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• Exploring techniques for effectively discriminating 
electron neutrino signals from photon backgrounds in 
LArTPCs. 

• I’ll briefly describe my shower reconstruction strategy 
and its advantages for electron reconstruction. 

• But we’ll focus on methods that could be applied to any 
reconstructed shower data product. 

• ArgoNeuT will be used as a case study. 
• All this work is very much “in progress.”
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Where are we going in this talk?
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The first LArTPC to be deployed at 
FNAL for studying neutrinos.

Sat in front of the MINOS ND, 100 m 
underground, in the NuMI beam line.

Electron neutrino energies peak in 
the same range where DUNE’s νe 
spectrum peaks.
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Why ArgoNeuT?

Acciari et al. Phys. Rev. D 95, 072005 (2017)

function of time, when arrayed in a two-dimensional image,
produce high resolution images of interactions in the TPC
such as those seen in Figs. 5 and 6.
The ArgoNeuT detector [28] ran in the neutrinos from

the main injector (NuMI) beamline at Fermilab, outside of
Chicago, IL, for six months in 2009–2010. The ArgoNeuT
TPC was housed in a double-walled, superinsulated cylin-
drical cryostat containing approximately 550 L of argon. The
TPC had an active volume of 47ðwÞ × 40ðhÞ × 90ðlÞ cm3

resulting in an active mass of 170 L of liquid argon. The
cathode plane, a G10 sheet with copper metalization on the
inner surface, was biased with a voltage of −23.5 kV for a
drift field of 500 V=cm and a drift velocity of ∼1.6 mm=μs.
The drift electric field is regulatedwith field-shaping strips of
copper, 1 cm wide and spaced 1 cm apart, plated on to the
interior dimensions of the TPC such that the strips were
perpendicular to the drift direction.
The detector was instrumented with two planes of 240

sense wires, spaced 4 mm between wires and 4 mm
between each plane, sampled every 198 ns. The wires
were mounted at −30° and þ30° to vertical, and a third,
noninstrumented plane, placed between the active volume
and the wire planes, acted as a shielding plane. The
ArgoNeuT detector was not instrumented with a light
collection system, so the scintillation light produced by
particle interactions in liquid argon was not collected in the
ArgoNeuT detector.
ArgoNeuT was trigged in coincidence with the NuMI

beam spill signal, with a ∼215 μs delay and a total NuMI
spill duration of 9.7 μs. For comparison, the maximum drift
time from cathode to anode is 295 μs. ArgoNeuT was
installed approximately 100 meters underground directly in
front of the MINOS near detector [29], which has provided
muon spectrometry for many ArgoNeut analyses [30]. For
more details on the construction and operation of the
ArgoNeuT detector, see [28].

The NuMI beamline [31] is the higher energy of the two
neutrino beams produced at Fermilab. The beam is capable
of running in neutrino and antineutrino modes, depending
on the polarity of the magnetic field applied in the focusing
magnetic horn system. During the ArgoNeuT data taking,
NuMI was running in the low energy mode, with the mean
energy hEνμi ¼ 9.6 GeV, hEν̄μi ¼ 3.6 [hEνμi ¼ 4.3 GeV in
neutrino mode]. Although the beam consists mainly of
muon neutrinos and antineutrinos, there is a small (∼2%)
contamination of electron neutrino and antineutrino events,
with an energy spectrum shown in Fig. 2. This allows the
study of electron neutrino interactions. Data presented here
were taken in both neutrino [8.5e18 protons on target
(POT)] and antineutrino mode (1.20e20 POT).

III. EVENT SELECTION

In ArgoNeuT, an event is defined as a readout window
coincident with the trigger from the NuMI beam. An event
is much longer in time than a beam spill, however, to
accommodate the drift time of electrons from the cathode to
the anode. Therefore, an event consists of the collection of
data from all 480 wires in the detector, read out over the
2400 ticks of digitization. When the 240 waveforms of the
wires of each plane are juxtaposed, and a color scheme is
applied, an event can be visualized as seen in Figs. 5 and 6.
Due to the low interaction rate of neutrinos, events are
typically empty (no significant ionization of any kind), and
the next most common event contains externally produced
particles, such as crossing muons from upstream inter-
actions. A small fraction of events contain neutrino
interactions. For this paper, for example, an “electronlike
event” refers to the readout window of data that coincide
with a candidate electron neutrino interaction in the TPC.
In order to demonstrate the calorimetric separation of

electronlike events from gammalike events, high purity
samples of both electrons and gammas must be selected.
A subsample of the ArgoNeuT data set containing electro-
magnetic showers is isolated first through an automated
procedure, and this subsample is used to select well-defined
electron and gamma events by visual scanning.
The selection criteria are determined from the ArgoNeuT

Monte Carlo, using a GEANT-based simulation of inter-
actions in the detector incorporated in the LArSoft package
[32]. This Monte Carlo uses a FLUKA simulation of the
production of the flux [33] to simulate the spectrum of
neutrinos at the detector.
Selecting the subsample of electromagnetic showers is

based on information from the two-dimensional clusters of
charge depositions (hits) in each wire plane. First, empty
events and events with only tracklike clusters are removed
from the sample using an automated filter. This filter
considers two-dimensional clusters of hits made with the
LArSoft package [32], using an algorithm that is a
combination of DBSCAN [34] and Hough line finding

FIG. 2. Neutrino flux at the ArgoNeuT detector in the anti-
neutrino mode.
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Antineutrino Mode Flux in ArgoNeuT
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• Goal: Efficiently reconstruct electron showers 
• Strategy: Start with reconstructed 3D tracks, then build showers in 2D 

on each plane from clusters of hits identified as “shower-like” based on 
MCS momentum and topology. Only look for leading shower in an event 
(or slice, for larger detectors). 

