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The determination of the direction of a stellar core collapse via its neutrino emission is crucial
for the identification of the progenitor for a multimessenger follow-up. A highly effective method of
reconstructing supernova directions within the Deep Underground Neutrino Experiment (DUNE) is
introduced. The supernova neutrino pointing resolution is studied by simulating and reconstructing
electron-neutrino charged-current absorption on “°Ar and elastic scattering of neutrinos on electrons.
Procedures to reconstruct individual interactions, including a newly developed technique called
“brems flipping”, as well as the burst direction from an ensemble of interactions are described.
Performance of the burst direction reconstruction is evaluated for supernovae happening at a distance
of 10 kpc for a specific supernova burst flux model. The pointing resolution is found to be 3.4 degrees
at 68% coverage for a perfect interaction-channel classification and a fiducial mass of 40 kton,
and 6.6 degrees for a 10kton fiducial mass respectively. Assuming a 4% rate of charged-current
interactions being misidentified as elastic scattering, DUNE’s burst pointing resolution is found to
be 4.3 degrees (8.7 degrees) at 68% coverage.
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I. INTRODUCTION

Detecting neutrinos from core-collapse supernovae
opens up the possibility to study the astrophysics
of stellar collapse and the properties of neutrinos
and their interactions. The first and only supernova
neutrino detection on Earth so far was achieved with
SN1987A, when a few tens of electron-antineutrino
eventsEl were registered [IH3]. While it was already
possible to derive valuable insights from these data
(e.g., Ref. [ B]), a high-statistics, high-resolution
detection of various neutrino flavors from a future
supernova will bring invaluable advancement in
particle physics and astrophysics. Information can
be derived from the detected neutrino event rate,
timing, energy spectrum, flavor composition, and
angular distribution.

An important characteristic feature of a supernova
neutrino burst is that it emerges promptly after the
core bounce, preceding the related electromagnetic
phenomena. As neutrinos interact only via the
weak interaction, they can escape more -easily
in comparison to photons, allowing the neutrino

1 We note here the use of “event” to refer to an individual
recorded neutrino interaction, as per standard particle
physics usage. In this paper, “burst” will refer to the
ensemble of events from a single core collapse.

signal to be observed well before the associated
electromagnetic radiation (as can gravitational
radiation.) The Supernova Early Warning System
(SNEWS) [6] is designed such that information
retrieved from the supernova neutrino signal can
be made available worldwide quickly, thereby
facilitating the prompt detection of subsequent
multi-messenger supernova-related phenomena [7,

g].

Clearly, it is highly desirable for information
about the position of the supernova in the sky to
be ascertained as fast as possible. Not only is the
direction useful for the localization of the supernova
to enable prompt measurements, but for the case
when the core collapse fails to produce a bright
explosion in electromagnetic radiation (e.g., black
hole formation), a neutrino burst direction may help
to locate a missing progenitor using archival data.

Such pointing information is available from the
neutrinos themselves. One possible strategy for
determining the direction to the supernova is via
“triangulation” from the relative timing of neutrinos
observed at different locations around the globe [9-
[12]. However, the most promising way to achieve
precision pointing is to exploit anisotropic neutrino
interactions [9] for which information about the
incoming neutrino direction is preserved in the
final-state particle angular distribution. = Water
Cherenkov detectors such as Super-Kamiokande and
Hyper-Kamiokande can make use of directional
Cherenkov radiation to determine the supernova
direction [13].

We note also that for a known source direction,
directional reconstruction of final-state particles can
improve the neutrino energy determination, as well
as statistical classification of interaction channels
with known anisotropy. Both of these can improve
the extraction of physics and astrophysics from the
burst.

The Deep Underground Neutrino Experiment
(DUNE) is capable of a supernova burst detection
among other physics goals [14], [15]. An overview
of DUNE’s supernova detection capability is given
in Ref. [I4]. In the several tens of kilotonnes
(kton) of liquid argon (LAr) volume of DUNE,
charged-current interactions of electron neutrinos
(v.CC) on “Ar and neutrinos of all flavors
scattering elastically on electrons (eES) will result in
charge signals in DUNE’s time projection chamber
(TPC) and scintillation light that is read out
via photosensors. In this work, both v.,CC and
eES interactions are discussed] Primarily eES
interactions carry directional information, but the

2 We focus here on directional information derived from the



near-isotropic v,CC interactions have a higher cross
section. A supernova burst alert from DUNE;,
including pointing information, will be a valuable
input to SNEWS.

The overall ability for DUNE to point to a
supernova using the events recorded from a core
collapse depends on several factors. Two primary
factors affect the direction resolution of individually
recorded neutrino events. First, there are intrinsic
angular spreads between the recoil directions of the
final-state products and the neutrino direction. For
eES interactions, which are the most important for
the pointing ability, this energy-dependent spread is
very well understood from weak interaction physics;
for v,CC it is less well known. Second, the
detector angular resolution smears the reconstructed
direction with respect to the final-state electron
direction.  Detector-resolution smearing can in
principle be improved with better reconstruction
algorithms, although there will be an intrinsic
physical limit for a given detector configuration. For
this study, we use standard DUNE reconstruction
techniques (detailed in Sec. 7 with some minor
improvements, as well as a mnovel additional
technique we call “brems flipping”, which provides
event-by-event a modest improvement in head-tail
directional disambiguation by looking at the location
of the secondary particles’ tracks relative to the
primary track.

While individual-event resolution on neutrino
direction is relatively modest due to both physical
angular spread and instrumental uncertainty, for
the statistical ensemble of events in a burst the
directional determination improves approximately
by the inverse square root of the number of events
detected. We evaluate here the overall supernova
burst pointing resolution, which will enable a
meaningful contribution from DUNE to a multi-
messenger detection of a core-collapse supernova.
The scope of this study, which makes use of
standard offline reconstruction software, addresses
only intrinsic pointing ability and does not consider
latency for dissemination of pointing information.

