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Electron-neutrino charged-current interactions with xenon nuclei were modeled in the nEXO
neutrinoless double- decay detector (~5 metric ton, 90% '3°Xe, 10% '3*Xe) to evaluate its sensitivity
to supernova neutrinos. Predictions for event rates and detectable signatures were modeled using the Model
of Argon Reaction Low Energy Yields (MARLEY) event generator. We find good agreement between
MARLEY’s predictions and existing theoretical calculations of the inclusive cross sections at supernova
neutrino energies. The interactions modeled by MARLEY were simulated within the nEXO simulation
framework and were run through an example reconstruction algorithm to determine the detector’s
efficiency for reconstructing these events. The simulated data, incorporating the detector response, were
used to study the ability of nEXO to reconstruct the incident electron-neutrino spectrum and these results
were extended to a larger xenon detector of the same isotope enrichment. We estimate that nEXO will be
able to observe electron-neutrino interactions with xenon from supernovae as far as 5-8 kpc from Earth,
while the ability to reconstruct incident electron-neutrino spectrum parameters from observed interactions
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in nEXO is limited to closer supernovae.

DOI: 10.1103/PhysRevD.110.093002

I. INTRODUCTION

The predicted rate of core-collapse supernovae (CCSNe)
within our Galaxy is estimated to be a few per century,
with large uncertainties [1-5]. When a CCSN occurs, ~99%
of its gravitational binding energy is emitted in the form of
neutrinos [6], which can both provide an early alert to
astronomers that a supernova has occurred [7], as well as
provide valuable information about the explosion dynamics.
Neutrinos and antineutrinos of all flavors are expected to be
produced during a core-collapse supernova, with the energy
and flavor content varying throughout the explosion. In
particular, electron neutrinos are expected to be produced in
abundance during the infall phase and neutronization burst

“Contact author: hedges3 @lInl.gov

"Permanent address: King Abdulaziz City for Science and
Technology, Riyadh, Saudi Arabia.

*Also at: University of Chinese Academy of Sciences, Beijing,
China.

SPresent address: Fondazione Bruno Kessler, Trento, Italy.

.”Present address: Bates College, Lewiston, ME 04240, USA.

Present address: Institute for Particle Physics and Astrophys-
ics,* ETH Ziirich, Switzerland.

“Also at: Center for Energy Research and Development,
Obafemi Awolowo University, Ile-Ife, 220005 Nigeria.

Also at: Facility for Rare Isotope Beams, Michigan State
University, East Lansing, MI 48824, USA.

“*Present address: Mirion Technologies, Inc., 800 Research
Pkwy., Meriden, Connecticut 06450, USA.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

of a CCSN [8]. By studying the energy spectra of the
different flavors of neutrinos produced during a CCSN, it is
possible to image the interior dynamics of the collapsing star,
as different flavors will decouple from thermal equilibrium at
different depths. Studying the time, energy, and flavor
composition of detected neutrinos can provide insight into
the neutrino mass ordering [9], set bounds on the neutrino
mass [10], and test nonstandard neutrino interactions and
physics beyond the Standard Model [11,12].

Different detection channels are well suited for measur-
ing the different flavors of supernova neutrinos. Inverse-$
decay on hydrogen (IBD) is commonly used for detection
of electron antineutrinos, coherent elastic neutrino-nucleus
scattering (CEvNS) for detection of the neutral-current
(NC) component, and neutrino-electron elastic scattering or
charged-current (CC) scattering with nuclei for the elec-
tron-neutrino component. Reference [7] reviews detection
channels and detector capabilities.

Two examples of detectors with electron-neutrino
charged-current (v,CC) sensitivity are HALO [13] and
the future DUNE experiment [14], which will utilize
v,CC events on lead and argon, respectively, to search
for supernovae. As v,CC cross sections tend to scale with
increasing neutron excess in the interacting nucleus [15],
smaller detectors with neutron-rich targets such as xenon
can still have sensitivity to supernova electron neutrinos.
Additionally, future detectors have been proposed for
neutrinoless double-f decay (Ovff) and weakly interacting
massive particle dark-matter searches with masses ranging
from 30 metric tons to 3 metric kt [16—18], which would
have increased sensitivity.

The nEXO detector will search for neutrinoless double-$
decay using a single-phase liquid xenon time-projection
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chamber (TPC) enriched to 90% in the '3®Xe isotope [19].
nEXO’s sensitivity to Oyff decay is robust against back-
grounds and “unknown unknowns” due to the use of
multiple observables for signal-to-background discrimina-
tion. This includes, but is not limited to, its design energy
resolution of < 1% at the large '°Xe Q value of
2.458 MeV. These factors result in an estimated Ovff
half-life sensitivity of 1.35 x 10?® yr at 90% confidence
level after 10 yr of data taking. Many of the properties
that make nEXO ideal for detecting Ovfpf also give it
sensitivity to supernova electron-neutrino CC inter-
actions with xenon (v,CC-Xe) such as its large homo-
geneous xenon volume, location deep underground,
low-background design, optimization for MeV-scale
physics, and planned 10-yr exposure. Existing calcula-
tions [20-22] of v,CC-Xe interactions typically focus on
interaction rates, but not on how many of those inter-
actions would be detectable. To realistically study these
interactions in nEXO, particles produced by electron-
neutrino interaction must be modeled along with the
detector response to their interactions.