• Accurately identifying a parent electron track means we can use reliable 
track information to define the shower vertex, direction, and dE/dx. 

• By design, this preferentially reconstructs electrons.
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Shower Reconstruction for Electrons

R. S. Fitzpatrick — University of Michigan December 11, 2018

ArgoNeuT MC ArgoNeuT MC
TrajCluster input output
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Electron Neutrinos in DUNE

R. Acciarri et al. FERMILAB-DESIGN-2016-04 (2016). 
13

R. Acciarri et al. [DUNE Collaboration], FERMILAB-DESIGN-2016-04 (2016).
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Chapter 3: Long-Baseline Neutrino Oscillation Physics 3–52
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Figure 3.26: Neutrino fluxes for the reference focusing system operating in neutrino mode (left) and
antineutrino mode (right), generated with a 120-GeV primary proton beam.
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Antineutrino Mode Flux in DUNE

DUNE will precisely measure νμ→νe 
and νμ→νe oscillation parameters, 

including ẟCP. The requires efficient 
and pure electron shower selection.
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Separating Electrons and Photons

IV. TOPOLOGICAL SELECTION OF
ELECTRONS AND GAMMAS

When a gamma is produced in an interaction in argon, it
will travel some distance, typically less than 50 cm (for a
500 MeV gamma), before it interacts and induces an
electromagnetic shower. Thus, there is often a gap between
the origin of the gamma and the start of the electromagnetic
shower. If there is other activity in the detector at the
location of the gamma production, the gap can be detected
and the gamma can be classified.
The simulated distribution of conversion distances for

gammas in the energy range typical of the gammas used in
this analysis is shown in Fig. 4. There are gammas that
convert very close to the generation point (here, 7% of the
gammas convert within a centimeter). The definition of
“too close” depends on the analysis being performed;
however, there will always be a fraction of gammas for
which a topological based cut is insufficient to tag them as
gammas. In the ArgoNeuT detector, the minimal resolution
for a gamma gap is approximately one wire spacing
(4 mm). In neutrino interactions with hadronic activity at
the neutrino interaction vertex, it is possible that other
particles can obscure the start of an electromagnetic
shower. In this case, even gaps as large as a few centimeters
can become unidentifiable.
We have chosen to define two types of topologies as

gamma candidates, based on the observation of charged
protons or pions at the neutrino interaction vertex: electro-
magnetic showers pointing back to charged particle activity
at the displaced neutrino interaction vertex, implying
hadronic activity, and π0 candidate events. In the second
case, hadronic activity at the neutrino vertex is allowable
but not required, and both electromagnetic showers are
used in the analysis. Example gamma interactions are
shown in Fig. 5. Gammas that we are unable to positively
identify through only topological considerations—if, for
example, the electromagnetic shower is the only activity in
the detector—are removed from the data set entirely.

For a sample of electrons, this analysis targets electron
neutrino events as the electron shower candidates. To
maximize purity, an electromagnetic shower is selected as
an electron candidate only in events that also exhibited
hadronic activity at the neutrino interaction vertex without
the presence of a gap between the shower and other particles.
In addition, events with a tracklike particle matched to a
muon in the MINOS near detector are rejected. This
suppresses the νμ charged current events in which the muon
radiates significantly. Of the events tagged as electromag-
netic showers without a gap, 28%were rejected because of a
match to a track in MINOS. An example of an electron
candidate event is shown in Fig. 6. As a point of clarity, the
“gap” in Fig. 6 is due to dead wires and not a region without
ionization. In this case, the cause of the dead wires is faulty
electronics connection, and these electronics channels
receive no signals from the TPC. Since this “gap” is 20þ
wires (8þ cm) from the neutrino interaction vertex, it does
not impact the classification of this event.
The topological selection of events for this analysis is

done manually, while the initial filter to select showerlike

FIG. 4. The conversion distance of each gamma in the
Monte Carlo sample used for this analysis, which is about
7000 gammas in the energy range of several hundred MeV, as
modeled by GEANT4 [37].

FIG. 5. Example of an event with two gamma candidates in the
ArgoNeuT data set.

FIG. 6. Example of a νe CC event in the ArgoNeuT data set.
There is a region of dead wires that is located 20þ wires away
from the neutrino interaction vertex, and it is not considered a gap
for selection purposes.

FIRST OBSERVATION OF LOW ENERGY ELECTRON … PHYSICAL REVIEW D 95, 072005 (2017)

072005-5

electron

IV. TOPOLOGICAL SELECTION OF
ELECTRONS AND GAMMAS

When a gamma is produced in an interaction in argon, it
will travel some distance, typically less than 50 cm (for a
500 MeV gamma), before it interacts and induces an
electromagnetic shower. Thus, there is often a gap between
the origin of the gamma and the start of the electromagnetic
shower. If there is other activity in the detector at the
location of the gamma production, the gap can be detected
and the gamma can be classified.
The simulated distribution of conversion distances for

gammas in the energy range typical of the gammas used in
this analysis is shown in Fig. 4. There are gammas that
convert very close to the generation point (here, 7% of the
gammas convert within a centimeter). The definition of
“too close” depends on the analysis being performed;
however, there will always be a fraction of gammas for
which a topological based cut is insufficient to tag them as
gammas. In the ArgoNeuT detector, the minimal resolution
for a gamma gap is approximately one wire spacing
(4 mm). In neutrino interactions with hadronic activity at
the neutrino interaction vertex, it is possible that other
particles can obscure the start of an electromagnetic
shower. In this case, even gaps as large as a few centimeters
can become unidentifiable.
We have chosen to define two types of topologies as

gamma candidates, based on the observation of charged
protons or pions at the neutrino interaction vertex: electro-
magnetic showers pointing back to charged particle activity
at the displaced neutrino interaction vertex, implying
hadronic activity, and π0 candidate events. In the second
case, hadronic activity at the neutrino vertex is allowable
but not required, and both electromagnetic showers are
used in the analysis. Example gamma interactions are
shown in Fig. 5. Gammas that we are unable to positively
identify through only topological considerations—if, for
example, the electromagnetic shower is the only activity in
the detector—are removed from the data set entirely.

