
1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
BDT score

0

10

20

30

40

50

60

70

80

90

 
#
 
e
v
e
n
t
s

BDT score

 CC QEeν

 CC RESeν

 CC DISeν

BDT score

all reconstructed 
simulated electrons

• Stringent selection is highly efficient for quasi-elastic interactions.

• A subsequent hand scan of a looser selection (BDT score > 0.7) remained 

consistent with expectation and yielded a larger sample of DIS interactions.

• Bigger detectors will not be overwhelmed by external EM backgrounds.

• Deep inelastic scattering signal and background events are inherently difficult 

to reconstruct and classify, sometimes impossible even by eye.
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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 in-
stalled 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 Ar-
goNeuT detector see [28].

Figure 2. Neutrino flux at the ArgoNeuT detector
in anti-neutrino mode.

The NuMI beamline [31] is the higher en-
ergy of the two neutrino beams produced at
Fermilab. The beam is capable of running in
neutrino and anti-neutrino 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
hE⌫µi = 9.6 GeV, hE⌫̄µi = 3.6 (hE⌫µi = 4.3
GeV in neutrino mode). Although the beam
consists mainly of muon neutrinos and anti-
neutrinos there is a small (⇠2%) contamination
of electron neutrino and anti-neutrino events,
with an energy spectrum shown in Figure 2.
This allows the study of electron neutrino in-
teractions. Data presented here were taken in
both neutrino (8.5e18 protons on target (POT)
) and anti-neutrino mode (1.20e20 POT).

III. EVENT SELECTION

In ArgoNeuT, an event is defined as a read-
out window coincident with the trigger from
the NuMI beam. An event is much longer in
time than a beam spill, however, to accommo-
date the drift time of electrons from the cath-
ode 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 Figures 5 and 6. Due to the low in-
teraction rate of neutrinos, events are typically
empty (no significant ionization of any kind),
and the next most common event contains ex-
ternally produced particles, such as crossing
muons from upstream interactions. A small
fraction of events contain neutrino interactions.
For this paper, for example, an ‘electron-like
event’ refers to the readout window of data that
coincides with a candidate electron neutrino in-
teraction in the TPC.

In order to demonstrate the calorimetric sep-
aration of electron-like events from gamma-like
events, high purity samples of both electrons
and gammas must be selected. A sub-sample of
the ArgoNeuT data set containing electromag-
netic showers is isolated first through an auto-
mated procedure, and this sub-sample 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 interactions in the detector in-
corporated in the LArSoft package [32]. This
Monte Carlo uses a Fluka simulation of the pro-
duction of the flux [33] to simulate the spectrum
of neutrinos at the detector

Selecting the sub-sample of electromagnetic
showers is based on information from the 2-
dimensional clusters of charge depositions (hits)
in each wire plane. First, empty events and
events with only track-like 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

• LArTPC in the NuMI beam at Fermilab.

• Sat directly in front of the MINOS Near Detector.

• 47 (w) x 40 (h) x 90 (l) cm3 = 0.24 tons.

• 1.25 x 1020 POT from low-energy anti-neutrino mode.

• Expect ~100 νe/νe charged current events.
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✓e [degrees] d�⌫e+⌫e/d✓e [10�38 cm2/Ar/�]

0 � 10 6.02 ± 2.77+0.85
�1.33

10 � 20 1.80 ± 1.42+0.32
�0.44

20 � 30 3.00 ± 2.45+0.35
�0.56

Table 2: The combined ⌫e + ⌫e di↵erential cross section in terms of electron angle with respect to
the NuMI neutrino beam.
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Figure 27: The ⌫e + ⌫e di↵erential cross section in terms of electron angle with respect to the
neutrino beam. Simulation is shown in addition to the result from data.
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Results Outlook and Challenges

arXiv:2004.01956 

• Combined νe + νe cross section extracted from 13 events selected.

• Consistent with GENIE expectation.

• Dominant systematic uncertainties are the hadron formation zone used in 

GENIE and the quantity of external background.

Strategy Inclusive νe Charged Current Selection
• No expectation of containment given small detector.

• Sizable external background contribution and EM 

activity with vertex outside the detector.

• High track multiplicity near the neutrino vertex can 

obscure dE/dx and gap information for rejecting 
photons.


• Define charge ratios motivated by topological 
features of full EM shower.

Neutrino energy 
peaks in the few-

GeV region. 

Expect significant 
contribution from 

deep inelastic 
scattering.

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

h�⌫e+⌫ei = 1.04± 0.38 (stat.) +0.15
�0.23 (syst.)⇥ 10�36 cm2/Ar

<latexit sha1_base64="7ZrTpYmUBtPkyTnpQ02d4vV1CyI="></latexit>

• Reject νμ charged current events with MINOS information.

• Simulation underestimates external backgrounds — only interactions inside 

the cryostat are simulated. 

• Correct external background as a function of BDT score, validated with a 

hand scan of data and MC at low and mid BDT score.

• Select BDT score > 0.9 to reduce uncertainty associated with external 

background.

• First end-to-end automated reconstruction and 
selection of electron neutrinos from GeV-scale 
neutrino beam data.


• Provides insight into challenges of working with 
GeV-scale neutrino data.


• Further development of calorimetry-based 
techniques that use more than traditional vertex   
dE/dx and gap is valuable as a cross check to 
deep learning-based methods.

Summary
10.5% efficiency, 78.9% purity.  

Expect 11.2 +0.4
  (syst.) signal and 

3.1+2.0 (syst.) background.
-1.4

-1.3

�GENIE = 1.17⇥ 10�36 cm2/Ar
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