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Supernova neutrinos allow scientists a unique view of core-collapse supernova phenomena that
electromagnetic counterparts cannot provide. Future neutrino LArTPC detector DUNE will be
triggering on supernova neutrino events. Using current LArTPC neutrino detector MicroBooNE as a
development platform, scientists are able to develop a supernova neutrino trigger prototype utilizing
Michel electrons as a proxy. In this report, I describe the steps I took towards the development of
a supernova neutrino triggering system using the DUNE prescription. Here I have developed three
trigger primitives (integral, maximum peak, and time over threshold) as described in the DUNE
TDR. These trigger primitives were found to have an 80% Michel electron cluster hit efficiency above
0.7 MeV compared to the current MicroBooNE triggering primitive, Gaussian Hit.

I.

INTRODUCTION

The Standard Model, the fundamental framework behind particle physics, has been under much scrutiny the
past few decades. Some scientists believe they have found
unpredicated results, some of which have only been attainable with recent advancements in our measurement
techniques. More specifically, the unexpected nonzero
neutrino mass and the observation of neutrino oscillations has sparked multiple investigations into the true
nature of neutrinos. MicroBooNE, a neutrino experiment
located at Fermilab, looks to help solve these discrepancies in the Standard Model and pave the way for future
LArTPC detectors, such as DUNE. In this work, I take
the first steps towards a Michel electron trigger using
TPC in MicroBooNE in order to test the efficiency of detecting supernova neutrinos in the future DUNE neutrino
detector.

A.

The Standard Model

Since its establishment in the 1970’s, the Standard
Model of particle physics has lead to countless advancements not only in our knowledge of the building blocks
of the universe, but also in technology and experimental
design [1]. The Standard Model (figure 1) is composed
of two main groups: fermions and bosons. It describes
three generations of particles, each of which is composed
of two quarks, one charged lepton, and one neutrino [1].
Quarks and leptons make up the fermion sector of the
Standard Model. More specifically, the first generation
are responsible for the everyday matter that we are familiar with [1]. Bosons, on the other hand, act as force
carriers and allow for the interaction between particles
[1].
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Neutrinos, the focus of this study, were theorized in
the 1930’s as an attempt to account for missing energy
in beta decays. During the Standard Models’ conception, neutrinos were thought to be left-handed, massless
particles[1]. Moreover, since they only interact with other
particles through the weak force, neutrinos are almost
impossible to observe. In recent decades, however, measurements have shown that neutrinos in fact do have a
mass and can change handedness. By investigating further into how the neutrino differs from theory, such as the
existence of a sterile neutrino, we may be able to better
understand fundamental questions in physics such as the
dominance of matter over antimatter and the existence
of dark energy and dark matter.
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FIG. 1. The Standard Model of particle physics.

B.

MicroBooNE

In an effort to understand the most fundamental constituents of our universe, the Micro Booster Neutrino
Experiment (MicroBooNE), located on the Booster Neutrino Beam (BNB) at Fermilab, started recording neu-
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trino data in 2015 [2]. MicroBooNE’s main physics goals
include investigating the low-energy excess observed in
previous neutrino experiments (MiniBooNE) and measuring low-energy neutrino cross sections [2]. In addition, MicroBooNE focuses on the observation and measurement of core-collapse supernova neutrinos in an effort
to better understand these explosive celestial events and
the physical mechanisms driving them [2].

1.

Detector

Inspired by its predecessors, MicroBooNE was designed to investigate low-energy neutrino phenomena. In
order to achieve this, the MicroBooNE detector is based
off of a liquid argon time projection chamber (LArTPC)
design. MicroBooNE consists of a large rectangular
chamber that houses approximately 170 tons of liquid
argon (90 of which are active volume) which is contained
in a cylindrical cryostat (figure 2) [3]. In order to detect the tracks of various particles, a potential difference
is applied across the detector [3]. As charged particles
move through the detector, they ionize the argon in their
path. Due to the potential difference, the electrons travel
to the side of the detector [3]. On their way, they pass
through three planes of wires: one set at zero degrees to
the vertical, while the other two planes are set at +/- 60
from vertical [3]. This plane orientation allows scientists
to achieve a three-dimensional view of events (figure 4).
As electrons pass through these planes of wires (named
the U,V and Y planes), a signal is induced. The first two
planes in the stack, the U and V planes, are known as the
induction planes. The last plane, the Y plane, is known

FIG. 3. Schematic representation of the wire planes and how
the electrons are measured through the LArTPC design [2].

as the collection plane, and will be used the most in this
study as in DUNE. Bias voltages are applied to the planes
to ensure all electrons create a signal on all three planes.
The TPC readout then records the signal induced in these
wire planes by the drifting electrons [3]. These signals are
then represented as waveforms in ADC (analog to digital
conversion) with 2 mHz digitization. Lastly, the detector
has been lined with photo-multiplier tubes which allow
photons produced in events to be measured [3].