For a sample of electrons, this analysis targets electron
neutrino events as the electron shower candidates. To
maximize purity, an electromagnetic shower is selected as
an electron candidate only in events that also exhibited
hadronic activity at the neutrino interaction vertex without
the presence of a gap between the shower and other particles.
In addition, events with a tracklike particle matched to a
muon in the MINOS near detector are rejected. This
suppresses the νμ charged current events in which the muon
radiates significantly. Of the events tagged as electromag-
netic showers without a gap, 28%were rejected because of a
match to a track in MINOS. An example of an electron
candidate event is shown in Fig. 6. As a point of clarity, the
“gap” in Fig. 6 is due to dead wires and not a region without
ionization. In this case, the cause of the dead wires is faulty
electronics connection, and these electronics channels
receive no signals from the TPC. Since this “gap” is 20þ
wires (8þ cm) from the neutrino interaction vertex, it does
not impact the classification of this event.
The topological selection of events for this analysis is

done manually, while the initial filter to select showerlike

FIG. 4. The conversion distance of each gamma in the
Monte Carlo sample used for this analysis, which is about
7000 gammas in the energy range of several hundred MeV, as
modeled by GEANT4 [37].

FIG. 5. Example of an event with two gamma candidates in the
ArgoNeuT data set.

FIG. 6. Example of a νe CC event in the ArgoNeuT data set.
There is a region of dead wires that is located 20þ wires away
from the neutrino interaction vertex, and it is not considered a gap
for selection purposes.

FIRST OBSERVATION OF LOW ENERGY ELECTRON … PHYSICAL REVIEW D 95, 072005 (2017)

072005-5

photons

Acciari et al. Phys. Rev. D 95, 072005 (2017)

Photons from neutral pion decay represent a significant background to 
electron neutrino searches. 

LArTPCs allow us to use both topology and calorimetry to differentiate 
electrons from photons.

R. S. Fitzpatrick — University of Michigan December 11, 2018
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dE/dx

separation metric for a shower, all of the hits within a
rectangle of 4 cm along the direction of the shower and
1 cm perpendicular to the shower are collected, and the
median is computed. Details about this choice of dE=dx
calculation are found in Appendix B.
Results of the dE=dx measurement of electrons and

gammas are shown in Fig. 14. In contrast to Figs. 10 and
11, Fig. 14 represents the ability to discriminate between
electrons and photons on an event-by-event basis. This
figure represents the first demonstration of the calorimetric
separation of electrons and gammas in a LArTPC using
neutrino events. Despite the low statistics of the ArgoNeuT
experiment, the electron and gamma separation using
calorimetry is clearly validated. For example, when a cut
is made at 2.9 MeV=cm, we find a 76! 7% efficiency for
selecting electron candidate events in data with a 7! 2%
contamination from the gamma sample. Here, the uncer-
tainties on the efficiency are estimated with the Feldman-
Cousins method [40] and are statistical only. It must be
noted, however, that the sample of electron candidates in this
figure is not background subtracted. The efficiency to select
electrons with the same cut at 2.9 MeV=cm, estimated with
the Monte Carlo, is 91%. This is consistent with the above
measurement that 20! 15% of the electron candidate
sample, selected by topology only, is in fact gammas.
Lastly, the efficiency and purity of a dE=dx selection metric
will be impacted by the hit finding efficiency and wire
spacing, and will vary amongst LArTPCs.
The value of the cut used above, 2.9 MeV=cm, is also

somewhat arbitrary and must be determined uniquely for
each analysis. In this case, it is selected as the midpoint
between the two peaks of the distribution. However, in an
analysis targeting electron neutrinos, the absolute normali-
zation of the electron and gamma shower populations is
crucial. The desired purity of electrons must be balanced
with the need to keep sufficient electron statistics. An
aggressive dE=dx cut, at 2.5 MeV=cm, effectively rejects
gammas but can also remove a significant amount of

electrons (here it removes 30% of electron candidate events
in data, 13% of Monte Carlo electrons). Though this paper
represents a demonstration of the calorimetric separation of
electrons and gammas through dE=dx, it is strongly
recommended to evaluate the precise values of the
dE=dx cut for future analyses.

VIII. CONCLUSIONS

We have analyzed a sample of neutrino events acquired
by the ArgoNeuT detector and selected a sample of electron
neutrino candidate interactions and gammas originating
from neutral current and charged current muon-neutrino
interactions.
The high granularity of a LArTPC allows precision

topological discrimination of gammas and electrons.
A purely topological cut produced a sample of electron
neutrino events with an estimated 80! 15% purity. This is
the first analysis to identify and reconstruct a sample of low
energy electron neutrinos in a LArTPC. The detection and
characterization of these electron neutrino and antineutrino
events is an essential step towards the success of large scale
LArTPCs such as DUNE and the SBN Program.
Additionally, we have shown that a metric based on the

dE=dx deposition in the initial part of the shower is a valid
methodof separating electron neutrino charged current events
from gamma backgrounds, shown in Fig. 14. The full gamma
background rejection capability of liquid argon detectors
will be enhanced by adding a topological cut. Further, full
reconstruction of an event can improve gamma rejection. For
example, identification of two electromagnetic showers that
reconstructwith an invariantmass consistentwith the π0 mass
can remove both showers from the electron candidate sample,
even if there is not a gap present and the dE=dx cut fails. This
work represents the first experimental proof of applying a
calorimetric cut to separate electrons fromgammas in a liquid
argon detector using neutrino events.
One should note that the efficiency and misidentification