Section [I] introduces the supernova neutrino-
emission model that we use. In Sec. [[II} the
DUNE detector and the expected signatures of
the neutrino interaction channels in the LAr
volume are described. Sec. [IV] provides a

expected prompt burst of tens-of-MeV neutrinos, although
we note that higher energy (GeV scale or more) neutrinos
may follow a supernova [16] [I7]. These may provide
precision pointing due to both higher intrinsic lepton-
neutrino collimation and better detector performance at
high energy; however, they likely arrive on a long time scale
(hours to years) after the supernova.
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description of the simulation of supernova neutrino
events in DUNE and the subsequently applied
reconstruction algorithms including the relevant
software tools. This is followed by Sec. [V] on the
maximum likelihood method for the burst direction
determination. In Sec.[VI|the overall performance of
supernova burst direction reconstruction for DUNE
is evaluated. Finally, Sec. [VII] summarizes the
results of the study and provides a road map for
potential future studies in this area.

II. SUPERNOVA NEUTRINO EMISSION

When a massive star has depleted all of its
nuclear fuel, the outgoing radiation pressure ceases
to counteract the inward gravitational pull of the
star, collapsing it into a compact object such as a
neutron star or a black hole. During this process,
99% of the gravitational binding energy of the
remnant is emitted in the form of neutrinos with
energies of a few tens of MeV over a few tens of
seconds. Supernova neutrinos are released in several
stages during a core collapse. At the beginning of
the collapse (over tens of milliseconds), neutrinos are
primarily produced via electron capture (p + e~ —
n+v,) as the star undergoes neutronization. During
the subsequent accretion phase (which lasts for tens
to hundreds of milliseconds), more neutrinos of all
flavors are created, counteracting the shock heating
of the in-falling matter. Subsequently, v pairs are
emitted over the next tens of seconds, such that
these neutrino pairs shed most of the gravitational
binding energy, thereby cooling the remnant [I§].

The study of supernova neutrinos is particularly
useful in providing insights on varied topics in
astrophysics and neutrino physics. As neutrinos are
intimately involved in the collapse and subsequent
explosion processes, measurements of the supernova
neutrino signal allow for the examination of
the complex interactions that occur during the
core collapse. Additionally, supernova neutrino
signals have the important feature that the
initial luminosity is roughly equally divided among
flavors. The subsequent flavor transitions provide
information on the neutrino mass ordering, as well
as insights into exotic flavor transition physics [19-
29).

For this study, the GKVM [23] core-collapse
supernova neutrino emission model is used to
describe the neutrino energy spectrum.  There
are known to be fairly large (a factor of several)
uncertainties on the supernova neutrino event rate
prediction. These uncertainties result both from
intrinsic progenitor variance and from theoretical
uncertainties. These variances will have an impact



on the total number of neutrinos detected as well
as on details of the neutrino flavor composition
and spectra. However, the pointing capabilities
of the DUNE detector are primarily sensitive to
event statistics rather than to details of the model
flux. We therefore do not survey different supernova
models here. The selected model produces an
intermediate number of eES events among a range
of models. Expected event rates without energy
smearing are calculated with SNOwGLoBES [24],
which computes the recoil energy distribution as
described in the next section. It is assumed that the
supernova explosion occurs at a distance of 10kpc
from Earth, within the Milky Way for our selected
model. The total expected number of events and
the events per interaction channel are presented
in Tab. . We do not study the effects of flavor
transitiong’

IIT. SUPERNOVA NEUTRINO DETECTION
AT DUNE

DUNE is unique in the sense that it will be able
to register large numbers of electron neutrinos, while
all other experiments of similar size, e.g., Hyper-
K [25] and JUNO [26], primarily detect electron
antineutrinos via inverse beta decay on free protons.
Immediately following the core collapse, electron-
neutrino emission through neutronization dominates
and insights on the neutrino mass ordering can be
gained from observed differences in the neutrino
flavor composition and spectra due to oscillation
dynamics within the supernova [22].

We consider neutrino detection at DUNE’s far
detector liquid argon time projection chamber
(LArTPC) [27]. The full planned design consists of
40 kton of fiducial massﬂ of liquid argon placed into
four modules. Both single-module (10kton) and all-
modules (40kton) performance is considered in this
study. We consider DUNE’s first-module design for
this study. Each of the active volumes is bound by
the cathode plane assembly (CPA) and the anode
plane assembly (APA) and surrounded by the field
cage. A uniform electric field is created between the
CPA and APA, drifting ionization charges toward
the APA. Three planes of sensing wires, each with

3 Flavor transitions may affect the total number of neutrino
events, but with uncertainty not exceeding the overall
flux model uncertainties; spectral modulations will be a
subdominant effect on pointing capabilities.

4 We note this is the fiducial mass for long-baseline physics;
active mass for supernova event detection could potentially
be larger.
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a different orientation, are located at the APA.
Charge depositions on these readout planes are used
to reconstruct the location of the particle energy
deposition in two dimensions, and the drift timing
information allows for the reconstruction of the third
spatial coordinate. In addition to the LArTPCs,
the Photon Detection System (PDS) is used to
tag neutrino events. In this study, information on
the timing of the interaction is retrieved from the
detection of photon flashes to be able to estimate
the charge loss during drift. More details about the
photon detectors can be found in [28].

