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Abstract

MicroBooNE is a Liquid Argon Time Projection Chamber detector(LArTPC) that
detects and analyzes neutrino interactions using the FermiLab booster neutrino beam
as well as the Neutrinos from the Main Injector beam(NuMi).[4] This experiment was
proposed to look into the excess of low energy neutrino events observed by the Mini-
BooNE experiment. Unlike MiniBooNE, MicroBooNE has the capability to distinguish
between electrons and photons. MicroBooNE is also able to see proton decay modes
that Water Cherenkov detectors like Super K aren’t able to see. MicroBooNE is a
benchmark for all future massive Liquid Argon(LAr) detectors and because of this,
MicroBooNE will also be used to study Proton Decay background rejection, Particle
Detection, and Readout procedures.

1 Introduction

MicroBooNE is the benchmark for all LAr detectors in the future, therefore many stud-
ies will be done on how well we understand the cold electronics in a LAr detector, how
pure we can get LAr, and how well we are able to reject backgrounds that might affect
the physics studies like the excess of low energy neutrino events seen in MiniBooNE or
proton decay. Due to the fact that MicroBooNE is only 175 tons of LAr, proton decay
will not be observed, however, proton decay will be studied at Dusel because it is a 20
kiloton LAr detector, and it has more mass to see one of these decays. MicroBooNE
will study the cosmic ray background that Dusel will encounter and how well we will
be able to reject it.

1.1 Introduction:B-L Conservation

B-L conservation is the difference between baryon # and lepton #. B-L conservation is
important when looking at decay modes for protons. This symmetry must be conserved
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according to the Grand Unified Theories. An example of B-L conservations is a proton
decaying into a e+ and a πo. The lepton number for the proton is 0, for the e+ it is -1
and for the πo is 0. The Baryon Number for the proton is 1 and for the e+ and πo is
0 so when doing B-L for the proton and the decay particles of the proton we can see
that B-L is conserved. A table of this is shown in figure 1.

Figure 1: B-L Conservation

1.2 Introduction:Proton Decay Modes

The proton decay mode that is of interest to MicroBooNE is shown in figure 2. On the
picture you can see the proton decaying into an νµ, and a K+. The kaon then decays
into a µ+ and a νµ. The third decay chain is the µ+ decaying into a νe and νµ and a
e+. The reason why this decay is of interest to MicroBooNE is because it is one of the
decay modes of a proton that is not visible in a Water Cherenkov detector due to the
fact that the velocity of the kaon is too small to emit Cherenkov light. The reason why
this proton decay mode will not be seen by Water Cherenkov detectors like the Super
K is due to the fact that for a particle to emit Cherenkov light, that particle must be
traveling faster than the speed of light in that medium. It is visible in MicroBooNE
because it does in fact ionize the LAr. Another reason why this decay is of interest
to MicroBooNE is because the three step decay is well identified in liquid argon. Not
only can a particle be identified in MicroBooNE with this three fold decay, but each
particle has a distinct dE/dx curve that differentiates itself as well.

Figure 2: Proton Decay
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2 Proton Decay in Liquid Argon Detectors

To understand proton decay in LAr detectors, Monte Carlo Simulation is needed.
LArSoft, an Liquid Argon Software Simulation Package, having many different LAr
detector geometries, is used intensively for this analysis of proton decay. To start off
with, a single particle beam of kaons with momentum of 339 MeV

C were generated inside
of the MicroBooNE geometry because this is the momentum a kaon would have if its
a decay particle from a proton. Looking at figure 3 the kaon can be seen travel an
average of 13.5 cm in the LAr and then decay into a muon which then decays into an
electron. The tracks for the kaon and muon are very bold and clear due to the fact that
these particles do not shower when traveling through the LAr. The positron however,
does shower leaving a track that is a little less bold.

Figure 3: Event Display of a Kaon Decay in the MicroBooNE Geometry

2.1 Proton Decay: Liquid Argon vs Water Cherenkov

The reason why this proton decay mode will not be seen by Water Cherenkov detectors
like the Super K is due to the fact that for a particle to emit Cherenkov light, that
particle must be traveling faster than the speed of light in that medium. The calcu-
lations below show that the speed of light in water is and what the velocity of a kaon
with momentum of 339MeV

C .
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Vinwater =
C

1.33
= .7519C (1)

β =
P

E
⇒ β =

P√
p2 + mk

2
=

339
598.88

= .566C (2)

As you can see, the Velocity of the kaon coming from a proton decay is not large enough
to emit Cherenkov light in a Water Detector like the Super K. To see this decay, one
must use a LAr detector.