rates presented here do not represent the full capability of
liquid argon TPCs to discriminate gamma backgrounds
from electron signals. The final separation power of
LArTPCs leverages multiple identification techniques, of
which calorimetry is just one. Further, the exact efficiencies
and misidentification rates depend heavily on the energy
spectrum of the electromagnetic showers: The Compton
scattering gammas, a major source of impurity, appear
predominately at energies below 200 MeV.
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FIG. 14. The dE=dx distribution for electrons (blue) and
gammas (red). The solid blue curve, representing the simulation
of electron dE=dx, includes a 20% contamination of gammas
consistent with the results from Fig. 11.
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ArgoNeuT demonstrated that measuring dE/dx at the start of an electromagnetic 
shower can successfully separate electrons (1 MIP) from photons (2 MIPs).

In many ways, this result represents 
the best case scenario. The 

ArgoNeuT analysis relied on hand 
scanning events to select the 

electron and photon samples based 
on topology. 

The electron candidate sample (37 
events) was found to have ~20% 

gamma contamination.

R. S. Fitzpatrick — University of Michigan December 11, 2018
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Vertex Separation

IV. TOPOLOGICAL SELECTION OF
ELECTRONS AND GAMMAS

When a gamma is produced in an interaction in argon, it
will travel some distance, typically less than 50 cm (for a
500 MeV gamma), before it interacts and induces an
electromagnetic shower. Thus, there is often a gap between
the origin of the gamma and the start of the electromagnetic
shower. If there is other activity in the detector at the
location of the gamma production, the gap can be detected
and the gamma can be classified.
The simulated distribution of conversion distances for

gammas in the energy range typical of the gammas used in
this analysis is shown in Fig. 4. There are gammas that
convert very close to the generation point (here, 7% of the
gammas convert within a centimeter). The definition of
“too close” depends on the analysis being performed;
however, there will always be a fraction of gammas for
which a topological based cut is insufficient to tag them as
gammas. In the ArgoNeuT detector, the minimal resolution
for a gamma gap is approximately one wire spacing
(4 mm). In neutrino interactions with hadronic activity at
the neutrino interaction vertex, it is possible that other
particles can obscure the start of an electromagnetic
shower. In this case, even gaps as large as a few centimeters
can become unidentifiable.
We have chosen to define two types of topologies as

gamma candidates, based on the observation of charged
protons or pions at the neutrino interaction vertex: electro-
magnetic showers pointing back to charged particle activity
at the displaced neutrino interaction vertex, implying
hadronic activity, and π0 candidate events. In the second
case, hadronic activity at the neutrino vertex is allowable
but not required, and both electromagnetic showers are
used in the analysis. Example gamma interactions are
shown in Fig. 5. Gammas that we are unable to positively
identify through only topological considerations—if, for
example, the electromagnetic shower is the only activity in
the detector—are removed from the data set entirely.

For a sample of electrons, this analysis targets electron
neutrino events as the electron shower candidates. To
maximize purity, an electromagnetic shower is selected as
an electron candidate only in events that also exhibited
hadronic activity at the neutrino interaction vertex without
the presence of a gap between the shower and other particles.
In addition, events with a tracklike particle matched to a
muon in the MINOS near detector are rejected. This
suppresses the νμ charged current events in which the muon
radiates significantly. Of the events tagged as electromag-
netic showers without a gap, 28%were rejected because of a
match to a track in MINOS. An example of an electron
candidate event is shown in Fig. 6. As a point of clarity, the
“gap” in Fig. 6 is due to dead wires and not a region without
ionization. In this case, the cause of the dead wires is faulty
electronics connection, and these electronics channels
receive no signals from the TPC. Since this “gap” is 20þ
wires (8þ cm) from the neutrino interaction vertex, it does
not impact the classification of this event.
The topological selection of events for this analysis is

done manually, while the initial filter to select showerlike

FIG. 4. The conversion distance of each gamma in the
Monte Carlo sample used for this analysis, which is about
7000 gammas in the energy range of several hundred MeV, as
modeled by GEANT4 [37].

FIG. 5. Example of an event with two gamma candidates in the
ArgoNeuT data set.

FIG. 6. Example of a νe CC event in the ArgoNeuT data set.
There is a region of dead wires that is located 20þ wires away
from the neutrino interaction vertex, and it is not considered a gap
for selection purposes.

FIRST OBSERVATION OF LOW ENERGY ELECTRON … PHYSICAL REVIEW D 95, 072005 (2017)
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Topological discrimination of electrons and photons relies on the 
characteristic gap between the neutrino interaction vertex and the start of the 

photon shower. However, a significant fraction of photons mimic electron 
topologies by converting very close to the neutrino vertex.

Topological identification is 
further complicated by hadronic 
overlap in non QE-like events, 
which are prominent at DUNE 

energies.

R. S. Fitzpatrick — University of Michigan December 11, 2018
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Hadron Overlap
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constructed to extract kinematic properties of
the candidates’ associated neutrino interactions
and secondary particles. The first step in the
reconstruction chain is to remove e↵ects of elec-
tronics response and field response and remove
electronics noise. This is done on a wire-by-
wire basis using a Fast Fourier Transform based
deconvolution kernel [28]. A signal peak find-
ing algorithm is then used to find charge de-
positions on each wire, reconstructed as hits.
The integral of the ADC count in each hit
is used to calculate the charge dQ using an
(ADC⇥Timetick)/Charge conversion constant.
These constants are obtained using through-
going muon events in a way analogous to [30],
for every wire individually, on both collection
and induction planes. To determine the con-
stants, all of the muon hits (from a separate
analysis) on each wire are fit with a Gaussian-
convolved Landau distribution. The conver-
sion constant is adjusted until the most prob-
able value of the Landau distribution is 1.73
MeV/cm, the expected theoretical value [30].