Section II describes the nEXO detector and relevant
details for detecting supernovae. Section III focuses on the
modifications of the Model of Argon Reaction Low Energy
Yields (MARLEY) event generator [23] required for
modeling v,CC-Xe interactions; here MARLEY’s cross
section predictions are compared with existing theoretical
calculations. Section IV details the simulation of events
predicted by MARLEY and the reconstruction algorithm
employed to predict the visible spectrum nEXO will
observe as a result of electron-neutrino interactions.
Finally, Sec. V studies the ability of the nEXO detector
to reconstruct the incident supernova electron-neutrino
parameters. These results are extended to a larger 300-
metric-ton detector of similar isotopic enrichment.

II. THE NEXO DETECTOR

The conceptual design for the nEXO detector features
~5 metric tons of xenon enriched to 90% in the isotope
136Xe. The remaining 10% consists mainly of '3*Xe [19].
The liquid xenon will be contained within a cylindrical
copper vessel with an inner diameter of 127.7 cm and
height of 127.7 cm. Additional details on the detector can
be found in Ref. [19]. The collaboration is planning to
locate the detector deep underground at the SNOLAB
Cryopit, with ~6000-m water-equivalent overburden,
where the cosmic muon rate is 0.27 muons m~2 day~! [24].
The detector will be surrounded by a 12.3-m-diameter,
13.3-m-high water tank, acting as an active muon veto as
well as providing passive shielding from external back-
grounds. In addition to being sensitive to supernova
electron-neutrino interactions in the xenon target, the
detector will also potentially be sensitive to supernova
electron-antineutrino IBD interactions in the water tank [7].

Particle interactions in the xenon produce vacuum
ultraviolet scintillation light, which will be detected by
silicon photomultipliers (SiPMs) lining the vertical walls
of the detector, with the number of optical photons (OPs)
serving as the measure of light intensity. Simultaneously,
particle interactions will ionize xenon atoms, producing
electrons, which are subsequently drifted to the detector
anode with an applied electric field of 400 V/cm. Once
this charge reaches the anode, it is read out by an array of
120 charge tiles (10 x 10 cm) consisting of perpendicular
x and y strips with a pitch of 6 mm [25]. Using the fast
timing information provided by the scintillation light,
along with the location of hits on the charge tile, three-
dimensional reconstruction of the incident particle inter-
actions is possible.

While the supernova neutrino detection trigger con-
figuration is still under development, this study uses a
conservative scintillation light threshold based on the
number of collected optical photons in the xenon volume.
The collected number of optical photons are a function of
the number of produced optical photons and the light
collection efficiency (see Ref. [19] for details). Our chosen
threshold corresponds to ~100% efficiency for 500 keV
depositions. See Sec. IV A for more details on the example
reconstruction algorithm used in this analysis and this
study’s trigger threshold. The large number of expected
electron-antineutrino interactions in the active water shield
could also be used to trigger the TPC data acquisition to
search for lower-energy depositions in the xenon [7].

Steady-state backgrounds are not a major concern for
supernova detection in nEXO, owing to the large energy of
v,CC-Xe events, low muon flux, and short duration of the
CCSN burst. Potential sources of background are pileup of
lower-energy events and muons that do not trigger the veto
system. For this study, we assume these backgrounds are
negligible. The contribution from them and their expected
contribution over the ~10-sec CCSN burst could be studied
with steady-state data collected during nEXO’s planned
10-yr exposure.

III. MODELING XENON CHARGED-CURRENT
INTERACTIONS WITH MARLEY

As the first step toward simulating electron-neutrino
CC interactions with xenon nuclei in nEXO, the particles
produced from these interactions are modeled using the
MARLEY event generator [26]. These reactions as
described by the following equation:

v, + 134‘136XC >e + 134‘136CS*, (1)

where the asterisk indicates that the resulting cesium
nucleus is typically expected to be generated in an excited
state, which can subsequently deexcite through the emis-
sion of y rays, neutrons, and other particles. MARLEY
models CC interactions in the allowed approximation
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(four-momentum transfer ¢ — 0, Fermi motion neglected);
details on the underlying physics models used by
MARLEY can be found in Ref. [23].

While originally designed for CC interactions on argon
[27], MARLEY has been adapted for a variety of different
nuclear targets [28,29]. The required inputs for MARLEY
are the Gamow-Teller (GT) and Fermi (F) strength dis-
tributions. The former can be measured in charge-exchange
reactions, such as (p,n) and (*He, t), or can be calculated
with a variety of theoretical approaches.

MARLEY uses the supplied matrix element and an
incident neutrino flux to calculate the cross section as well
as the particles produced by CC interactions along with
their energy and momenta.

A. Gamow-Teller and Fermi strengths

For the simulations within this paper, experimentally
measured GT distributions are obtained for the '36Xe —
136Cs transition from Ref. [30] up to 4.5 MeV, supple-
mented with a theoretical calculation of the discrete GT
strength at higher energies from Ref. [31]. For 3*Xe, no
experimental measurements of the GT strength distribution
exist, so these are derived entirely from the theoretical
calculations in Ref. [31]. There are other theoretical
calculations of the GT strength for the !¥6Xe — !36Cs
transition (such as Ref. [32]), but studying the impact of
different nuclear physics models is beyond the scope of this
work. These uncertainties have been shown to affect the
reliability of reconstructing incident supernova neutrino
flux parameters for argon-based detectors in Ref. [33].

The experimentally measured GT matrix elements are
multiplied by a factor of ¢3 = 1.26° to form the weak
matrix elements, adopting the MARLEY input format, with
the value of g, determined from the normalization assumed
in Ref. [34]. While recent ab initio calculations of matrix
elements are able to reproduce f$-decay rates [35], calcu-
lations with approximate nuclear models, such as those
used within our study, tend to overpredict the GT strength
[36]. We multiply these theoretical matrix elements by a
quenching factor corresponding to ¢} . = (0.7)%. The
quenched value of g, for these calculated matrix elements
is similar to what is used in Ref. [31] and was chosen to
compare MARLEY’s predictions to the calculations of
Ref. [21]. Additionally, this value is in agreement with
studies of g, quenching for targets in a similar mass
range [37].