The two neutrino-interaction channels considered
in this study are neutrino-electron elastic scattering
interactions and v, + %°Ar CC absorption
interactions.  Neutral-current and anti-neutrino
CC interactions are also expected [I4]. However,
as these channels are known to be subdominant
and are at present not well understood, they are
not included in this study. In the following, the
nature of the dominant interaction channels is
described and the simulated energy spectra and
angular distributions in the detector are discussed.
For eES events, the event rates are determined from
SNOwGLoBES, using the GKVM supernova model.
It also provides the recoil energy distribution as
input to a LArSoft [29] neutrino-electron scattering
event generator. For v,CC events, MARLEY [30]
and its LArSoft interface are applied to generate the
events with the correct energy distribution. Once
again the GKVM supernova model is provided as
input to MARLEY in this case. All simulations
are done in a subset of the full DUNE far detector
geometry simulating 1.6kton of fiducial volume
to reduce memory, disk, and computing time
requirements. The simulated workspace features six
planes of APAs (two APAs tall) along the neutrino
beam direction. A beam of high-energy neutrinos
will be used for studies of neutrino oscillations with
DUNE. For the full detector module, there are
150 APAs proposed in total, stacked two-tall and
25 along the beam direction. Because the spatial
extent of the neutrino events under consideration is
much smaller than the simulated workspace size, we
expect the scaling down of the simulated geometry
to have a negligible effect on the conclusions of this
study.

A. Neutrino-Electron Elastic Scattering

The most relevant interaction for directional
information is when a neutrino elastically scatters off
of an electron in the LAr. This interaction applies
to all flavors but the largest cross section is for v,.
A visualization of a Geant4 event is shown in Fig. []



TABLE I. The eES and v.CC event rates (total for
the interaction channel in bold) for DUNE within a
fiducial volume of 40kton, and for a core collapse at
a distance of 10kpc, using the GKVM model. No
triggering efficiency or detector resolution effects are
applied here, in contrast to [I4]. Neutrino flavor
transition effects beyond those included in the GKVM
model are neglected. The neutrino event rate scales
linearly with detector mass and with inverse-square
dependence on supernova distance.

Channel

Expected Event Count

v+e —v+e (al flavors) 325.8
Ve t+€ —Ue+e 155.5
Ve +€ —Uet+e 67.3
Vpyr+e —vur+te 55.2
Vpyrte —byrte 47.8

Ve +1°Ar — e~ + 19K* 3300.0

(b).

The direction of the scattered electron is highly
correlated to the direction of the neutrino. In
particular, the scattering angle 6. is described by

[31]:
E, +m, T
cosf, = £, \/ T+ 2m. (1)

where T is the electron kinetic energy, F, is the
neutrino energy, and m, is the electron mass. The
distribution of T' is given by the differential cross
section:

doe) Grime,
T = o |lvtea)
T2
+(gv — ga)? <1 - Ey)
meT
Hot - @

where G is the Fermi coupling constant, and g4
and gy are given according to neutrino flavor [31] in

Tab. [

The event rate split into the different neutrino
flavors can be found in Tab. [ The energy
distributions of the generated neutrinos and
scattered electrons are shown in Fig. [2(a, blue).
The distribution of the scattering angle, computed
via the energy distribution and Eq. is depicted
in Fig. b7 blue) showing the sensitivity to the
direction of the incoming neutrino.
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TABLE II. Coupling strengths in the cross section of
neutrino-electron scattering from Ref. [3I]. The cross
section of v, electron scattering is enhanced due to
the possibility of both neutral- and charged-current
interactions occurring; v.-electron elastic scattering is
helicity-suppressed with respect to v. scattering.

Flavor gA qv

Ve 1/2 2sin” Oy + 1/2
De -1/2 2sin? O + 1/2
Vi -1/2 2sin? Oy — 1/2
Dy 1/2 2sin? Oy — 1/2

B. Electron-Neutrino Charged-Current
Absorption Interactions

DUNE is particularly sensitive to the charged-
current absorption of v, on *°Ar (,CC):

Ve + Ar — e 4+ 10K*. (3)

The primary observable of this interaction is
the emitted e™; additional observables are the de-
excitation products of the excited potassium nucleus
in the final state. The output energy and angular
distributions of this interaction are also shown in
Fig. in red and Fig. (1| (a) depicts an example v, CC
event from Geant4.

Events from v.CC interactions are considerably
more abundant than the aforementioned eES events
(about 3000 events at a core collapse distance of
10kpc for DUNE compared to 300 for eES in
Tab. ) Yet, the direction of the electron trajectory
correlates very weakly with the neutrino direction,
due to the two competing nuclear transition types,
Fermi and Gamow-Teller. The electrons produced
by CC-induced interactions governed by Fermi
transitions have an angular distribution described

by 1 + Zcosf, while Gamow-Teller transitions
lv

correspond to 1 — 3% cos@ [32] with respect to the
neutrino direction. For our assumed supernova
neutrino energy spectrum and cross-section model,
the angular dependences of the two contributions
happen to cancel each other out almost exactly,
resulting in a nearly isotropic angular distribution
for v.CC events, as shown in the red distribution
in Fig. [[(b). Figure [3] depicts the contribution of
the two matrix elements for the GKVM supernova
spectrum. The pointing resolution for a supernova
burst therefore depends on a precise classifier
between eES and v, CC events as discussed in Sec.[V]

We note that the Fermi/Gamow-Teller
cancellation is mnot perfect for other assumed
flux spectra (e.g., Ref. [32]), resulting in a
weak anisotropy of the v,CC-absorption-induced
electrons for many cases. Furthermore, forbidden



13

(a) (b)

primary

electron

(20MeV) B

electron neutrino f
" . electron neutrino = T
primary
electron P
(10 MeV)
’  — |
10cm
|

FIG. 1. Geant4 illustration of the energy deposition for examples of two event types: (a) v.CC: A 25MeV electron
neutrino is absorbed by an argon nucleus resulting in the excitation of the nucleus and the emission of an electron.
(b) eES: An incoming electron neutrino of 12MeV scatters elastically in the LAr. Bremsstrahlung gammas are
preferentially emitted in the forward direction of the primary electron. The v.CC primary electron tracks are on
average longer than eES tracks due to the lower energies of the eES recoils; in contrast, v.CC electrons tend to retain
most of the energy of the incoming neutrino. Gamma tracks are not shown in the display, but red blips (representing
electrons) from gamma interactions with the argon (primarily Compton scatters) can be seen.

transitions, not currently included in MARLEY,
have a backward angular distribution [33] which
may have an effect on the overall v,CC anisotropy.
Currently, there are large (and not fully understood)
uncertainties on the relative components of v,CC
nuclear transition type and hence on the v.CC
angular distribution (as well as on the total cross
section [34].) We note that while the expected v,CC
anisotropy is relatively weak, it should be possible
to extract directional information from the v.CC
events, especially if the competing nuclear transition
types can be tagged and examined separately. In
principle, the nuclear transition types can be
distinguished statistically using their different
nuclear de-excitation product patternsﬂ However,
given the large uncertainties on the r,CC angular
distribution] and that our assumed spectrum
produces the most experimentally challenging
situation— a directional signal on top of a uniform
v, CC distribution— we evaluate the pointing ability
under this simple assumption and leave detailed
study and use of v,CC anisotropies for the future.