The dQ of each hit is corrected to account for
the electron lifetime with an exponential for-

mula e

�tdrift
⌧ , where ⌧ is the measured elec-

tron lifetime for each ArgoNeuT data run (typ-
ically 500 to 800 ms) and tdrift is the time each
charge deposition took to drift to the wires,
calculated from its position in the TPC. The
drift time, tdrift, is known from synchronizing
the ArgoNeuT readout window with the NuMI
beam timing. The uncertainty on the exact
drift time, arising from the length of the NuMI
beam spill, gives a small but negligible (1% or
less) uncertainty on the charge collected after
to the lifetime correction. The lifetime correc-
tion varies from a factor of ⇠ 1.75 (low purity
runs at the cathode) to a typical correction of
⇠ 1.25. The measured charge deposition dQ is
also corrected for the recombination of electrons
and ions as parameterized in [38].

The hits for each candidate shower are re-
assembled into clusters using a manual scanning
tool and fed into a shower-reconstruction algo-
rithm. This allows the refinement of the start
point and direction in each 2D plane for events
with busy topologies. In particular, for some

events with overlapping protons and pions at
the start of the shower, hits from the hadronic
particle are manually excluded from the dE/dx

calculation. This procedure is only done when
the hadronic activity obscures a significant por-
tion of the electromagnetic shower. One quar-
ter of the electron candidate sample had pro-
tons and pions obscuring the shower, in total.
An example of an electron candidate event with
hadronic overlap is shown in Figure 7.
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Selected 
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Figure 7. Example of a ⌫e CC event in the Ar-
goNeuT data set with hadronic overlap. For such
events, the hits from the hadron are excluded man-
ually from the analysis.

The most important parameters that are
computed in the reconstruction of electromag-
netic showers are:

• 3D Direction - the direction of the
shower, in space, is essential to the ac-
curate calculation of the pitch of an elec-
tromagnetic shower as projected onto the
wire planes. For this analysis, the 3D di-
rection is calculated at the start of the
shower and not based on the full shower
development, which can be a↵ected by
scattering of the primary showering parti-
cles.

• 3D Starting Point - the 3D starting
point is important to the electromagnetic
shower reconstruction as it informs where
the dE/dx calculation should begin from.

In this analysis, hits with hadron overlap 
were excluded by hand. 

Acciari et al. Phys. Rev. D 95, 072005 (2017)

ArgoNeuT MC

photon shower

proton overlap

Small vertex gap + proton overlap makes 
this photon look like an electron 

topologically.
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Looking Forward
• dE/dx + vertex separation can be extremely powerful for distinguishing 

electrons from photons. 
• But high levels of hadronic activity around the neutrino vertex make it more 

difficult to reconstruct showers and use these variables effectively. 
• Photons that overlap hadrons produced at the vertex can mimic electrons. 
• Conversely, track overlap can make electrons look like photons. 
• Often these issues can be resolved by eye — reconstruction improvements, 

in addition to the calorimetry work presented here, are necessary. 

• How can we use the entire shower topology to improve our selection and 
reject misidentifications caused by hadronic overlap?

• Here, I’m thinking holistically about separating CC νe events from NC π0 events, 
rather than single photon showers from single electron showers, to overcome 
current reconstruction limitations in busy events.

R. S. Fitzpatrick — University of Michigan December 11, 2018
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Electromagnetic Cascades

33. Passage of particles through matter 29

Z dependence, the number of electrons crossing a plane near shower maximum is
underestimated using Rossi’s approximation for carbon and seriously overestimated for
uranium. Essentially the same b values are obtained for incident electrons and photons.
For many purposes it is sufficient to take b ≈ 0.5.

The length of showers initiated by ultra-high energy photons and electrons is somewhat
greater than at lower energies since the first or first few interaction lengths are increased
via the mechanisms discussed above.

The gamma function distribution is very flat near the origin, while the EGS4 cascade
(or a real cascade) increases more rapidly. As a result Eq. (33.36) fails badly for about
the first two radiation lengths; it was necessary to exclude this region in making fits.

Because fluctuations are important, Eq. (33.36) should be used only in applications
where average behavior is adequate. Grindhammer et al. have developed fast simulation
algorithms in which the variance and correlation of a and b are obtained by fitting
Eq. (33.36) to individually simulated cascades, then generating profiles for cascades using
a and b chosen from the correlated distributions [61].

The transverse development of electromagnetic showers in different materials scales
fairly accurately with the Molière radius RM , given by [62,63]

RM = X0 Es/Ec , (33.38)

where Es ≈ 21 MeV (Table 33.1), and the Rossi definition of Ec is used.
In a material containing a weight fraction wj of the element with critical energy Ecj

and radiation length Xj , the Molière radius is given by

1

RM
=

1

Es

! wj Ecj

Xj
. (33.39)

Measurements of the lateral distribution in electromagnetic cascades are shown in
Refs. 62 and 63. On the average, only 10% of the energy lies outside the cylinder with
radius RM . About 99% is contained inside of 3.5RM , but at this radius and beyond
composition effects become important and the scaling with RM fails. The distributions
are characterized by a narrow core, and broaden as the shower develops. They are often
represented as the sum of two Gaussians, and Grindhammer [61] describes them with the
function

f(r) =
2r R2

(r2 + R2)2
, (33.40)

where R is a phenomenological function of x/X0 and lnE.
At high enough energies, the LPM effect (Sec. 33.4.6) reduces the cross sections

for bremsstrahlung and pair production, and hence can cause significant elongation of
electromagnetic cascades [46].