The Fermi strengths assume a value of B(F) =
gv(N — Z) where N is the number of neutrons in the target
nucleus, Z is the number of protons, and gy =1 is the
vector coupling constant. This Fermi strength is assumed to
be located entirely at the isobaric analog state (IAS) of
the product nucleus, which is typical for most nuclei with
N > Z[30]. For ¥%Xe this IAS has been measured to occur
at an excitation energy of 13.386 MeV [30] relative to the

136Cs ground state. For '3*Xe, the formalism in Ref. [30],
Eq. (2), is used to predict the location of this state, EXS,

which is estimated to be accurate to within a few hundred
keV [30],

EWS — AE. + M(A.Z) — M(A. Z + 1) + M(H) — M(n),

1
AE, = 1.44 <z+§>A—1/3 —1.13 (MeV). (2)

Here M(Z,A) and M(Z + 1, A) refer to the atomic masses
of the initial and final nucleus, M(n) is the mass of the
neutron, and M(H) is the mass of a hydrogen atom. The
calculated location of the isobaric analog state in '*Cs is
12.189 MeV, using the mass evaluation from Refs. [38,39].
As a check of the validity of this equation in this mass
range, we calculate the value of the IAS of *%Xe in '3°Cs
via Eq. (2) and obtain a value of 13.258 MeV, in good
agreement with the measured value. The measured location
is used in the MARLEY input file.

For this study, we focus on the isotopes of primary
interest to the nEXO detector. This work could be extended
to cover other stable naturally occurring isotopes of
xenon if experimental or theoretical Gamow-Teller strength
predictions were readily available, particularly for stable
non even-even isotopes.

B. Deexcitation data

MARLEY utilizes deexcitation data from TALYS1.6 [40]
to predict the observed discrete y’s emitted from a v,CC-Xe
interaction. While data exist for '3*Cs excited states, until
recently there were little experimental data on the excited
states of 13°Cs. Data from Refs. [41,42] are added to the
deexcitation data MARLEY uses; data from Ref. [30]
are used for higher-energy discrete states. We follow the
approach from TALYS for spin-parity assignment when
those quantities are unknown for a specific excited state
[43]. To assign spin, a histogram is generated from the spins
of lower-energy states and compared to a Wigner distri-
bution, and spin is assigned based on the bin that most
underestimates the Wigner distribution, using a spin cutoff
parameter described by Eq. (237) within Ref. [43]. To
assign parity, the distribution of parities of states below
the current level is generated, and parity is assigned to
balance that distribution. The MARLEY approach of using
a standard Lorentzian to model deexcitations is followed to
generate predictions for branching ratios [23]. Improved
measurements of the spin-parity of these excited states and
their branching ratios would lead to more accurate pre-
dictions of experimental signatures in the future, although
this is expected to have a small impact on the predicted
energy distribution from v,CC-Xe interactions in nEXO.

C. Other neutrino interactions in nEXO

While the focus of this paper is on v,CC-Xe, supernova
neutrinos can also interact with xenon in nEXO through
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several other channels. We discuss CEvNS, inelastic
NC neutrino-nucleus scattering, neutrino-electron elastic
scattering (veES), and electron-antineutrino charged-
current scattering (7,CC-Xe) as sources of signal and
background below.

The large CEuUNS cross section, proportional to the
number of neutrons in the target nucleus squared, combined
with sensitivity to all flavors of supernova neutrino, results
in a substantial number of expected CEvNS interactions in
nEXO. However, the only signature of a CEvNS interaction
is a low-energy (keV-scale) quenched nuclear recoil, which
by itself would be insufficient to generate a trigger in
nEXO. It has been suggested that CEvNS may be observ-
able through an increase in single photoelectrons (the
“CEvNS glow” [44,45]), but this has not yet been studied
for nEXO.

Inelastic NC neutrino-nucleus scattering can produce
MeV-scale y’s in nEXO and is sensitive to all flavors of
supernova neutrinos. However, this process is predicted to
have a smaller cross section than that of v,CC-Xe [46].
Modeling these types of interactions in nEXO is beyond the
scope of this paper and could be a potential future area
of study.

veES, described by Eq. (3),

v+e >V +e, (3)

can produce MeV-scale signals, but is expected to have a
smaller cross section than that of v,CC-Xe. The total cross
section for this process depends on the flavor of the
interacting neutrino, with the largest corresponding to
v,’s. We have included v, — e~ elastic scattering in our
simulations, but have not included contributions from 7,’s
and v,. The veES cross section for 7, is smaller by a factor
of ~2, and for v, it is smaller by a factor of ~4.

Electron antineutrinos can also interact through charged-
current scattering on xenon, although the cross section for
this interaction is expected to be approximately 2 orders of
magnitude lower than that of electron neutrinos [21], as a
result of Pauli blocking [47].

Finally, as discussed in Ref. [48], it may be possible to
tag v,CC-Xe interactions through timing coincidences with
short-lived metastable states in the resulting cesium
nucleus, such as those recently identified for '36Cs [41,49].
This would enable separating v,CC-Xe events from other
types of neutrino interactions. This is not incorporated into
our simulation and may be difficult at supernova neutrino
energies owing to the small metastable deexcitation energy
relative to the prompt energy deposition.

