Figure 16: Thhe distribution for daughter momentum

summation in the x, y, and z directions for the 500 LArSoft

generated antiproton events.

The third and final quantity that was checked was
the summation of the daughter energies. Having the
argon nucleus and all other nuclear particles kept aside
as ’observers’, the energy of the generated antiproton
plus the mass of the nucleon that it interacts with is
approximately 1876MeV, the rest mass of the two par-
ticles. Therefore by conservation of energy, the sum-
mation of the energies of all daughter particles minus
the rest mass of all of the nucleons and nuclear parti-
cles following the interaction should add up to roughly
1876MeV as well before taking into account the bind-
ing energy of argon 40. Within the analysis script, code
was written to histogram this summation for each of the
500 events and can be seen below in Figure 17.
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Figure 17: The distribution for daughter energy summation,

not including the rest masses of the nucleons or nuclear

particles, for the 500 LArSoft generated antiproton events.

As can be seen in the above histogram, not all
of the events have daughter energy sums at exactly
1876MeV. The majority of events have daughter energy
summations less than 1876MeV. This is due to the fact
that if the argon nucleus happens to break up during
the interaction, some of the energy is spent to break
up the nucleus, thus resulting in the total energy being
less than that before the interaction. The energy sum-
mation however is never greater than 1876MeV, this is
because energy can never just be created.

F. Background Events: Mono-Energetic Neutrinos

When the time comes for MicroBooNE to start up
and for data collection to begin, it is essential that we
make sure the events we are analyzing are those that are
of interest to us, or in other words, it is essential that
we are not mistaking any kind of background event for
the ones of interest as these background events have the
capability of masking the important events. We need
to study these backgrounds using LArSoft so that we
can learn how we can efficiently reject them. Back-
ground neutral current neutrino events are one such
group of events that are of no interest to us in study-
ing antiproton/antineutron interactions. These events
can mimic any of the antiproton events, and we need to
learn enough about them to search for any slight differ-
ence so that we can efficiently reject the background.
Using LArSoft, 2000 mono-energetic neutrino events of
2GeV were generated. Creating a new script, code was
written to only keep the neutral current events and
not the charged current ones. Out of the 500 neutrino
events generated, 580 of those events turned out to be
neutral current. Several tests were done in order to
compare these neutrino events to the antiproton ones.
Figure 18 below shows two neutral current neutrino
events.

Figure 18: These are two neutral current neutrino events as

seen in the LArSoft Event Display for the vertical wire plane

view. (Note that similarly to the antiproton Event Display

image, this is a zoom-in on the event.)

The event shown on the top is an example of
a common neutral current neutrino event in which
the interaction results in a recoiling proton. Events
like these can easily be immediately classified as
background events and therefore can be rejected as an
antiproton event would never yield an interaction like
this. The second event is en example of one that is a
problem though. These type of events are completely
random, leave messy tracks, and could sometimes
mimic those of the antiproton events. This is precisely
the reason we need to study these events, to find any
kind of differentiating behaviors.

G. Antiproton vs. NC Neutrino

Now that antiproton and neutral current neutrino
events have been generated, the final step done was to
compare the two event sets. As explained above, prior
to the interaction of the antiproton with the argon nu-
cleus, the total momentum was essentially zero, result-
ing in the sum of the momenta of the daughter particles
to be zero as well. This is not the case for the neutrino
events. Prior to the interaction with these events, the
incoming neutrino has an initial momentum, therefore
if we take all the momentum values in each direction of
the daughters, sum them up, the final result should not
be zero (seen in Figure 19 ). This is one key difference in
differentiating the neutrino events from the antiproton
events.
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Figure 19: This is the distribution for daughter momentum

summation in the x, y, and z directions, not including the rest

masses of the nucleons or nuclear particles of the 580 neutral

current neutrino events.)

Another key variable that has been investigated
was the center of gravity positions of the ionization
energy deposited in both the antiproton and neutrino
events. For these tests, voxel [See Appendix B] data
was looked at as opposed to truth information. The
center of gravity position is found by taking each voxel,
multiplying the energy deposited in that voxel by its
distance from the vertex (the point at which the par-
ticle is generated), summing over these quantities, and
then dividing by the energy deposited in all of the vox-
els summed over. This position is the weighted average
due to the voxel energy deposition. Three regions of
different volume have been looked at. This was done
to see if the comparison would change if any conditions
changed. The first region that was looked at was all
the voxels within a 5cm radial distance from the ver-
tex. The center of gravity position was found for all
of the events within this radial cut and the distribu-
tions for both sets of events were plotted to the same
histogram (seen in Figure 20 ).

Figure 20: These are the distributions for the center of gravity

positions within a 5cm radial distance from the vertex for both

the antiproton and neutral current neutrino events.)