October 1, 2016 19:59

longitudinal development

transverse development

C. Patrignani et al. (Particle Data Group), Chin. Phys. C, 40, 100001 (2016).

33. Passage of particles through matter 27

33.5. Electromagnetic cascades

When a high-energy electron or photon is incident on a thick absorber, it initiates
an electromagnetic cascade as pair production and bremsstrahlung generate more
electrons and photons with lower energy. The longitudinal development is governed by
the high-energy part of the cascade, and therefore scales as the radiation length in the
material. Electron energies eventually fall below the critical energy, and then dissipate
their energy by ionization and excitation rather than by the generation of more shower
particles. In describing shower behavior, it is therefore convenient to introduce the scale
variables

t = x/X0 , y = E/Ec , (33.35)

so that distance is measured in units of radiation length and energy in units of critical
energy.
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Figure 33.20: An EGS4 simulation of a 30 GeV electron-induced cascade in iron.
The histogram shows fractional energy deposition per radiation length, and the
curve is a gamma-function fit to the distribution. Circles indicate the number of
electrons with total energy greater than 1.5 MeV crossing planes at X0/2 intervals
(scale on right) and the squares the number of photons with E ≥ 1.5 MeV crossing
the planes (scaled down to have same area as the electron distribution).

Longitudinal profiles from an EGS4 [57] simulation of a 30 GeV electron-induced
cascade in iron are shown in Fig. 33.20. The number of particles crossing a plane (very
close to Rossi’s Π function [2]) is sensitive to the cutoff energy, here chosen as a total
energy of 1.5 MeV for both electrons and photons. The electron number falls off more
quickly than energy deposition. This is because, with increasing depth, a larger fraction
of the cascade energy is carried by photons. Exactly what a calorimeter measures depends
on the device, but it is not likely to be exactly any of the profiles shown. In gas counters
it may be very close to the electron number, but in glass Cherenkov detectors and other
devices with “thick” sensitive regions it is closer to the energy deposition (total track
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length). In such detectors the signal is proportional to the “detectable” track length Td,
which is in general less than the total track length T . Practical devices are sensitive to
electrons with energy above some detection threshold Ed, and Td = T F (Ed/Ec). An
analytic form for F (Ed/Ec) obtained by Rossi [2] is given by Fabjan in Ref. 58; see also
Amaldi [59].

The mean longitudinal profile of the energy deposition in an electromagnetic cascade
is reasonably well described by a gamma distribution [60]:

dE

dt
= E0 b

(bt)a−1e−bt

Γ(a)
(33.36)

The maximum tmax occurs at (a− 1)/b. We have made fits to shower profiles in elements
ranging from carbon to uranium, at energies from 1 GeV to 100 GeV. The energy
deposition profiles are well described by Eq. (33.36) with

tmax = (a − 1)/b = 1.0 × (ln y + Cj) , j = e, γ , (33.37)

where Ce = −0.5 for electron-induced cascades and Cγ = +0.5 for photon-induced
cascades. To use Eq. (33.36), one finds (a − 1)/b from Eq. (33.37) and Eq. (33.35), then
finds a either by assuming b ≈ 0.5 or by finding a more accurate value from Fig. 33.21.
The results are very similar for the electron number profiles, but there is some dependence
on the atomic number of the medium. A similar form for the electron number maximum
was obtained by Rossi in the context of his “Approximation B,” [2] (see Fabjan’s review
in Ref. 58), but with Ce = −1.0 and Cγ = −0.5; we regard this as superseded by the
EGS4 result.
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Figure 33.21: Fitted values of the scale factor b for energy deposition profiles
obtained with EGS4 for a variety of elements for incident electrons with
1 ≤ E0 ≤ 100 GeV. Values obtained for incident photons are essentially the same.

The “shower length” Xs = X0/b is less conveniently parameterized, since b depends
upon both Z and incident energy, as shown in Fig. 33.21. As a corollary of this
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33.5. Electromagnetic cascades

When a high-energy electron or photon is incident on a thick absorber, it initiates
an electromagnetic cascade as pair production and bremsstrahlung generate more
electrons and photons with lower energy. The longitudinal development is governed by
the high-energy part of the cascade, and therefore scales as the radiation length in the
material. Electron energies eventually fall below the critical energy, and then dissipate
their energy by ionization and excitation rather than by the generation of more shower
particles. In describing shower behavior, it is therefore convenient to introduce the scale
variables

t = x/X0 , y = E/Ec , (33.35)

so that distance is measured in units of radiation length and energy in units of critical
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(scale on right) and the squares the number of photons with E ≥ 1.5 MeV crossing
the planes (scaled down to have same area as the electron distribution).

Longitudinal profiles from an EGS4 [57] simulation of a 30 GeV electron-induced
cascade in iron are shown in Fig. 33.20. The number of particles crossing a plane (very
close to Rossi’s Π function [2]) is sensitive to the cutoff energy, here chosen as a total
energy of 1.5 MeV for both electrons and photons. The electron number falls off more
quickly than energy deposition. This is because, with increasing depth, a larger fraction
of the cascade energy is carried by photons. Exactly what a calorimeter measures depends
on the device, but it is not likely to be exactly any of the profiles shown. In gas counters
it may be very close to the electron number, but in glass Cherenkov detectors and other
devices with “thick” sensitive regions it is closer to the energy deposition (total track
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the point: we know what an EM 
shower should look like.

R. S. Fitzpatrick — University of Michigan December 11, 2018



• Detectors like MINOS and NOvA are similar to 
LArTPCS in that they provide a 3D picture of 
charged particles produced by neutrino 
interactions. 

• LArTPCs can achieve even better spatial resolution. 
• So let’s take some inspiration from what others have 

done, given similar event information, and build 
upon/adapt those techniques for LArTPC analysis.

�12

What Have Other Experiments Done?