2.

Supernova Stream

Once MicroBooNE has detected these charges and
light signals, these data are read out to one of two avenues of data streams: the ’NU’ (neutrino) stream and
the ’SN’ (supernova) stream. The ’NU’ stream is where
data associated with beam neutrino events are produced
using triggers from the beamline at Fermilab.
The ’SN’ stream takes a different approach. Since we
cannot anticipate the cosmic neutrino signal, this data
stream must be continually read out in the instance of
a supernova or another interesting cosmological event
[5]. This continuous readout of data, however, cannot
be achieved without compression [5]. A zero suppression
algorithm is implemented in order to only pick out waveforms of interest (ROIs) and discard background baseline
measurements [5].

C.

FIG. 2. This 3D model rendering of the MicroBooNE detector
shows the LArTPC design. This rendering also shows the wire
planes and surrounding argon-holding cryostat [2].

DUNE

The Deep Underground Neutrino Experiment (DUNE)
is the next generation neutrino experiment currently under development. DUNE consists of two main components, one of which is located at Fermilab at the base
of the Long Baseline Neutrino Facility (LBNF) while the
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FIG. 4. The DUNE layout: one component located at Fermilab (LBNF) and another component located at SURF. The
beamline will be directed at the LArTPC detector at SURF and investigate the nature of neutrinos at long range [4].

other is a LArTPC neutrino detector set approximately
1300 km away at the Sanford Underground Research Facility (SURF) (figure 4) [4]. This high-energy neutrino
beam will be able to reach powers of up to 1.2MW, which
will be aimed at the soon-to-be largest LArTPC detector in the world located at SURF [4]. DUNE, inspired by
MicroBooNE’s LArTPC design, will house four adjoined
LArTPCs, each containing 10 kilotons of liquid argon [4].
DUNE’s main physics goals include investigating the
nature of neutrino oscillations, proton decay, and measuring the flux of neutrinos emitted from supernova events
within our galaxy [4]. Just as in MicroBooNE, since there
is no beam triggering system during supernova events,
it is crucial that DUNE has continuous data streaming
and triggering mechanisms in place for such events. In
this study, we focus on the first steps to developing a
self-sustained supernova neutrino triggering system for
DUNE.

D.

Supernova Neutrinos

Throughout a stars life, hydrogen is fused to create
helium, which in turn creates heavier elements through
nuclear processes. Once a star reaches the point in its life
where it begins to fuse elements into iron, the required
energy to fuse heavier elements becomes thermodynamically unfavorable. The outward radiation pressure decreases as nuclear processes begin to slow. As a result,
the star falls into itself from its own weight. In stars
much more massive than our Sun, this collapsing results
in a massive explosion called a core-collapse supernova
[4].
During a core-collapse supernova, over 90% of the energy output is through the emission of neutrinos of all
flavors [4]. Since neutrinos interact less often than photons, scientists would be able to detect an influx of neutrinos before the electromagnetic signatures. As a result,
scientists have developed the Supernova Early Warning

System (SEWS). This system alerts other experiments
to be on the lookout for electromagnetic counterparts
once an influx of supernova neutrinos are detected. In
MicroBooNE, for example, since it does not have its own
supernova triggering system, it looks for the SEWS alerts
to find supernova neutrinos in its SN data stream.
Although neutrinos’ weak interacting properties make
them hard to detect, this allows scientists to better localize the sources of neutrinos on the sky as most neutrinos keep their original direction. This has lead to the
birth of a new sector of multi-messenger astronomy. By
having neutrino signatures and electromagnetic counterparts, we are able to gain new perspectives as to the
mechanisms driving supernova and the birth of neutron
stars and black holes.
E.

Michel Electrons

In MicroBooNE, we are able to detect low-energy
events analogous to supernova neutrino events. One example of this are Michel electron events. Michel electrons
are the result of a comsic muon decaying, which first decays into a W- boson and an electron neutrino. The Wboson then decays further into an anti-electron neutrino
and a Michel electron. As can be seen in figure 5, Michel
electrons have similar energy spectra to that of supernova
neutrinos [6].
II.