For the antiproton events, the center of gravity po-
sitions for each event come out to be roughly near the
vertex. It is a Gaussian distrubution with the mean
centered at approximately 1cm. The neutrino event dis-
tribution on the other hand does not resemble a Gaus-
sian curve and the mean is different from the antiproton
event distribution. Looking at the comparison at this
radial cut, it is a little bit difficult to really draw a
good cut to filter the neutrino events. If a cut were to

be placed at about 2cm (shown in Figure 20 ), leaving
about 98% of the antiprotons, we would be cutting out
some of these events (46% of them), but we would also
be leaving nearly half of them as they overlap with the
antiproton event distribution [See Appendix C]. If we
were to make a cut at approximately 1.5cm to cut out
more neutrino events, we would also in this process cut
out a good chunk of our antiproton events. This is not
good, we want to make our cut leaving in as many an-
tiproton events as possible while cutting out as many
of the neutrino ones as possible. Therefore we chose
to look at a second region, one where all voxels within
a 10cm radial distance from the vertex was taken into
consideration to calculate the center of gravity posi-
tions. The distributions for both sets of events can be
seen below in Figure 21.

Figure 21: These are the distributions for the center of gravity

positions within a 10cm radial distance from the vertex for both

the antiproton and neutral current neutrino events.)

Similarly to the antiproton event distribution with
a 5cm radial cut, the distribution with a 10cm radial cut
yield center of gravity positions also roughly near the
vertex but with the mean of the Gaussian distribution
a little bit further out at approximately 4.5cm. The
Neutrino event distribution this time seems to have a
peak at a displaced value of approximately 7.7cm. If a
cut were to be placed at about 7cm (Shown in Figure
21 ), this time we would be filtering out 55% of the
neutrino events while only cutting out about 1% of the
antiproton events. Creating a cut with this radial cut is
much more efficient than doing so with the 5cm radial
cut. While this is a good set of data to efficiently make
our cut, we still chose to look at yet a third region,
this time where all of the voxels without placing any
radial cut was looked at when calculating the center of
gravity positions. The distributions for both event sets
is shown below in Figure 22.
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Figure 22: These are the distributions for the center of gravity

positions for both the antiproton and neutral current neutrino

events without placing any radial cut.)

Again the antiproton event distribution seems to
have a nice Gaussian distribution with a mean of ap-
proximately 25cm. The neutrino events show a com-
pletely random distribution. It is not even possible to
place an efficient cut here as the neutrino event distri-
bution is far too messy. Therefore taking into a con-
sideration the voxels within a small, but not too small,
radial cut such as 10cm seems like the best bet in mak-
ing a good cut to filter out over half of the neutrino
background events, 55% of them, while leaving about
99% of the antiprotons events.

IV. Future Work

Within this paper, we have been discussing solely
truth based quantities of the antiproton and neutrino
events that have been simulated. When we begin ana-
lyzing data from MicroBooNE, we will not readily have
all of this truth information and we will have no in-
formation about the vertex of the interactions, we will
have to rely on reconstruction. Therefore the next thing
that we would like to do is to reconstruct our simulated
antiproton events. In other words, we want to recon-
struct the vertex of the interactions that take place.
This is done by looking at several tracks of an event,
back-tracing those events, and where they intersect, this
point is a good estimation of where the vertex is. Once
we have a good handle on everything with our antipro-
ton events, the next step to take is to generate and
study antineutron events in the same way. We would
like to see if everything will come out to be similar to
the antiproton events like we have predicted. Since the
flux of neutrino events that we will encounter in Micro-
BooNE will certainly not be mono-energetic, we would
also like to generate and study background neutrinos
with an atmospheric spectrum. This will give us the
most accurate comparison in being able to efficiently
reject the majority of the background events that we
may encounter.
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VI. Appendices

A. Appendix A: MiniBooNE

MiniBooNE is an experiment currently running at
Fermilab that was designed to observe neutrino oscil-
lations. When MiniBooNE was running in ’neutrino
mode’, or in other words, when it ran with an muon
neutrino beam to look for νµ →νe oscillations, they ob-
served an unexpected excess of events at energies lower
than 475 MeV. The cause of this excess is currently
unknown, or more specifically, it is unknown whether
or not this excess was caused by photon or electron
sources.

B. Appendix B: What is a voxel?

A voxel is a 3D pixel that contains the energy de-
posited by the particles that ionize the liquid argon.
Voxels are a notion to describe the drift of the electrons
to the wires on each plane in the TPC.

C. Appendix C: Percentages of Keeping/Rejection

1. Percentage of Antiprotons Kept

pkept
pgenerated

× 100%

2. Percentage of Neutrinos Rejected

νrejected
νgenerated

× 100%

Where νgenerated corresponds to only the neutral cur-
rent neutrino events.
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