D. Comparison of inclusive cross section predictions

As a test of MARLEY’s predictions with the supplied
nuclear data, cross sections for v,CC interactions with
134Xe and 3®Xe from MARLEY are compared to the
calculations in Ref. [21], shown in Fig. 1. In that reference,

10000

---- 134Xe, P. Pirinen et al. PRC99 (2019)
—— 13%Xe, MARLEY
---- 136Xe, P, Pirinen et al. PRC99 (2019)
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=
| =
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=
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FIG. 1. Comparison of MARLEY’s prediction for the inclu-

sive electron-neutrino CC cross section (using GT strengths
from Refs. [30,31]) to the calculations in Ref. [21]. Both the
matrix elements used with MARLEY and those from Ref. [21]
employ a quasiparticle random-phase approximation approach
and have the same quenching applied for comparison, corre-
sponding to g4 = 0.7.

calculations of CC cross sections for stable isotopes of
xenon are provided, including contributions from forbidden
transitions. As can be seen in the figure, MARLEY agrees
fairly well with those predictions at lower incident neutrino
energies, but its predictions are smaller at higher energies.
This could be, in part, due to the omission of forbidden
transitions in the approximation used by MARLEY.

The v,CC-Xe flux-averaged cross sections are computed
using three commonly used neutrino flux models: the
Gava-Kneller-Volpe-McLaughlin  (GKVM) model [50]
and the Livermore model [51], both from Ref. [52], and
a “pinched-thermal” spectrum with parameters (a, ¢, (E,))
of (2.5, 5 x 10°? erg, 9.5 MeV), from Ref. [14]. The flux-
averaged cross sections from MARLEY agree well with the
predictions from Ref. [21], as can be observed in Table 1.
While flux-averaged cross sections vary significantly with
different neutrino flux models, the normalization for
the electron-neutrino flux and average electron-neutrino
energy differ as well, so the expected interaction rates with
different models are closer together (see Fig. 2).

Using the inclusive cross section predictions from
MARLEY and an assumed xenon mass of 4811 kg (from
Ref. [19]) enriched to 90% in '3Xe, the predicted number
of electron-neutrino interactions within nEXO is plotted as
a function of distance in Fig. 2, including contributions
from both r,CC-Xe and v, —e~. Also shown is the
cumulative number of candidate red supergiants (RSGs),
progenitors of supernovae, within our Galaxy as a function
of distance from Earth, from Ref. [53]. As noted in
Ref. [53], the identified set of candidate RSGs is not
complete, with an estimated ~5000 RSGs predicted to exist
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TABLE 1. Comparison of the predictions for inclusive cross
sections from MARLEY, using the matrix elements from
Refs. [30,31], to those from Ref. [21]. For the calculations from
Ref. [21], a spline interpolation is used to evaluate the cross
section within the specified flux model from the interaction
threshold up to 80 MeV, whereas all MARLEY cross sections are
evaluated up to 100 MeV. The pinched-thermal cross section
corresponds to @ = 2.5, £ = 5 x 10°? erg, and (E,) = 9.5 MeV,
from Ref. [14], as described in Sec. VA. Also shown is the
integrated number of v,’s produced over the 10-sec burst and
average v, energy in the various models.

GKVM [50] Livermore [51] Pinched thermal
136Xe cross section (x10~%° cm?)
Ref. [21] 3.15 0.89 0.43
MARLEY 3.10 0.83 0.38

134X e dross section (x10~%° cm?)

Ref. [21] 2.49 0.63 0.28

MARLEY 2.68 0.67 0.28
CCSN neutrino model comparison

v, (x10%7) 1.16 3.06 3.29

(E,) (MeV) 16.5 113 9.5

within our Galaxy [54]. nEXO’s sensitivity extends
roughly to the Galactic Center of the Milky Way. We
calculate there will nominally be one or more electron-
neutrino interactions in nEXO for CCSNe out to ~5-8 kpc,

107 800
—— nEXO (GKVM)
---- nEXO (Livermore)
106} = NEXO (Pinched Thermal) 700
300t (GKVM)

300t (Livermore)

300t (Pinched Thermal)

=)
o
S

10°

v
=}
S

=
o
o

Cumulative Identified RSG Candidates

10

103

Galactic Center

w
=}
S

102

Number of v.CC-Xe Interactions
N
o
o

L,
10 100

0
10O

Distance of CCSN from Earth (kpc)

FIG. 2. The number of supernova electron-neutrino interactions
(v, — 13*XeCC, v, — 13%XeCC, and v, — e~) occurring in nEXO
and a 300-metric-ton detector of the same enrichment as a function
of distance. No detector efficiencies are taken into account. The red
line shows the cumulative number of candidate RSGs from
Ref. [53]. nEXO’s expected range extends out to approximately
the Galactic Center (black dashed line), which covers the majority
of the identified RSG candidates in that survey, although the
expected number in our Galaxy is much larger [54]. The supernova
flux models correspond to those from Refs. [50,51] and a pinched-
thermal spectrum as described in Sec. VA.

depending on the supernova neutrino flux model and
parameters of the CCSN. Within that distance of Earth
there are several hundred candidate RSGs that may produce
neutrino-xenon interactions in nEXO. A 300-metric-ton
detector of similar enrichment would be able to observe
events out to significantly larger distances, with ~15-41
events predicted at a distance of 10 kpc depending on
which supernova electron-neutrino flux model is used. In
Appendix A we calculate the inclusive cross section for
132Xe as a comparison.