MOTIVATION

As discussed earlier, future LArTPC detector DUNE
will need to be able to self-trigger on supernova neutrinos. In order to do so, scientists will need to design and
develop a supernova triggering system for DUNE. Since
this has never been achieved before in LArTPC detectors, scientists can utilize current LArTPC detector MicroBooNE as a testing platform. One way in which sci-
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FIG. 5. Left: This is the Michel electron reconstructed energy spectrum (JINST 12 P09014 (2017)). Both data from MicroBooNE (blue) and simulation (pink) are shown here. Right: This is the energy spectrum for supernova neutrinos in our galaxy
as they react with Ar 40 [5].

entists can achieve this is by utilizing Michel electrons in
MicroBooNE from the SN stream as a proxy since supernova neutrinos and Michel electrons have similar energy
spectra. In this study, I take the first steps to developing a trigger on Michel electrons in the MicroBooNE
SN stream as a proxy to test and develop the supernova
neutrino triggering system prescribed in the DUNE TDR
[7].

A.

DUNE Data Selection Strategy

Understanding the DUNE data selection strategy and
hierarchy as described in the DUNE Technical Design
Report [7] is the first step to developing a self-sufficient
supernova neutrino triggering system. This strategy can
be summarized in figure 6. DUNE first starts by defining
its trigger primitives, which produces a hit on the wire
if an ROI passes the trigger primitive thresholds. These
hits, if clustered near each other, can then be considered
a trigger candidate through a process coined clustering.
These candidates are then identified as ”localized highenergy activity” or ”extended low-energy activity” [7].
These event candidates are then recorded and can be
filtered in the final step of data selection. In this analysis,
we will be taking the first steps to developing a trigger by
investigating the nature of various definitions of trigger
primitives as described in the DUNE TDR.

B.

MicroBooNE Data Strategy

As is the testing ground for neutrino trigger development for DUNE, the MicroBooNE Data selection and
processing strategy must be taking into consideration in
this investigation. In contrast to DUNE, MicroBooNE’s
first step to data processing is obtaining the continuous data from the SN stream after it has been processed
through the swizzler [5]. This data is then baseline subtracted and deconvoluted [5]. In order to create hits from
the ROI’s, MicroBooNE then uses an offline Gaussian
Hit finder module. This module is ran offline, meaning
that MicroBooNE is not self-sufficient and cannot create a trigger in real time. These hits are then filtered
through an offline clustering algorithm known as Pandora [5]. These clusters are then reconstructed offline,
and more specifically for this study, a tailored offline
Michel electron reconstruction is completed. These data
are then prepared for a final Michel analysis.

C.

Data Selection Strategy in this Investigation

In this study, we utilize the MicroBooNE SN stream in
order to simulate and develop a real-time supernova neutrino trigger for DUNE. Our data selection strategy in
this study takes elements from both MircoBooNE’s and
DUNE’s data pipelines (figure 7). Branching off of the
existing MicroBooNE data selection pipeline, our first
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FIG. 6. DUNE data selection strategy and hierarchy (DUNE Technical Design Report). In this study, we will be focusing on
the first module in this pipeline [7].

step in this investigation is obtaining the continuous SN
stream data, and then completing a baseline subtraction
algorithm. In order to create hits on Michel electrons,
which gives us a supernova neutrino event proxy, we
send these data through our trigger primitive definitions,
which are inspired by the DUNE TDR. After creating
these hits, an online-like clustering algorithm will run in
order to complete a fast, real-time analysis. The pipeline
is then completed by running an online-like Michel reconstruction.

III.

TRIGGER DEVELOPMENT

As discussed, the MicroBooNE SN stream can be utilized as a platform to develop and simulate a real-time
self-sufficient supernova neutrino trigger in DUNE. In
this investigation, I will be creating trigger primitive
LArSoft module, whose definitions are inspired by the
DUNE TDR. These trigger primitive definitions will then
be tested against the existing trigger primitive (Gaussian
Hit) at the efficiency of detecting Michel electrons associated hits. Here, I define what these primitives are, and
how they are implemented in our investigation.

A.

Definition of Primitives

The trigger primitives investigated in these studies
are inspired by the DUNE prescription described in the
TDR: the integral of the waveform, the maximum of the
waveform, and the time over a set threshold of the waveform. The integral primitive takes the absolute ADC
value at each point of the ROI and sums over the ROI
in order to compute the absolute area under the curve
and returns this measure. The maximum peak primitive
picks out the maximum absolute value of the ROI and
returns the maximum absolute value. The last primitive,
time over threshold, counts the total number of ticks in

which the ROI is above a certain threshold. In this preliminary study, the threshold is set at zero since there is
already a channel-wise threshold in the MicroBooNE SN
stream [8]. Therefore, the time over threshold primitive
is simply the length of the ROI.