R. S. Fitzpatrick — University of Michigan December 11, 2018
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Electrons in MINOS CalDet

T. Yang thesis (2009)
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Figure 4.3: The average longitudinal shower profile for electrons in CalDet with
various momenta.
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Figure 4.4: Best fit parameters E0, a and b as a function of electron energy.

It is convenient to introduce the scale variables y = Eel/Ec where Ec is the critical

energy. Ec is defined as the electron energy at which the average energy loss due to

radiation equals that due to ionization and is given by [114]

Ec(MeV) =
610

Z + 1.24
(4.8)

for solid, where Z is the atomic number of the target material. For steel, Ec '
22.4 MeV. Thus tmax now takes the form

tmax = 0.94⇥ ln(y)� 0.07. (4.9)

A similar form was obtained by Rossi in the context of his “Approximation B” [115]:

tmax = 1.0⇥ ln(y)� 1.0. (4.10)

Another form was obtained using a simulation program EGS4 [114, 116]:

tmax = 1.0⇥ ln(y)� 0.5. (4.11)

The comparison of our result with these forms is shown in Fig.4.5. Our result is close

Longitudinal shower development can be 
reasonably described by a gamma distribution. 

The maximum shower develop occurs at 

Similar studies can be done using transverse 
shower profiles.

dE

dt
= E0b

(bt)a�1e�bt

�(a)
<latexit sha1_base64="fBVCg//RYxXT7peJeN7+20Gahrk="></latexit><latexit sha1_base64="fBVCg//RYxXT7peJeN7+20Gahrk="></latexit><latexit sha1_base64="fBVCg//RYxXT7peJeN7+20Gahrk="></latexit><latexit sha1_base64="fBVCg//RYxXT7peJeN7+20Gahrk="></latexit>

The best fit parameters for longitudinal shower 
profiles as a function of energy

t
max

= (a� 1)/b
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Figure 5.23: The longitudinal dE/dx profile comparing simulated electrons (red) to other
particles (blue), specifically photons (a) and muons (b). The left panels show the profile for
plane 2 of the shower and the right panels show plane ten. Figure from [113].
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Figure 5.24: The transverse dE/dx profile for simulated electrons (red) and ⇡0’s (blue).
The left panel shows the profile for transverse cell index 0 and the right shows transverse
cell index 3. Figure from [113].
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Figure 5.23: The longitudinal dE/dx profile comparing simulated electrons (red) to other
particles (blue), specifically photons (a) and muons (b). The left panels show the profile for
plane 2 of the shower and the right panels show plane ten. Figure from [113].
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Figure 5.24: The transverse dE/dx profile for simulated electrons (red) and ⇡0’s (blue).
The left panel shows the profile for transverse cell index 0 and the right shows transverse
cell index 3. Figure from [113].
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NOvA Electron Identification
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Figure 5.23: The longitudinal dE/dx profile comparing simulated electrons (red) to other
particles (blue), specifically photons (a) and muons (b). The left panels show the profile for
plane 2 of the shower and the right panels show plane ten. Figure from [113].
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Figure 5.24: The transverse dE/dx profile for simulated electrons (red) and ⇡0’s (blue).
The left panel shows the profile for transverse cell index 0 and the right shows transverse
cell index 3. Figure from [113].
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Figure 5.23: The longitudinal dE/dx profile comparing simulated electrons (red) to other
particles (blue), specifically photons (a) and muons (b). The left panels show the profile for
plane 2 of the shower and the right panels show plane ten. Figure from [113].
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Figure 5.24: The transverse dE/dx profile for simulated electrons (red) and ⇡0’s (blue).
The left panel shows the profile for transverse cell index 0 and the right shows transverse
cell index 3. Figure from [113].
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NOvA created shower “templates” for each longitudinal plane and transverse 
cell within a shower. Candidate electrons were assigned a likelihood based on 

the template charge distributions.

Templates were created for 
unique regions within the 
detector to account for 
systematic detection 

differences due to interaction 
location.

Similar strategies have been implemented 
for DUNE. ArgoNeuT is in a position to 

validate these reconstruction techniques.
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NOvA Electron Identification II

face is 1/16th the size of the Far Detector the approach of separating the dE/dx histograms

into quadrants based on vertex is not needed. The entire Near Detector is approximated

as one quadrant of the Far Detector where both the x and y position are near the readout

electronics.

5.7.5 Performance of Event Classification

During the process of constructing the LID algorithm performance was evaluated using

simulated Far Detector events. A standard event selection is applied, outlined in detail

in Section 6.3 and representative oscillation weights without a matter e↵ect were applied

to simulate an average result. The result is scaled to 2.8 ⇥ 1020 full detector equivalent

POT (see Section 6.6). The LID performance is shown in Figure 5.28. A LID cut at 0.95 is

placed in the analysis to achieve the best signal/
p
background figure of merit. With this cut

4.36 ⌫e CC signal events were selected on a background of 0.05 ⌫µ CC events, 0.34 neutral

currents, and 0.44 intrinsic beam ⌫e CC interactions for an FOM of 4.73. Before the LID

cut 9.08 ⌫e CC events and 23.92 background events remained after preselection. The LID

algorithm has a signal selection e�ciency of 48% and rejects background at 97%.

(a) (b)

Figure 5.28: Event classification output from the LID algorithm where values closer to one
represent ⌫e CC signal. The plot shows simulated Far Detector events scaled to the analysis
exposure of 2.8⇥ 1020 full detector equivalent POT with standard preselection cuts (a) and
a version zoomed into the signa region (b).
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E. Niner thesis (2015)

The likelihood ratios between electron score and other particle scores were 
used in combination with traditional variables like vertex energy, gap, pi0 mass, 

and angle as input to an artificial neural net.
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• Statistics: ArgoNeuT only ran for 5 months. There’s a limit to what can be done 
with the dataset and MC. We lack the statistics to produce likelihood templates 
like NOvA. 