2.2 Proton Decay: Background in MicroBooNE

The main physics that MicroBooNE will be doing for Proton Decay is to study the
background that other more massive LAr detectors will encounter, and how well we
will be able to reject these backgrounds. The most prominent background will be
from a cosmic ray shower. Due to the fact that MicroBooNE will be on the surface
of the earth, we will be encountering many cosmic rays. A cartoon depiction of a
cosmic ray background is shown in figure 4. When a cosmic ray interacts with rock
or dirt surrounding the detector a shower of particles is emitted. The circle in figure
4 represents the rock. On occasions, some of the particles in the shower can be a Ko

L.
This particle can then charge exchange with a proton in our detector and turn into a
K+. The charge exchange process is shown: Ko

Lp⇒ K+n. Because the Ko
L is a neutral

particle, we will not be able to detect it entering the detector and in turn this charge
exchange will look like our signal which is our proton decay. Looking again at figure
4 one can see the Ko

L entering the detector. The dashed line represents the particle
entering undetected. There are factors that can in theory distinguish a proton decay
from the kaon charge exchange background like their differences in momentum or their
dE/dx curves, but it is necessary to do Monte Carlo Simulation Analysis as well as
parse through concrete data to see if we have the tools to reject or at least identify this
background.

Figure 4: Cosmic Ray Background
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3 Monte Carlo Studies in MicroBooNE

To understand the cosmic ray background LArSoft was used extensively. As previously
stated, there are two ways one can differentiate particles, by their ionization tracks
that they leave in LAr, like that of the three step proton decay, or by their dE/dx
curves. To do this, a batch of 10,000 kaon events with momentum of 339MeV

C were
generated. These events were then analyzed with a package that plotted their average
track length versus the number of events. This plot is shown in figure 5(a). Once
the average track length was found, a batch of both protons and µ+ were generated,
adjusting the momentum until the track lengths had the same average as the kaons.
These plots are shown in figures 5(b) and 5(c).

(a) Kaon Track Length (b) Proton Track Length

(c) Muon Track Length

Figure 5: Track Length Plots

After creating these batch of 10000 events for all three particles, their dE/dx curves
were then plotted. In Figure 6(a) you can see that the blue curve are the protons, the
red curve are the kaons and the green curve are the muons. After all three dE/dx curves
were generated, they were then separated into 4 bins to get probability distribution
curves for each type of particle. The bins are 3.5cm in length. The dE/dx plot separated
into ”Bins” is shown in figure 6(b).
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(a) de/dx plots for K+ protons and µ+ (b) de/dx plots for K+ protons and µ+

separated into ”Bins”

Figure 6: dE/dx Plots

Figure 7: Bins 1 and 2 for K+ protons and µ+

Figure 7 shows the probability distributions for bins 1 and 2 for all three particles.
Note the Y axis on the plots. They are now probability instead of numbers of events
like our dE/dx curve shown in figure 6(a). To do this the plots were normalized by the
number of events, to create a probability distribution curve of dE/dx for the kaons,
protons and muons. We also measured the length of the track from the stopping point
of the particle, which means that our x axis in figure 6(a) changed from centimeters
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Figure 8: Bins 3 and 4 for K+ protons and µ+

Figure 9: Energy per Voxel in Bin 4 vs Track Length: Understanding the 2 Peak Distribution

along the Z-axis of the detector to track length in the Z direction of the particle.
Figure 8 shows the same probability distribution curves for bins 3 and 4. For the

plots in bin 4 there is an unexplained 2 peak distribution. To try and understand this,
we then plotted the average energy per voxel in bin 4 versus track length for both
protons and kaons. This plot is shown in figure 9. As you can see there is a sharp edge
along track length 13.2 and 13.6 for both protons and kaons. We’ve deduced from the
plot that the shift is due to an extra component of high dE/dx voxels in the events
between that track length interval, but why this happens is still not understood. It
seems likely to assume that this may be a geometry problem within LArSoft and not a
physics problem mainly because this shift happens in not only protons and kaons but
muons as well.
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3.1 Likelihood Functions: Determining a Particle

Figure 10: Likelihood Function

A likelihood function is a way to differentiate between particles[3]. To do this, first
we need to know what our likelihood would look like for protons muons and kaons.
The steps on how to implement this likelihood function is as follows.