B.

Application of the Primitives

By taking these definitions, I created a LArSoft module
which will take in an ROI from the MicroBooNE supernova stream after baseline subtraction and perform these
calculations on the ROIs. The values output from each
primitive application can then be used to separate electronics noise on the wire from the signal on the wire that
we are interested in. In this study, I applied my trigger
primitive definitions to 3004 events from the SN stream
in MicroBooNE to determine cuts. The resulting 2D histograms displaying the value for each primitive and their
count are shown in the appendix in figure 11. As can be
seen, the channel (wire) is displayed on the x-axis and
the primitive output value is shown on the y-axis. The
color displays the frequency in which these values are calculated, yellow being more frequent and transitioning to
blue being less frequent.
Two populations surface from this study. The lower
population is representative of the noise in the data, while
the higher population is the signal in which we are interested in. In order to more efficiently separate the signal
from the electronics noise, I enforced cuts on these primitives, which is discussed further in the next section.

C.

Cut Definitions

In order to define cuts for each primitive mode on each
plane (U, V and Y), I plotted the value of the primitive
output on the x-axis and the frequency of that value on
the y-axis. These histograms with defined cuts are lo-
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FIG. 7. This pipeline model shows the existing MicroBooNE SN stream data strategy on the top branch. Our pipeline in this
investigation is on the bottom branch which is inspired by the DUNE prescription. In this study, we focus on step 3 of the
DUNE inspired pipeline. Completed tasks are shown in red.

cated in the appendix of this review (figures 12, 13, and
14). The lower population is from electronics noise on
the wire while the higher population represent our signal
we are interested in. In order to better understand the
electronics noise on the wires, I developed and simulated
1000 low-energy electron events. The electron simulation
events, in addition to the SN stream events, were then
used to define cuts. These cuts were defined by taking
the minimum between the noise and the signal in each
histogram and averaging between these two data sets.
These cut definitions were computed for all three primitives for all three planes, resulting in nine cut definitions.
A summary of these cuts can be seen in table I. Using
these cut definitions, I applied these cuts to the primitive
LArSoft module I developed.
Plane Integral Maximum Peak Time over Threshold
U
200
20
21
V
120
13
20
Y
200
25
24
TABLE I. Cuts for each primitive mode (integral, maximum
peak, and time over threshold) are defined for each plane (U,
V, and Y).

IV.

PRIMITIVE APPLICATIONS

By utilizing the primitives we have developed, we now
apply these primitives to SN stream events to verify the
efficiency these primitives have at locating and creating

hits for the signal we are interested in and comparing
these results to the off-line Gaussian Hit primitive module. Here, I describe the application process and resulting
hits.

A.

Example Michel Event Application

Taking events from the SN stream, I apply my newly
defined primitives with cuts to 19021 events. One example of a Michel electron event, which is what we are
most interested in in this study, can be seen in figure
8. Here, the cosmic muon comes into the MicroBooNE
detector, which can be seen as the track coming in from
the top left to the bottom right. The Michel electron
then comes off the decaying muon track traveling to the
bottom left. Associated photons are seen as ”splatters”
near the Michel electron. In this study, we are most interested in our ability to recreate the hits associated with
the Michel electron as this allows us insight as to how
these primitives might perform on supernova neutrinos.
Running this event through the existing Gaussian hit
pipeline, the resulting hits are displayed in figure 9. As
can be seen, the Gaussian hit module is able to salvage
the cosmic muon, Michel electron, and associated photon signal which we are interested in, while removing the
electronics noise. We now apply all three primitives we
have developed to this example event and compare it’s
performance and efficiency to Gaussian Hit module.
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Lastly, I applied the time over threshold primitive to
our example Michel event, and again we qualitatively
agree with the Gaussian hit module. This primitive application can be seen in figure 17 located in the appendix.
It should be noted that in future studies, this time over
threshold cuts originally placed may need to be reconsidered since a moderate amount of noise can be seen in the
reconstruction.

FIG. 8. This raw digit image from MicroBooNE shows a
cosmic muon (track coming down from the top left to the
right) decaying. An associated Michel electron (short track
off of the decaying muon) can be seen coming as a decay
product and the associated photons (”splatter” coming off of
the electron).

1.