5 This approach is under study for future application.
6 Note that these uncertainties may be addressed directly
with independent laboratory measurements.

IV. SIMULATION AND
RECONSTRUCTION OF SUPERNOVA
EVENTS

A. Simulation of events in DUNE

Full-detector Monte Carlo simulations are used
to determine the statistical distribution of the
particles resulting from the neutrino interactions and
ultimately the supernova pointing resolution.

The eES and v,CC event generators in LArSoft
produce particles uniformly in the workspace
geometry  with random neutrino directions
sampled from an isotropic angular distribution.
Standard radioactive and detector noise models
were used during the simulations [I5].  The
considered radioactive background sources include
contaminants of the liquid argon such as 3°Ar and
85Kr, radioactive contaminants from the TPC,
and neutrons from the cavern walls. We expect
radiological and cosmogenic background to have
a relatively small effect on the pointing quality.
The dominant 3%Ar background of 1Bq/kg results
in only of the order of one background-induced
blip expected in the spatial vicinity of a supernova
event over one drift time [27]. Therefore, we expect
our evaluation to be robust against evolutions of
the DUNE background model. Furthermore, the
background will be known precisely; it can be fully
characterized from the data taken near in time to
the supernova burst, which will enable optimization
of background mitigation for reconstruction
algorithms. The simulated electronics signal
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FIG. 2. Comparison of the cross-section-weighted energy and angular distributions of electrons for the v, + *°Ar
v.CC events in red and the eES events in blue. The angular plots are shown as a function of the cosine of the angle
between the neutrino direction and the final-state electron direction. For both types of interactions, the supernova
energy spectrum is assumed for the incoming neutrinos. Top left: distribution of the energy of incoming neutrinos
(continuous line) and outgoing electrons (dashed line). Top right: distribution of the cosine of the scattering angle.
Bottom: two-dimensional distributions showing the relative number of events as a function of both the neutrino
energy and the cosine of the scattering angle, for the two types of interactions.

process accounts for the charge deposition and drift
physics, the field response of the sensing wires,
electronics and digitization response of the front-end
electronics, as well as the inherent electronics noise
according to Ref. [27]. The Projection Matching
Algorithm [35] is used for 3D track reconstruction.
An example eES event display is shown in Fig. [
Of note, the longest track marked by “0” (several
tens of cm) with high charge deposition corresponds
to the primary electron and there are as well as
several shorter tracks. These tracks result from
lower energy final-state particles that were produced
from the interaction (such as the deexcitation
products of v,CC events), or secondary particles

created as the primary electron travels in the
detector. Notably, some secondary particles have
directions that correlate to the primary electron,
making them useful in determining the starting
direction of the primary electron track (discussed
in Sec. m) Additionally, charge may also be
registered as a result of background radioactive
decay events, such as the decay of 3°Ar and
electronics noise. These signals are very short
compared to the primary electron, are far apart from
each other, and are of low amplitude, which are
all characteristics that can be used for extracting
signals from background.
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FIG. 3. The contribution of Fermi and Gamow-
Teller transitions to the angular distribution for v.CC
events, generated from MARLEY for the GVKM flux
model. For this model’s neutrino spectrum, the angular
correlation cancels out to a good approximation.

B. Primary track identification and energy
reconstruction

The reconstruction algorithm consists of several
steps. First, the energy depositions associated with
the supernova neutrinos are identified. The first step
in reconstructing the event is to determine which
reconstructed track corresponds to the primary
electron (marked with “0” in Fig. ) The
DUNE version of the projection matching algorithm
as described in [36] is applied for the track
reconstruction. We show in the following that the
overall performance of the low-energy reconstruction
is sufficient for the task at hand. Specific mitigations
for the intrinsic head-tail ambiguity of the track
will be described. In a noise- and background-free
scenario, the track of the primary electron typically
has the greatest length (see Fig. [1]) as the electron
deposits more charge compared to its secondary
particles. However, the presence of radioactive decay
particles can complicate this, as a highly energetic
radioactive decay product may deposit more charge
than the primary electron and create a longer track.
These scenarios are rejected by examining the spatial
distance between tracks. Particles associated with
the neutrino interactions are clustered together,
while the radioactive particles are spaced out over
the total simulated LAr volume. Therefore, the
primary track is selected by examining the relative
position of charge depositions. Reconstructed 3D
space points are sorted by their corresponding hit
charges, and for the ten space points with the highest
charge depositions, the distances between these
space points are calculated. The two space points
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FIG. 4. Example standard DUNE event display of an
eES event. The colors show a heat map of the charge
deposited on each wire segment per time tick. From
top to bottom, the three plots show the view of the
three wire planes, U, V, and X respectively, for one APA
of the LArTPC. The trajectories with numerical labels
are reconstructed tracks, where “0” corresponds to the
primary electron track, while “1” and “2” refer to the
bremsstrahlung-induced blips.

with the closest spatial distance between each other
among those ten space points are picked and one
of them is selected as the estimated reconstructed
vertex position. While this location may not exactly
be the true vertex, it allows the rough localization
of the position inside the detector. The track with
the most associated charge in the proximity of this
reconstructed vertex (within a sphere of radius of
120 c¢m) is finally selected to be the primary electron
track.