E. Exclusive cross section predictions

When a neutrino interacts with a nucleus, various
particles (predominantly neutrons and y rays) can be
emitted as a result of the deexcitation of the product
nucleus. MARLEY generates predictions not only for
inclusive cross sections, but also for the various exclusive
cross sections and particle distributions resulting from
v,CC-Xe interactions. Exclusive cross sections leading
to bound cesium states (no nucleon emission), along with
those resulting in neutron emission, are shown in Table II.
The dominant exclusive deexcitation channel is expected
to be neutron emission, although recent measurements of
CC neutrino interactions on '*I and Pb with ~30 MeV
neutrinos have suggested this channel may be suppressed
for heavy nuclei [28,29].

F. Predicted particles and visible energy

Using MARLEY, the fraction of incident neutrino
energy transferred to various output channels is visua-
lized in Fig. 3. This plot incorporates v, — '3*XeCC,

TABLE II. Calculated exclusive electron-neutrino cross sec-
tions on xenon from MARLEY, using the same assumptions as
described in the caption of Table I. For neutrino-electron elastic
scattering, this cross section is given per xenon atom.

GKVM  Livermore Pinched
Channel [50] [51] thermal
136Xe (x10740 cm?)
136Xe(v,, e7) 3.10 0.83 0.38
136Xe(v,, €™ ) 30Cspound 0.64 0.29 0.18
136Xe(v,, e~ + n)'3Cs 2.44 0.55 0.20
136Xe(v,, e” +2n)134Cs  0.02 0.00 0.00
134Xe (x107%9 c¢m?)
13%Xe(v,, e7) 2.68 0.67 0.28
B34e(v,, )3 Cspouna~~ 0.57 0.21 0.12
34%Xe(v,, e~ +n)'3Cs 2.10 0.46 0.16
B4Xe(v,, e” +2n)13Cs  0.01 0.01 0.00
v, — e~ (x107% cm?)
v, —e” 0.08 0.06 0.05
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FIG. 3. Predicted energy distribution of particles leaving
an electron-neutrino interaction (v, — **XeCC, v, — '3°XeCC,
and v, —e™).

v, — 13%XeCC, and v, — e~ interactions, with appropriate
cross section weighting and isotopic abundances (90%
136Xe. 10% '3*Xe). Individual distributions for these three
processes can be found in the Appendixes.

In the interactions modeled, some energy will be lost to
nonvisible channels (thresholds for CC interactions, neutron-
binding energy, and the scattered neutrino from elastic
neutrino-electron scattering interactions). Additionally, emit-
ted neutrons and the recoiling xenon nucleus also produce
scintillation light and ionization charge, although these
signals are quenched so their contribution is small [55].
To approximate the energy that would be visible in a detector
from electron-neutrino interactions (neglecting detector
thresholds, geometric size, and efficiencies), the distribution
of visible (scintillation) energy is plotted along with the
incident neutrino energy in Fig. 4, using an incident electron-
neutrino spectrum characterized by the GKVM supernova

[ Neutrino Energy

[ Visible Energy (Total)
=
=S

e
o

Ve — 136Xe Visible Energy
i ve — !3¥Xe Visible Energy

"1 ve - e Visible Energy

0.5

Counts/1.0 tonne/1 MeV (0.2-kpc, GVKM)

40 50 60 70 80 90 100
e~ + y Energy (MeV)

0.0
0

FIG. 4. Comparison of the energy of interacting electron
neutrinos and the corresponding visible energy spectrum using
the GKVM flux model [50]. Neutrino-electron elastic scattering
from 7, and v, are not included in this plot.

flux model [50]. Here, visible energy (E,;) is defined as the
energy of resulting y rays and electrons,

E,,=E,- + Eyv (4)

where the contribution from the recoiling nucleus as well as
elastic and inelastic scattering of emitted neutrons is neglected,
as a full simulation is required to accurately describe the
energy deposited from these interactions (Sec. IV).

IV. SIMULATION AND EVENT
RECONSTRUCTION

Electron-neutrino interaction events were simulated
using GEANT4 v10.7.2 [56-58] along with a modified
version of the Noble Element Simulation Technique
2.0.1 [59,60]. For more details on the simulation frame-
work, refer to Ref. [19].

Compared to Oyff and most backgrounds of primary
interest for nEXO, the predicted signals from supernova
electron-neutrino interactions are higher in energy and can
have delayed components due to neutron emission and
subsequent capture. An example reconstruction algorithm
was developed based of the reconstruction described in
Ref. [19], modified for this analysis. We use only scintil-
lation light as our energy estimator in this analysis for two
reasons.

First, there is less ambiguity in distinguishing prompt
electromagnetic depositions from delayed neutron capture
events in the scintillation channel based on timing, whereas
this can be more difficult for the ionization channel due to
the long drift times (potentially hundreds of microseconds)
and the fact that neutrons can travel a significant distance
prior to capturing.

Second, the use of charge as an energy estimator would
require a stricter fiducial-volume cut to select only charge
events fully contained in the TPC drift region. As multiple
MeV-scale y’s can be emitted by a CC event as part of the
cesium deexcitation process, CC events are spatially larger
than the events typically of interest to nEXO. Using light
as the energy estimator allows for the inclusion of events
that extend into the xenon space outside the drift region
(referred to as the xenon skin).