• Containment: ArgoNeuT’s detector was 47(w) x 40(h) x 90(l) cm3. The radiation 
length in argon is 14 cm.  

• Energy reconstruction must correct for lack of containment. 
• A large fiducial cut is placed on the downstream end of the detector to better 

ensure that electrons begin to shower within the detector volume. 
• MINOS: We can make use of the MINOS ND to reject charged current muon 

neutrino events because muons produced in ArgoNeuT can be easily tagged with 
MINOS data. 

Nevertheless, we can adapt these ideas to study electron neutrinos in 
ArgoNeuT and inform reconstruction at the GeV scale for future LArTPCs.
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ArgoNeuT Considerations
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let’s define some charge regions
not to scale

Qevent

Qshower

2X0 = 28 cm

Q2cm
Q1 Q2 Q3 Q4
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Charge Ratio I
collection plane

�15

let’s define some variables/regions
not to scale

Qevent

Qshower

2X0 = 28 cm

Q2cm
Q1 Q2

Q3 Q4

In a larger TPC, you could imagine 
replacing Qevent with Qslice, where each 
“slice” is a spatially clustered group of 

energy depositions. In theory (and 
hopefully in practice) each neutrino 

interaction, cosmic, etc. is contained in 
its own slice.

in progress
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Need further study to determine how much of this 
difference is related to the different energy spectrums 

between electrons and photons in ArgoNeuT.
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Charge Ratio II
collection plane

Q2cm/Qshower
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let’s define some variables/regions
not to scale

Qevent

Qshower

2X0 = 28 cm

Q2cm
Q1 Q2

Q3 Q4

The Moliere radius in argon is 9 cm, 
which is impractical given the size of 

ArgoNeuT.

in progress
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Studies of reconstructed shower purity indicate that 
hadron overlap affects photon reconstruction (i.e. 

reconstructed photons are not as pure as electrons).
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let’s define some variables/regions
not to scale

Qevent

Qshower

2X0 = 28 cm

Q2cm
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Charge Ratio III
Q1 / ∑Qn Q2 / ∑Qn Q3 / ∑Qn

Q4 / ∑Qn

collection plane

in progress in progress in progress

in progress
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• We can use these variables, in combination with the 
traditional dE/dx and vertex separation to improve our 
background rejection. 

• For electron neutrino searches at a few GeV, hadronic overlap 
with photons can mimic electron topology near the neutrino 
vertex. Hadronic overlap with electrons can mimic photons. 

• These tools let us look at the entire structure of the shower to 
select candidate electrons when dE/dx and vertex separation 
are insufficient. 

• ArgoNeuT is in a unique position to be able to validate 
reconstruction strategies being developed for DUNE.
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Summary
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• LArTPCs like DUNE with GeV-scale electron signals need to 
develop reconstruction and selection strategies that accommodate 
hadron overlap near neutrino vertices. 

• This requires more than just dE/dx and vertex separation for highly 
efficient selection. 

• We need large electron and photon samples to study shower 
topology and calorimetry as a function of energy. 

• Consider iterative reconstruction: once CC νe events are reasonably 
accurately identified, revisit reconstruction to improve observables 
such as energy, angle, etc.
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Discussion

R. S. Fitzpatrick — University of Michigan December 11, 2018



Backup

�23R. S. Fitzpatrick — University of Michigan December 11, 2018



�24

Electrons in MINOS CalDet II

4.1. CALDET ELECTRONS AND PIONS 105
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Figure 4.7: Fraction of energy loss as a function of the transverse position for electrons
in CalDet with various momenta.

106 CHAPTER 4. ELECTRON NEUTRINO IDENTIFICATION
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Figure 4.8: Average shower width as a function of the electron energy.

The e↵ective Molière radius of the MINOS calorimeter is 3.7 cm, which is of the same

order as the shower width we measured in Eq.(4.12).

In summary, we have examined the properties of EM showers using CalDet data

and verified the measured EM shower properties agree with external measurements

and theoretical expectation. We also demonstrated the major topological di↵erences

between the electromagnetic and hadronic showers, i.e. the EM showers are generally

compact and narrow while the hadronic showers are often more scattered and have

larger fluctuations. In the next section, we will describe a neural network based ⌫e

identification method that takes into account the di↵erences between the electromag-

netic and hadronic showers.

4.2 MINOS Electron Neutrino Identification

4.2.1 Overview

The sensitivity of the MINOS ⌫µ ! ⌫e analysis depends on the separation of ⌫e CC

events and background events. The task of the ⌫e identification algorithm is to look for

T. Yang thesis (2009)

The transverse width of a 
shower scales with the Molière 

radius of a material. 

There is also a small energy 
dependence.
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Shower Reconstruction for Electrons

R. S. Fitzpatrick — University of Michigan December 11, 2018

TCShower is built on top of TrajCluster (see Bruce’s talk), which can be 
configured to label “shower-like” clusters of hits. 

The shower-like decision is made based on MCS momentum and proximity 
to other clusters with user-defined thresholds.
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Shower Reconstruction for Electrons
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Showers are constructed on each plane around candidate electron tracks. If the 
candidate track passes a number of thresholds (e.g. minimum number of shower-

like hits, reasonably even distribution of hits around track, etc.) it is saved as a 
shower. A second iteration over hits is done to improve the shower completeness.  

The reliable recob::Track information can be used to determine vertex, angle, and 
dE/dx.

recob::Cluster 
shower-like recob::Cluster 

unclustered 
recob::Shower

parent electron 

recob::Track
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Shower Reconstruction Performance
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Shower Reconstruction Performance
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Shower Reconstruction by Particle ID
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Reconstruction strategy performs best on electrons.