Next, the energy of the primary electron is
evaluated, as the pointing resolution of an event
depends on the energy of its electron. Energy
reconstruction is done by summing the total charge
deposited near the identified interaction vertex (with
a distance cut applied at 70 cm, five times the 14 cm
radiation length of liquid Ar), and mapping charge
to energy using a linear relationship. This distance
cut is applied to reject the energy depositions of
radioactive particles far away from the interaction
vertex. Charge loss due to drift is also corrected
by examining the time difference between the
interaction time provided by the optical detector and
the TPC signal collection time. An electron lifetime
of 3000us in LAr is assumed. Comparing the



reconstructed primary electron energy after drift-
time correction to the true energy of the simulated
particles shows a linear relationship.

C. Direction reconstruction and head-tail
disambiguation

Most relevant for the supernova pointing is the
primary electron’s direction. The goal is to attain
an accurate “reconstruction resolution”, which goes
along with minimizing the sky area that must be
surveyed to confidently encompass the supernova.
We expect a head-tail ambiguity in LArTPC track
directions as the charge drift speed towards the
anode is slow compared to the propagation of
particles through the TPC material. Consequently,
the track’s head-tail direction cannot be determined
through timing. In other words, it is not known
through timing which side of the track corresponds
to the origin of the track, causing the reconstructed
direction to potentially be opposite of the true
charged-particle track direction. This results in
a bimodal distribution of angle between the true
and reconstructed directon around the true and
reversed directions of the primary track. The
reconstruction algorithm aims to enhance the peak
pointing towards the true direction.

To evaluate the performance of the reconstruction
resolution, we consider detection probabilities
from scanning the sky regions with the highest
likelihood values first. A histogram is filled
with the distribution of cosine angles between the
reconstructed direction and the truth direction.
The histogram is integrated from both the forward
and backward directions inwards for all probability
densities exceeding a threshold; the threshold is
lowered until the integral equals 68% of the total
integral of the distribution. The resolution metric
“sky fraction” is defined to be the fraction of the sky
that is covered by the 68% integration. Calculation
of the sky fraction is graphically illustrated in
Fig. The sky fraction converts to an equivalent
area of coverage in solid angle by multiplying by
4. For a small-angle approximation, a solid angle
corresponds to m times the opening angle squared,
and we can consider the effective angular resolution
to correspond to the opening angle corresponding
to the solid angle coverage of the sky fraction.
Similarly, multiplying the sky fraction by two yields
an effective confidence interval in cosf. If the two
sides of the distribution are close to fully symmetric,
the sky fraction would be twice as large as the
fully unambiguous case, corresponding to an equal
probability of success for finding the supernova on
each side of the sky.
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FIG. 5. A graphical illustration of the sky fraction
calculation for an example probability function in 6. The
sky fraction is the summed widths of the shaded regions,
21 + x2 divided by the domain width of P(x), which is
2. The integration bounds z; and z2 are set at the point
where P(z) crosses value y. The cut-off value y is lowered
until the integral of the shaded region equals 68% of the
total integral of P(z).

The head-tail ambiguity can be resolved
statistically by looking at the adjacent tracks
created by secondary particles. The bremsstrahlung
gamma rays from the primary electron subsequently
release electrons in argon atoms via Compton
scattering.  These secondary electrons correlate
with the forward direction of the primary electron.
The directional correlation is closer when the
primary electron is of higher energy. The particular
procedure of disambiguating the direction of the
primary electron is carried out in a process called
“brems flipping”. To apply the method, a starting-
point and an end-point of the primary electron
track are assumed arbitrarily. The vectors from
the starting point as well as from the end point
of the primary track to each secondary track are
determined. Subsequently, the cosine value of the
angle between each vector pointing to the secondary
tracks and the vector along the primary track is
evaluated. The average of these cosine values is
calculated. In the next step, the assignment of the
starting-point and the end-point are switched and
the same calculations are carried out. Of the two
vertices, the one with the larger average cosine value
is finally selected as the actual starting point of the
primary track. Most of the secondary particles are
emitted towards the end of the primary track in a
forward direction, leading to a preference for larger
cosine values (corresponding to smaller angles) as
can be understood from Fig.[6] The brems-flipping
method is also described in Algorithm (see
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FIG. 6. [Illustration of brems flipping: The angles
between the brems particles (blue) and the primary track
marked in black correspond to the actual direction of the
primary electron, while the ones marked in red belong
to the incorrect opposite direction. The average of the
cosine of these angles is larger in the case of the correct
set of angles.

D. Performance of the reconstruction
algorithm on single events

The performance of the reconstruction algorithm
before the application of brems flipping is shown in
the top plot of Fig. |7] in blue. The distribution is
centered around both the parallel and anti-parallel
directions with respect to the true direction, with
a minor preference for the parallel direction. The
reason for this preference is that the projection
matching algorithm creates many track candidates
at first and then merges candidates that are close to
each other and have a small angle between them. If
a secondary track is sufficiently close to the primary
track, the merging process may combine it with the
primary track, flipping the primary track to the
correct orientation. Brems flipping extends the same
principle to the separately detected brems particles,
meaning that their location with respect to the
track indicates the direction of the primary track.
By applying brems flipping, the magnitude of the
distribution in red in the anti-parallel direction is
noticeably decreased, confirming that the technique
is a valuable tool in resolving the ambiguity in track
directions.