While we use light as our energy estimator, we recon-
struct the position and magnitude of charge depositions to
use a simulated map of the geometric dependence of light
collection efficiency across the detector (see Ref. [19]) to
correct for the position dependence of light collection. The
impact of both grouping a light signal with an incorrect
ionization signal or using partially contained charge dep-
ositions to apply this correction is a small increase in the
energy resolution of our reconstructed light signals using
this algorithm. In the future, an improved charge timing and
energy reconstruction can be developed for nEXO super-
nova events, though for this study we choose to start with
the above simplifications.
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A. Photon reconstruction

For scintillation light reconstruction, the number of
collected OPs was calculated based on the true interaction
position, the number of produced photons, a map of the
simulated geometric dependence of the photon collection
efficiency, the photon detection efficiency of the SiPMs,
and the correlated avalanche probability (based on values
measured for prototype nEXO SiPMs [19,61]). As in
Ref. [19], dark counts and electronic noise were neglected
due to their small expected contribution [62,63]. The
number of OPs was calculated in a moving 300-ns window
(approximately 10 times the mean decay time of the long
component of xenon scintillation [64]), and if the sum in
that window exceeded a threshold (in terms of collected
OPs, corresponding to ~100% efficiency for 500 keV
events within the drift region), the integrated number of
OPs within that window was recorded.

SiPM saturation was not included in the reconstruction
algorithm, given the large spatial distribution of the energy
depositions in CC events and isotropy of scintillation light
production. The nEXO photon readout electronics are set to
clip SiPM channels with more than 100 collected photo-
electrons (PEs). A subset of v,CC-Xe events were simu-
lated using CHROMA [65,66] to study collected photon
distributions in SiPM channels. While 55.6% of recon-
structed supernova neutrino events had at least one SiPM
channel collecting more than 100 PEs, for events where
clipping was present the mean fraction of clipped SiPM
channels was 1.67%. For these events, nonclipped quan-
tities, such as the tail integral [67] or nonsaturated SiPM
channels, can be used to estimate event energy at the cost of
an increase in energy resolution. Additional work is needed
to quantify the impact of these mitigating approaches on
energy resolution, and we have not included this effect in
our study.

B. Charge reconstruction

The number of simulated drifted ionization electrons
collected by charge tiles is calculated, including effects of
electron lifetime attenuation as well as longitudinal and
transverse dispersion. Similar to the light reconstruction
algorithm, a rolling window of 120 ps is used to sum the
number of detected electrons in each individual charge
channel; if these exceed the threshold of 500 electrons,
approximately 2.5 times the rms channel noise, the inte-
grated charge in that channel is recorded.

Noise is added to the integrated charge on each channel
based on a distribution derived using an optimum filter
[68,69] for reconstruction based on an internal nEXO
collaboration study. This was found to be in good agree-
ment with the data and produces an energy resolution
near the OyfpQ value consistent with that of Ref. [19].
A small number of events produce charge on channels that
exceed the 120,000 electrons used in that study, so a 1/A
dependency was fit to the channel-integrated charge noise

for lower-energy charge deposits and used to extrapolate
noise for higher single-channel charge deposits, where A is
the integral of the pulse.

The potential of having multiple clusters of charge
deposition (e.g., prompt y ray and electron depositions
plus delayed neutron captures) separated in both space and
time drives the need for a clustering algorithm to group
charge depositions correlated with a photon signal. The
input to the clustering algorithm were charge-weighted
points, (O located at the intersections of x and y strips

on each charge tile,

0,
Q.V tile

0,
thil

Qry, = Qi+ 0y (5)

where O, is the charge on channel x;, Qyj is the charge on
channel y;, and Q,  and Q,  are the sum of the charge on
the x and y channels of the tile, respectively. Then, the
DBSCAN algorithm [70,71] implementation of scikit-
learn [72] is used to group individual charge points to
form charge clusters. The DBSCAN algorithm has two free
parameters: eps, which corresponds to the maximum
distance between two points in the cluster for them
to be considered within the same neighborhood, and
min_samples, which corresponds to the minimum num-
ber of samples in a neighborhood to consider a point to be a
core point. min_samples was left at its default value of 5,
and eps was set to a value of 1000 mm for this analysis.
This is a conservative value chosen empirically by compar-
ing the number of reconstructed charge clusters to the
number of reconstructed light clusters. The purpose of the
clustering algorithm is not to identify individual particles
produced by electron-neutrino interactions, but instead to
group interactions as part of either the prompt signal or the
delayed neutron capture. The optimized large value likely
originates from the broad spatial distribution of the emitted
y rays and electron from these events, as well as scatters of
the emitted neutron that can occur far from the electron-
neutrino interaction location.

Charge-channel saturation was not incorporated into the
reconstruction algorithm. Assuming a 12-bit digitizer is
used for the charge readout, a baseline located at one-third
of the digitizer range, and a gain setting corresponding to
43 e/analog-to-digital converter counts, it was determined
that ~0.04% of events have at least one charge channel that
would be saturated. The CC events simulated are high in
energy, but typically have broad spatial distributions, owing
to the production of a number of deexcitation y’s, so the
saturation of an individual charge channel occurs infre-
quently. Additionally, as with light signals, it may be
possible to use unsaturated portions of charge signals when
saturation is present. These assumptions are motivated by
simulations of the optimal settings for the CRYO ASIC
charge digitization chip planned for use in nEXO [73,74].
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C. Event formation

After reconstructing light and charge, these events were
correlated with each other. The approach taken was to form
a list of all possible charge clusters that reconstruct to valid
positions within the TPC when assuming correlation with
the prompt light signal and to do the same for the delayed
light signal (due to neutron capture) if present. A charge
cluster that reconstructed a valid interaction position for
only one of the light signals was assumed to be correctly
associated and eliminated as a candidate charge event for
the other light signal. If degeneracies were still present, the
largest charge signal was assumed to be correlated with the
largest light signal, which has an impact on the recon-
structed energy resolution.

Using the location of the individual depositions within a
charge cluster and a map of the geometric dependence of
nEXO’s photon collection efficiencies, a weighted-average
light collection efficiency was determined for each event
proportional to the charge at each x- and y-channel
intersection point. This efficiency is used to estimate the
true number of photons produced by the scintillation signal
and thus the calibrated energy of the light signal.