By qualitatively accessing the performance of all three
primitives, it is shown that the integral primitive performs marginally better than the other primitives. However, all three primitives are able to recreate the overall
signal which we are interested in. One fault in our primitives is that Gaussian hit is able to have multiple hits on
a single channel. Our primitives, however, only allow one
hit can be created. These missing hits can be seen near
the vertex where the muon decays into a Michel electron.
Although this leaves us with missing hits, we are still able
to qualitatively recreate the tracks. In addition, this consideration is only applicable to those events whose tracks
cross over the same wire such as this example event.

Primitive Testing

By applying the integral primitive to our example
Michel event, we are able to qualitatively recreate the
hits from the raw data that Gaussian Hit module was
able to create. This integral primitive application can be
seen in figure 15 located in the appendix.
When applying the maximum peak primitive to our
example Michel event, we again are able to qualitatively
recreate the hits from the raw data that Gaussian hit
module was able to create. This maximum peak primitive application can be seen in figure 16 located in the
appendix.

V.

RESULTS

Here, I quantitatively test the efficiency and performance of the trigger primitives we have developed by
comparing them to the offline Gaussian Hit module.

A.

Michel Electron Cluster Hit Spectra and
Multiplicity

By creating a cluster hit spectrum for the associated
Michel electron (summing the energy of the hits), our
trigger primitives show that the Michel electrons are
being reconstructed at lower energies compared to the
Gaussian Hit module (figure 18). This discrepancy could
be caused by our applied cuts, causing us to miss hits
which are associated with the Michel electron. In addition, during the reconstruction of the Michel electron
and the cosmic muon tracks, some hits can be confused
as being a muon track instead of being associated with
the electron. This is another area where we will miss hits,
leading to a lower energy reconstructed electron.

FIG. 9. This event displays the hits which MicroBooNE’s
offline Gaussian hit module creates. As can be seen, most of
the noise is removed from the raw event while salvaging the
cosmic muon, Michel electron, and associated photon signal
which we are interested in.

The Michel electron hit multiplicity shows similar results (figure 19). In this analysis, we count the number
of hits associated with the Michel electron. It is shown
that we are counting less hits than those events reconstructed through the Gaussian hit module. Again, these
missing hits can be explained through our primitive cuts
and the disassociation of hits with the muon instead of
the Michel electron.
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FIG. 10. Michel electron cluster spectrum sums over the hits of reconstructed regions of interest. Here, my primitives are
shown in black, while the Gaussian Hit module is shown in red. The integral (left), maximum peak (middle), and time over
threshold (right) all reconstruct electrons at lower energies that the same events passed through the Gaussian hit module.

B.

Michel Electron Cluster Hit Efficiency

The last comparison test we performed on our primitives was the Michel electron cluster hit efficiency to determine the energy dependent efficiency of our primitives
(figure 10). As can be seen, all three primitives behave
similarly and reach around 80% efficiency and stabilizing
above 0.7 MeV. This discrepancy can be explained with
the disassociation of hits with the cosmic muon instead
of the Michel electron. However, below 0.7 MeV, there
seems to be a dip in efficiency. This disagreement can
be explained by the missed low-energy hits from our applied cuts. By adjusting our thresholds, we may be able
to recover missed hits.

VI.

CONCLUSIONS AND FUTURE WORK

In this review, I described the steps I took towards developing and testing an online self-sustaining supernova
neutrino trigger for future LArTPC detector, DUNE. By
using the MicroBooNE SN stream as a platform for trigger development, I developed a trigger module where I
defined trigger primitives using the DUNE prescription.
Using Michel electrons as a proxy for supernova neutrinos, I applied the trigger module to events from the MicroBooNE SN stream. Conservative cuts where then applied to these trigger primitives by simulating low-energy
electrons. After applying these cuts, the primitives I developed where then tested against the existing hit module
(Gaussian Hit) that MicroBooNE uses.
It was found that all three primitives perform similarly with slight deviations. Reconstructed Michel electron events where found to be reconstructed at lower energies compared to Gaussian Hit reconstructions. These
missing hits could be explained by our applied cuts and

disassociation of hits with the cosmic muon instead of the
Michel electron. We reach around 80% efficiency above
0.7 MeV and decreasing efficiency below this threshold.
In order to improve our performance, we will need to
redefine and optimize our cuts. In supernova neutrino
events, Michel electron association issues will not be an
issue since cosmic muons are not a part of the detection
process of supernova neutrinos. Therefore, we will be
able to increase our efficiency inherently during real supernova neutrino events instead of using Michel electrons
as a proxy. However, these supernova data currently do
not exist in statistically significant numbers.
In conclusion, we have successfully built a development
platform for DUNE using the MicroBooNE SN continuous readout stream. We are able to reach 80% efficiency
of currently used primitives in MicroBooNE, which can
be improved in the future through cut refinements. By
investigating the efficiency of triggering on Michel electrons in MicroBooNE using DUNE trigger primitive definitions, we can set benchmarks for low energy events in
future LArTPC detectors. Self-triggering on supernova
neutrinos will allow us to learn about these explosive celestial phenomena in ways in which electromagnetic counterparts cannot provide.