The bottom plot of Fig. shows how brems
flipping reduces the sky fraction for mono-energetic
electron energies. The electron energy spectrum
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from eES events is given as a reference for the energy
regime of interest for supernova pointing. Brems
flipping has a higher impact at higher primary
electron energies, as those result in more secondary
tracks. This fact motivates us to include energy
reconstruction as part of the supernova direction
reconstruction, as much can be gained by weighing
higher-energy events more than lower-energy ones.
The successful application of brems flipping on the
full supernova neutrino MC is presented in Sec. [V}

Our studies show that the performance of the
tracking algorithm as a function of the initial
track direction with respect to the detector
coordinate system is not perfectly isotropic, as
expected. The particle track’s inclination with
respect to the readout wire planes affects the
charge deposition on the wires [35] and therefore
influences the uncertainty of the reconstructed
direction. = The worst performance is observed
along the drift direction (detector coordinate +z)
due to projection of the track over fewer wires.
Figure [(a) demonstrates this anisotropy.  For
this figure, it is assumed that there are no
directional ambiguities, to reveal the full impact of
this anisotropy. Figure b) is created assuming
the actual performance of the reconstruction
algorithm including brems flipping for the head-
tail disambiguation. While the reconstruction
performance varies with track direction, the figures
show that the track direction ambiguity has a
stronger detector-related anisotropy. We therefore
first evaluate pointing capability assuming a
uniform performance in directional reconstruction.
Subsequently, we investigate the performance of
the method as a function of supernova direction in
detector coordinates.

V. MAXIMUM LIKELTHOOD METHOD
FOR BURST POINTING

A maximum likelihood method [I3] is used
to reconstruct the direction of a supernova
burst ensemble of events from the reconstructed
information of individual neutrino events. For an
event with a known interaction type, the probability
density function (PDF) has the functional form
of pr(E,-,cZi;czSN), where the index r indicates the
neutrino channel: eES or v,CC. E; and cfl are the
reconstructed energy and direction of the specific
event, and cZSN is the direction of the supernova.
The PDF is formulated to be a function of the
reconstructed energy as well as the inner product of
the supernova direction and reconstructed electron
direction, czl . JSN = cosfsn,, as we make the
aforementioned assumption that the event direction
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FIG. 7. Effectiveness of the brems-flipping algorithm:
The top plot shows the bimodal distribution of the
angular difference between true and reconstructed
electron directions using the supernova eES electron
energy spectrum, centering around the parallel (cos =
1) and anti-parallel (cos® = —1) directions. Brems
flipping noticeably decreases the magnitude of the anti-
parallel peak. The bottom plot shows the relationship
between the covered sky fraction and mono-energetic
electron energy. The black curve corresponds to a
perfect directional disambiguation always resulting the
true direction. Brems flipping performs better at
higher energies, as there are more secondary tracks
to reference. The electron energy spectrum from eES
in gray illustrates the energies relevant to supernova
pointing.

reconstruction quality is uniform as a function
of the true neutrino directioll ~The PDFs are
normalized by energy bin, as the electron energy
distribution does not affect the direction likelihood.
LArSoft simulations of one million events in each

7 In principle, residual detector response anisotropy can be
taken into account in the likelihood PDF's.

18

Perfect Head-Tail Disambiguation
75°
60°

/7%

-150°-120° -90° -60° -30° 0° 30° 60° 90° 120

0.0 0.1 0.2 0.3 0.4 0.5
Sky Fraction

(a)

With Brems Flipping
75°

-150°-120° -90° -60° -30° 0° 30° 60°

0.0 0.1 0.2 0.3 0.4 0.5
Sky Fraction

(b)

FIG. 8. Pointing resolution, defined in terms of “sky
fraction” as described in the text, of single electron
events as a function of the electron’s true direction in the
detector coordinate system to study anisotropies in the
performance. The coordinate system is defined with +&
being the drift directions, and +Z being approximately
the beam direction. € (shown vertically) and ¢ (shown
horizontally) are spherical coordinates in a coordinate
system for which 6 = 90° correspond to the +2 direction
and 6 = 0°, ¢ = 0° corresponds to the +& direction. The
supernova eES electron energy distribution is used. (a)
shows the pointing resolution given perfect track head-
tail disambiguation (b) shows the pointing resolution for
the actual performance of the reconstruction algorithm
including the brems-flipping algorithm.

channel are used to determine the PDFs. The
Monte Carlo samples are divided into energy bins,
spanning from 0 to 40 MeV with a width of 2MeV
per bin, from 40MeV to 70MeV at 10MeV per
bin, and a final bin spanning from 70MeV from
100 MeV. Varying energy bin widths are used to
ensure sufficient counting statistics at high energies,
where the expected numbers of events are low.

The generated PDFs are shown in Fig. [0] for



both eES and v,CC events. For the v,CC channel,
the low correlation between electron and neutrino
directions renders the PDF mostly flat. The eES
interactions demonstrate a high correlation between
the supernova direction and the reconstructed
direction. A bimodal distribution is seen due to
the tracks’ head-tail ambiguity, but the peak for the
true direction (centered around cosfgy = 1) has a
much higher amplitude than the peak around the
flipped direction (cosfsny = —1) thanks to brems
flipping. In particular, at higher electron energies,
the pointing of eES events improves both in variance
around the supernova direction, as well as in track
directional disambiguation (the same effect as can be
observed in Figure@. The improved performance at
high energy is further demonstrated in projections of
this PDF for various energy ranges shown in Figure
1 0)
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FIG. 9. PDFs of eES and v.CC events. The eES PDF
demonstrates a high correlation between the supernova
and primary electrons’ direction increasing towards
higher electron energies. The v.CC PDF is mostly flat,
as the correlation between primary electron and neutrino
directions is weak.
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FIG. 10. Several bins for the PDF of the eES interaction
in Figure E re-binned to 10MeV / bin. The relative
magnitude of the peak near cosfsy = 1 (the parallel
direction) increases as energy increases because brems
flipping improves at high energies. The width of the true
direction peaks also decreases, indicating a decrease in
directional variance.