This example algorithm was found to reconstruct electron-
neutrino interactions generated with a pinched-thermal spec-
trum described above with 88.4% efficiency. The remaining
events were either missing a charge signal (no depositions
within the drift region or above the charge-channel threshold)
or a light signal (no depositions above scintillation light
threshold). While our reconstruction algorithm is not able to
obtain an energy estimate for this ~11.6% of events, it may
still be possible to use them to further understand supernova
electron-neutrino neutrino interactions.

Using the reconstructed events, we can tag neutron
captures by looking for the presence of multiple light signals
separated in time by at least 300 ns. Neutron captures were
observed for ~33.6% of the true neutron-emitting events.
The identification of neutron-emitting events could poten-
tially be improved by developing an algorithm based on
event topology or using machine learning.

V. RECONSTRUCTING THE SUPERNOVA
NEUTRINO SPECTRUM

Neutrinos of different energies and flavors decouple
from thermal equilibrium at different depths in a CCSN.
Thus, reconstructing the neutrino energy spectrum of
different flavors allow for imaging of the interior dynamics
of the collapse. Many factors can impact a detector’s ability
to reconstruct the incident neutrino spectrum, such as
statistics, energy resolution, and detection threshold.
There are a number of existing studies [14,33,75-78]
evaluating the ability of different detectors to reconstruct
an incident neutrino spectrum given an observed detector
energy spectrum, but none of these focus on xenon-based
detectors using the charged-current channel.

A. Pinched-thermal spectrum

A complete description of the expected supernova
neutrino signal is complex, as it is affected by many
factors, such as the neutrino mass splitting, self-induced
flavor conversion, progenitor mass, and the Mikheyev-
Smirnov-Wolfenstein effect [79]. While a complete
description of the expected neutrino spectrum from a
CCSN is beyond the scope of this study, more detail on
the impact of these factors on the neutrino spectrum can be
found in Refs. [6,80]. Here we adopt a simplified pinched-
thermal neutrino spectrum [77,81],

P(Ey. e, (E,), a,d)

I A VSR 0 SR
2 (E,)T(a+ 1) \(E,) ’

where d is the distance to the collapsing star, ¢ is the total
binding energy released in the form of neutrinos by the
CCSN, a is a positive-definite pinching parameter repre-
senting the deviation from a Fermi-Dirac spectrum, and
(E,) is the mean energy of the neutrinos. While there are
many sets of parameters that may describe the spectrum of
electron neutrinos incident on an Earth-based detector
integrated over the ~10-sec CCSN burst, we use the
same example parameters as in Ref. [14] to allow for a
comparison of the results within that reference. The
example CCSN parameters chosen in that reference are
(a,e, (E,)) = (2.5,5 x 10°% erg,9.5 MeV).

There are a variety of other models formulated to
describe the expected neutrino spectrum (such as
Refs. [50,51,82]), but here we focus on only the
pinched-thermal form as it is easy to parametrize. In
principle, this work could be extended to other models
using the transfer matrix we develop (Sec. V B). We also
assume the distance to the collapsing star is well known
and fix this distance parameter in describing the spectrum.
While not of relevance for this study, the electron-
antineutrino component and NC component (v, + v+
U, + ;) can also be described by a pinched-thermal form,
with a different set of parameters. Figure 5 depicts
these three components with parameter assumptions from
Ref. [14].

B. Transfer matrix

Using the methods described in the above text, 1 x 10°
v, — 13%XeCC, v, — 13XeCC, and v, — e~ were each gen-
erated with MARLEY spanning a uniform energy distri-
bution from 0 to 100 MeV, simulated using the nEXO
simulation framework and analyzed with the previously
discussed reconstruction algorithm. A transfer matrix was
formed for each interaction type mapping incident neutrino
energy into reconstructed detector energy. In the analysis,
the individual transfer matrices from these three compo-
nents were used, but to illustrate the total detector response

093002-9



S. HEDGES et al.

PHYS. REV. D 110, 093002 (2024)

1e9

i
7 — anti-ve
N
6
g=
S 5
>
[
=
4
o
B
o3
19
C
()
22
[T
11
0
0 10 20 30 40 50 60
Neutrino Energy (MeV)
FIG. 5. Pinched-thermal spectrum with (a, &, (E,)) = (2.5,5 x

107 erg,9.5 MeV) for v,, (2.5,5 x 102 erg, 12 MeV) for 7,
and (2.5,5 x 10> erg, 15.6 MeV) for each flavor in the v,
component.

100

80

60

40

Reconstructed energy (MeV)

20

1077

80

20 40 60
Neutrino energy (MeV)

FIG. 6. Transfer matrix for Xe interactions in nEXO, including
v, — 3*XeCC, v, — ’XeCC, and v, — e~ interactions, mapping
neutrino energy into reconstructed energy.

these are combined with cross section and isotopic abun-
dance weighting in Fig. 6. The individual transfer matrices
for each component can be found in the Appendixes.
The total detector response is dominated by
v, — 13%XeCC interactions, as CC cross sections are pre-
dicted to be larger than the elastic neutrino-electron
scattering cross sections, and '*Xe will make up 90% of
the enriched xenon target. The source of the two main
diagonal bands in Fig. 6 is the difference of binding energy
for v, — 3®XeCC interactions with and without neutron
emission, which are separated by 6.828 MeV, as deter-
mined by the atomic mass evaluation of Refs. [38,39].
While cuts on the data can improve the precision with
which nEXO reconstructs the true energy deposited by a

particle, leading to improved energy resolution, a minimal
set of cuts were employed here to maximize statistics. A cut
was developed to remove events with a reconstructed
charge deposition center within 5 cm of the nEXO cathode.
This is greater than the standoff cut employed in the Ovff
analysis, in part due to the large spatial size of these events
leading to more energy deposited below the cathode where
light collection efficiency is worse. Adopting this cut
reduces the overall reconstruction efficiency from 88.4%
to 86.0%. The transfer matrix utilized preserves the
energy dependence and overall normalization of the
reconstruction efficiency.