VII.

ACKNOWLEDGMENTS

I would like to thank Dr. Georgia Karagiori and Dr.
Jose Crespo-Anadon for their guidance in this project
and for their advising. I would also like to thank the
Neutrino group at Nevis Labs, particularly Iris Ponce
and fellow REU student Honor Hare. Thank you to Amy
Garwood, Grace Ho, and John Parsons for their roles in
the REU program at Nevis laboratories and for all that
they did for the REU students. Lastly, I would like to
thank the NSF as this material is based upon work sup-

9
ported by the National Science Foundation under Grant
No. NSF PHY-1659528.

VIII.

REFERENCES

[1] Cern:
The standard model, https://home.cern/
science/physics/standard-model, accessed: 2019-0726.
[2] Microboone physics objectives, https://microboone.
fnal.gov/microboone-physics/, accessed: 2019-07-26.
[3] M. Soderberg, Microboone: A new liquid argon time projection chamber experiment (AIP Conference Proceedings,
2009) pp. 83–87, on behalf of MicroBooNE Collaboration.
[4] Dune: Deep underground neutrino experiment, https://
www.dunescience.org/, accessed: 2019-07-24.
[5] J. Crespo-Anadon, The microboone continuous readout
stream for detection of supernova neutrinos, Public Note
(2019), arXiv:1907.02195v1.
[6] J. Crespo-Anadon, The microboone continuous readout
stream: Analysis towards publication (ii) (MicroBooNE
APE Editorial Board Meetings, 2019) on behalf of MicroBooNE Collaboration.
[7] M. Collaboration, The dune far detector interim design
report volume 1: Physics, technology strategies, Public
Note (2018), arXiv:1807.10334v1.
[8] M. Collaboration, Public Note, mICROBOONE-NOTE1030-PUB.

IX.

APPENDIX

10

FIG. 11. These 2D histograms displays the output when the integral (left), Time Over Threshold (middle), and Maximum
peak (right) primitives are applied to 3004 event sample from the SN stream. The primitive output value is displayed on the
y-axis versus channel on the x-axis. Yellow indicates higher frequency and blue indicates lower frequency. Two populations can
be seen in all three planes: lower population represents electronics noise and higher populations are signal we are interested in.
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FIG. 12. Cut definitions shown in black for integral primitive mode applied to 3004 events from SN stream.
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FIG. 13. Cut definitions shown in black for maximum peak primitive mode applied to 3004 events from SN stream.
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FIG. 14. Cut definitions shown in black for time over threshold primitive mode applied to 3004 events from SN stream.
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FIG. 15. This event displays the hits which our integral primitive module creates. As can be seen, most of the noise is removed
from the raw event while salvaging the cosmic muon, Michel electron, and associated photon signal which we are interested in.

15

FIG. 16. This event displays the hits which our maximum peak primitive module creates. As can be seen, most of the noise
is removed from the raw event while salvaging the cosmic muon, Michel electron, and associated photon signal which we are
interested in.
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FIG. 17. This event displays the hits which our time over threshold primitive module creates. As can be seen, most of the
noise is removed from the raw event while salvaging the cosmic muon, Michel electron, and associated photon signal which we
are interested in.

FIG. 18. Michel electron cluster spectrum sums over the hits of reconstructed regions of interest. Here, my primitives are
shown in black, while the Gaussian Hit module is shown in red. The integral (left), maximum peak (middle), and time over
threshold (right) all reconstruct electrons at lower energies compared to those reconstructed through the Gaussian hit module.
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FIG. 19. The Michel Electron cluster hit multiplicity shows the energy dependence on the number of hits that we reconstruct.
Here, my primitives are shown in black, while the Gaussian Hit module is shown in red. The integral (left), maximum peak
(middle), and time over threshold (right) all reconstruct electrons at lower energies compared to those reconstructed through
the Gaussian hit module.