The supernova direction can be reconstructed
from the PDFs with the maximum likelihood
method. Given a set of reconstructed events, the
log-likelihood as a function of supernova direction is
expressed as:

—log L(dsy) = —»_logp(E;, di; dsn) (4)

Here, a perfect classification between eES and
r,CC events is assumed, p = p.gs. The effect
of imperfect classifications is discussed later. By
parameterizing dsn using the azimuth and zenith
angles, the supernova direction is reconstructed via
a two-variable minimization. For the minimization,
events that have reconstructed electron energies of
less than 5 MeV are excluded, as they are found to
degrade pointing performance due to the relatively
large uncertainties in their energy and direction
reconstruction. The minimization is done by an
adaptive grid search: after the initial coarse search of
the entire phase space we applay a second grid search
of a smaller area. The result of the second grid
search is further refined using a local minimization
of the PDF initialized at the fitted grid point. The
reconstructed neutrino directions associated with a
typical supernova burst are shown in Fig. and
the negative-log likelihoods values for all possible
supernova directions for this burst are shown in
Fig.[12] Two local minima are 180 degrees away from
each other due to the remaining ambiguity in track
direction.
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FIG. 11. An example directional map filled with the reconstructed electron directions for a simulated supernova
burst, eES events carrying the directional information are marked in blue. Event statistics are shown for a core
collapse at a distance of 10 kpc, and 40 kton of fiducial mass in the detector.
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FIG. 12. An example directional map filled with the negative log-likelihood values and confidence contours. This map
is computed from the same burst shown as in Fig. Reconstruction is done assuming the classification parameters
of cees—ers = 0.86 and cy,co—sers = 0.04 and a successful direction reconstruction is achieved with the actual

supernova direction marked with a star in the figure.

VI. PERFORMANCE OF
RECONSTRUCTION ALGORITHM ON
SUPERNOVA SIMULATIONS

Supernova bursts are simulated to evaluate the
performance of the reconstruction algorithm. The
simulation is carried out by randomly picking eES
and v.CC events from a large pool of events with

uniformly distributed neutrino directions.  The
number of events selected per burst is based on
the expected number of interactions for a 10kpc
supernova, as calculated by SNOwGLoBES (see
Tab. m) For each selected event, the reconstructed
direction is rotated in such a way that the true
burst directions align for all events. To account for
the effect of the anisotropic direction reconstruction



performance, events are only selected if their
neutrino direction lies within a cone of a 10 degree
opening angle of the randomly selected supernova
direction. In total, 10,000 supernova bursts are
simulated. Assuming no mis-identification of event
types and using only the reconstrucred eES events,
and a pointing resolution (as defined in the previous
section) of 3.4 degrees for a fiducial mass of 40 kton
(four modules, full setup) and 6.6 degrees for one
module of 10kton is achieved. The distribution
of the truth-to-reconstruction angular difference for
the burst is shown in Fig. for two different
assumptions on event classification quality. It is
worth noting that only ~0.1% of the simulated
bursts’ reconstructed directions differed more than
90 degrees from the supernova position thanks to
the brems flipping for both classification cases.
The reconstructed directions of poorly reconstructed
bursts are very close to being anti-parallel to the
supernova direction.

In reality, the capability to distinguish between
eES and 1v,CC events, with the latter carrying poor
pointing information, needs to be considered. The
quality of a realistic event classifier can be quantified
in the form of a confusion matrix:

_ | CeES—eES  CeES—v.CC (5)
Cv,CC—eES Cv.CC—v.CC

The elements of this matrix are expressed in
the form of c4_,p, which describes the portion of
events of interaction type A that are classified as
interaction type B. The matrix is normalized to be
independent of the expected number of events for
each interaction. Assuming no loss of events due to
detector inefficiency, the rows of the matrix will sum
to one. The worst-case scenario would correspond to
a confusion matrix with all of its elements being 1/2,
which effectively represents a completely random
grouping of all events into two groups.

In adopting a more realistic classifier taking
into account the misidentification of events,
the aforementioned reconstruction procedure is
effectively unchanged, except that the PDF p used
in () no longer corresponds to pegs, but is
rather a sum of p.gs and p, cc, weighted by the
expected number of events from each interaction
in the classification channel, which should be
known ahead of time. As pointing information
is primarily accessible from eES events, only the
eES classification channel is used for direction
reconstruction. Subsequently, the only elements
in the confusion matrix C' that affect the pointing
resolution are cegsers and ¢, ,co—ers. Figure
shows the pointing resolution as a function of
these two matrix elements. For the worst-case
scenario (where both elements are equal to 0.5),
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FIG. 13. Distribution of the angular difference between
the reconstructed and true supernova direction, for
10,000 simulated supernova bursts. The distribution is
shown for both perfect event classification and for an
assumed 4% misclassification of v.,CC events as eES
as described in [37]. The ranges to the right of the
respective colored dashed lines correspond to the 68%
confidence intervals. The few bursts with a flipped
reconstructed direction are excluded from the figure.
The top figure corresponds to 10kton fiducial mass,
while it is 40 kton for the bottom figure.

the pointing resolution is 102 degrees, averaging
over a flat distribution of supernova directions.
While highly precise classifiers would provide highly
accurate pointing results, even a weak classifier can
yield a useful pointing resolution. At c.ps_seps =
0.6 and ¢,,cosers = 0.4, only 20% better than
random selection, the average pointing resolution
reaches around 40 degrees, significant enough to
determine the quadrant of the sky that the
supernova belongs to. An optimistic estimate of a
boosted-decision-tree-based classifier is described in
[37] at ceps—erps = 0.86 and ¢, .ccmers = 0.04.
With this classifier, the average pointing resolution
amounts to 4.3 degrees (8.7 degrees) for a fiducial



mass of 40kton (10kton). The distribution of the
reconstruction angle is compared to the perfect
classification case in Fig. [[3] ~While this study
provides a rough estimation of the classification
capabilities, further validation work is required
to understand the classification performance in
the presence of noise. Furthermore, because
classification performance likely depends on the
energy of the event, additional improvements in
pointing resolution could be made by leveraging
energy regions where the classifier performs best.
Moreover, in a future fast online pipeline, real-
time channel tagging before the comparison of the
reconstructed events to the PDF will likely improve
the overall performance as well.
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FIG. 14. Burst pointing resolution as a function of
eES true positives (ceps—ers) and v.CC false negatives
(cv.cc—ers). Results assuming the fiducial mass of a
single far detector module (10 kton) and all four planned
modules (40kton) are shown. For each pair of values,
1000 supernova bursts are simulated to determine the
pointing resolution. Contour lines for various pointing
resolution angles are also shown.