1. Record the energy deposited per bin and per event for kaons and save this infor-
mation into a text file.

2. In a ROOT macro read in this file as well as your 4 bin probability distributions
for kaons.

3. For each kaon event look at your text file and compare your data point number in
bin 1 to the kaon probability distribution curve of bin 1 and get the probability
of that event being a kaon, P (K+). This process is shown in plot in figure 10.

4. With the same text file, compare your data point number in bin 1 with the proton
probability distribution curve of bin 1and get the probability of that event being
a proton, P (p).

5. Take the log of the probability this event is a kaon over the probability this event
is a proton then repeat the steps for bins 2 through 4.

6. To find the likelihood that proton events are kaons repeat the steps above except
using your proton text file.

Figure 11 was plotted using the calculations described above comparing the like-
lihood that the particle is a kaon. The pink plot are the 10000 proton events and
the black plot are the 10000 kaon events. The double peak in the kaon likelihood is
due to the unexplained 2 peak distribution seen in the fourth bin. The reason why
you do not see this in the proton likelihood is because we are comparing whether or
not the particle is a kaon therefore the probability that it is a proton is always in the
denominator so when we see the dip in the proton, it translates into a peak in the
likelihood function for the proton. One can see from figure 11 that protons and kaons
are well separated and this likelihood can be used to identify particles and in cosmic
ray analysis.
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Figure 11: Likelihood Function

3.2 Cosmic Ray: Studying the Cosmic Ray Background
in MicroBooNE

Now that the likelihood function is working, it is possible to run an unidentified particle
through it, like a particle coming from a cosmic ray shower, and determine what particle
it is. Before doing this though, understanding how these cosmic ray particles are
generated was essential. This analysis started off with the generation of 10 cosmic ray
events using the Cosmic Ray Generator CRY. An analysis package was then created
to extract information out of these events. After multiple plots, it was realized that
because the cosmic ray generation area was very broad, there wasn’t any particles
entering the detector. To account for this, the area over which the cosmic rays were
generated was made smaller and more events were generated to increase the probability
that a particle coming from the shower would enter the detector. After this was
implemented, these batches were again run through the analysis package and much
information was extracted.

Particle Types e− e+ µ− µ+ n γ p
Particles Generated by CRY 3 6 43 37 4 16 0
All Particles After Interacting in surrounding Rock 14698 124 43 37 24 1633 7
Particles that Entered Detector 155 0 1 0 0 10 0

Table 1: Table of Information for 1 Cosmic Ray Event generated in CRY

Table 1 is information gathered by this analysis package. Information on particle
types of interest have been gathered at three processes: the generation of the particles
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with CRY, the particles after they have interacted with rock surrounding the LAr
detector, creating a cosmic shower, and the particles that have entered our detector.

(a) Energy of all particles generated by CRY (b) Energy of all particles after interactions
in surrounding rock(Includes Particles Gener-
ated by CRY

Figure 12: Energy plots of CRY generated µ−, Cosmic Shower generated µ− and µ− Inside
MicroBooNE

Figures 12(a) and 12(b) are energy plots of µ− for 100 generated CRY events. For
these 100 CRY events, no µ− enter the LAr detector. From table 1 and figures 12(a)
and 12(b) we can see that essentially no muons are generated in the rock. These plots
are emphasising the quantity and quality of information to date that we are able to
extract using this analysis package that was created.

4 Conclusion

There was much progress done on the study of proton decay background analysis in
MicroBooNE. Monte Carlo Simulation tools like LArSoft and CRY were used vigor-
ously during the course of the summer and a thorough understanding of the processes
involved in these tools was accomplished. Although more is known about proton de-
cay background in MicroBooNE, there is still much more to learn. Also analyses on
what the Simulation tools can do is necessary. The next step in this specific analysis
is to understand why there is a 2 peak distribution in the last bin. Whether this 2
peak distribution is due to a physics process or physics list within the LArSoft geant4
simulation(LArG4), whether it is a problem with the calculation of the voxels, or if it
is a problem with the simulated MicroBooNE geometry in LArSoft.

The Fermi momentum distribution also needs to be implemented. At the moment,
the momentum of a K+ is at 339MeV

C . This will be higher or lower depending on
the direction the proton is going when it decays. A more detailed understanding of
CRY and the events generated is needed and once this is understood, the same dE/dx
text file should then be generated and put through the likelihood function discussed to
determine what particle it is. There is still much that needs to be studied, but for the
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time alloted, this summer project was successful and beneficial to the Proton Decay
Background studies in MicroBooNE.
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