The pointing resolution is shown as a function
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of the number of expected events in Fig.
along with the corresponding progenitor distance,
calculated assuming the GKVM model. The
pointing resolution is roughly proportional to the
supernova distance, and inversely proportional to
the square root of the number of expected events,
as expected.
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FIG. 15. Burst pointing resolution as a function of

the number of detected eES events (Negs), as well as
the corresponding supernova distance. The event rates
are calculated assuming the GKVM model at a given
distance and are for a fiducial volume of 40 kton.

The supernova pointing resolution as a function of
the supernova position in the sky is also examined.
Fig.[I6]shows the pointing resolution as a function of
the detector coordinates. As for the results shown in
Fig. |8 better pointing resolution can be seen closer
to the £2 directions (with +2 being approximately
the beam direction). Note that due to the way
supernova bursts are simulated (as described at the
beginning of this section), the dependence of the
pointing resolution estimate is smeared around the
incoming neutrino direction by the event selection
radius of 10 degrees — but qualitatively, the variation
in pointing resolution is of the order of a few
degrees. Fig. [I7] shows the pointing resolution in
the equatorial celestial coordinate system (RA/Dec),
as a function of declination, averaged over right
ascension. The figure also depicts the expected
declination distribution for galactic supernovae to
illustrate the most likely directions for a supernova
to occur. Notably, because the Z direction of the
detector is positioned at around —9° of declination,
the resolution is best around the same angle.
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FIG. 16. Burst pointing resolution as a function of
the direction of the supernova, given in the detector
coordinate system (+Z is the drift direction, +Z is
approximately the beam direction). 6 (shown vertically)
and ¢ (shown horizontally) are spherical coordinates in a
coordinate system for which 6 = 90° corresponds to the
+2 direction and 8 = 0°,¢ = 0° correspond to the +&
direction. Pointing resolution is given for the fiducial
volumes of 10kton and 40kton. Perfect classification
between eES and v.CC events is assumed in these plots.
Note that the local pointing resolution is smeared by the
event selection radius of 10 degrees.

VII. SUMMARY AND OUTLOOK

An analysis framework for reconstructing
supernova neutrino burst directions at DUNE is
described. By reconstructing the eES and v,CC
events during a supernova burst, the supernova
direction can be determined from the correlation
between the supernova neutrino and the outgoing
primary electron created in the interaction with
the LAr. The dominant interaction channels are
r,CC and eES, with only the latter containing
significant accessible information on the neutrino
direction, but being an order of magnitude less
frequent than the former. Monte Carlo simulations
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FIG. 17. Burst pointing resolution as a function of the
supernova direction, shown as a function of declination.
The pointing resolution is averaged over right ascension.
Shown on a separate axis is the expected declination
distribution for galactic supernovae [38].

in LArSoft were used to generate a data set of
supernova bursts to evaluate the performance
of the reconstruction algorithm for the planned
DUNE detector setup. From this data set, the
energy and direction of the primary electron were
reconstructed. To reduce head-tail ambiguities a
highly effective technique called brems flipping was
developed. Finally, the pointing resolution is derived
for ensembles of supernova burst events using a
maximum likelihood method. With perfect event
classification of the two event types considered,
the pointing resolution is 3.4 degrees (6.6 degrees)
with 68% coverage for supernovae at a distance of
10kpc and an effective fiducial volume of 40kton
(10kton). For a moderately optimistic classification
performance, incorrect classification of 4% v,CC
events as eES, the estimated pointing resolution is
4.3 degrees (8.7 degrees) with 68% coverage. The
results presented here represent an average over all
supernova directions in the sky. In reality, there
is a modest anisotropy in the burst reconstruction
capability of the LAr TPC, resulting in a variation
of the order of a few degrees in resolution.

A continued effort will be carried out to further
improve the current supernova pointing capabilities
of DUNE. Prompt dissemination of directional
information will be critical for multi-messenger
astronomy, and efforts are underway to enable low-
latency pointing with DUNE. Furthermore, given
a core collapse at the most frequently expected
distance from Earth for a galactic supernova,
detection of supernova neutrino events can be
expected in multiple large-scale neutrino detectors.
By combining DUNE’s data with events in other



detectors, one may take advantage of greater event
statistics as well as the strengths of different detector
technologies, resulting in a noticeable improvement
to the current pointing resolution. Furthermore,
we anticipate that steady improvements to pattern
recognition technologies, especially via machine-
learning techniques, will enhance the performance
of next-generation particle track reconstruction and
head-tail disambiguation algorithms, allowing for
additional gains in pointing ability.  Extended
investigation of the eES/v.CC classification at
DUNE is required, as this currently provides the
greatest uncertainty in the pointing resolution.
Furthermore, subdominant interaction channels
should be considered as well. As a final note,
laboratory investigation of neutrino interactions
in the few-tens-of-MeV range in argon will be
essential to fully understand the detector directional
response [39).
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Algorithm 1: Brems Flipping

input : Two candidate e~ vertices with
positions 71, 3 and momentum
directions cfl, dE;
Set of secondary particle vertex
positions {rg}
output: Reconstructed e~ direction.
begin
SumCosy, SumCosy < 0;
for i<+ 1 to 2 do
for 7 € {rg} do
‘ SumCos; + SumCos; + ‘1‘;7
end
end
if SumCos; > SumCos, then
‘ return Jl
else
‘ return Cig
end
end
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