C. Fitting procedure

The neutrino interaction events generated by
MARLEY were run through the nEXO simulation frame-
work and the described reconstruction algorithm. Using
the reconstructed spectrum from the nominal set of
pinched-thermal spectrum parameters, 1.5 x 10 datasets
(referred to as test datasets) were generated with Poisson
statistics for supernovae located at distances of 0.2 and
0.5 kpc from Earth.

Using ROOFIT [83], a likelihood function was developed
to compare the simulated energy spectrum in the detector
using a trial set of pinched-thermal parameters to the
simulated energy spectrum of the test dataset. First, a trial
pinched-thermal neutrino spectrum was generated and
multiplied by the predicted cross sections from MARLEY
for v, — ¥*XeCC, v, — 13XeCC, and v, — e~ interactions.
Next, the xenon mass and isotopic abundance of nEXO
were used to generate the expected number of neutrino
interactions of each type. Then, the transfer matrices were
used to incorporate detector response and generate
extended probability distribution functions (PDFs) for each
type of interaction, which were combined into a single
extended PDF. The combined PDF had a bin size of
0.2 MeV, and the test datasets fit to were unbinned. The
likelihood function was then minimized using the IMINUIT
PYTHON package [84].

D. Fit results

Following each fit to a test dataset, the difference
between the minimum negative log-likelihood (LL,;,)
and the negative log-likelihood calculated using the nomi-
nal set of parameters (L L,.) was determined, referred to as
—ALL = —(LLy, — LLy,.). Because of the observed
non-Gaussian nature of the distribution of —ALL values,
one- and two-o confidence intervals (C.Ls) were generated
by profiling over the nuisance parameters and selecting
—ALL values that encapsulate 68.2% and 95.5% of the
datasets, as shown in Fig. 7. These bands are plotted for
datasets generated at 0.2 and 0.5 kpc, using the CORNER
[85] package. Black lines indicate the nominal parameters
of the incident supernova neutrino spectrum. The 1D
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FIG. 7. One- and two-o contours are drawn for the posterior
probability distributions for CCSNe originating 0.2 and 0.5 kpc
from Earth, utilizing 1.5 x 10° datasets generated with Poisson
statistics. The nominal set of parameters (a,¢,(E,)) of (2.5,
5 x 1072 erg, 9.5 MeV) are indicated by the black lines.

histograms show the posterior probability distributions for
each parameter.

To study nEXO’s ability to reconstruct incident electron-
neutrino parameters as a function of CCSN distance,
60,000 datasets are generated with a step size of
0.1 kpc. One- and two-o confidence intervals are formed
by profiling over the nuisance parameters and selecting
—ALL values enclosing 68.2% and 95.5% of the data,
which are plotted in Fig. 8 along with the true values of
these parameters. The gray vertical lines show the locations
of nearby RSGs, from Ref. [53]. At greater distances, many
of the datasets do not have a sufficient number of events to
capture the high-energy tail of the pinched-thermal dis-
tribution, resulting in a large increase in the spread of the
parameter. While limited statistics impact nEXO’s ability
to reconstruct the incident neutrino spectrum parameters,
data from nEXO could be combined with that from other
detectors to further constrain these parameters when
statistics are poor.

These results are extended to a 300-metric-ton liquid
xenon detector based on the same isotopic abundance using
the same transfer matrix. While this is an approximation,
as the ratio of xenon skin to TPC volume will likely be dif-
ferent for a 300-metric-ton detector, Fig. 9 illustrates how a
detector of this size would compare to the 40-metric-kt
liquid argon detector considered in Ref. [14]. While there
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FIG. 8. One- and two-o confidence intervals showing nEXO’s
ability to reconstruct incident electron-neutrino parameters as a
function of distance. The dashed black line indicates the true
parameter values, and the vertical gray lines indicate the location
of nearby CCSNe candidates, from Ref. [53].

are a number of challenges that need to be addressed to
develop a xenon detector of this size [17], with its increased
mass compared to that of nEXO, a 300-metric-ton detector
can reconstruct the incident neutrino spectrum to much
further distances and reconstruct nearby supernova elec-
tron-neutrino parameters with improved accuracy.

E. Future modeling improvements

The findings of this study can potentially be impacted
by a number of factors whose contributions are difficult to
quantify. The cross section and its energy dependence
can be impacted by the value of the nuclear matrix
elements and contributions from forbidden transitions
not accounted for in the MARLEY model. While the
calculation using MARLEY shows a general agreement
with the calculations in Ref. [21], uncertainties could be
better quantified if experimental data existed for electron
neutrinos in a similar energy range. The electron-neutrino
spectrum shape and normalization impact the expected
number of events that would be observed in nEXO. While
only a handful of supernova neutrino events have been
previously observed [86-88], future supernova neutrino
interactions would test these models. Although uncertain-
ties on the spins, parities, and branching ratios of excited
states of '3°Cs are not expected to have a large impact on
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FIG. 9. Distribution of posterior probability distributions for
parameters are shown in the one-dimensional histograms, along
with median values of the distribution, for a 300-metric-ton liquid
xenon detector (90% '3Xe, 10% '3*Xe) reconstructing events
from a supernova located 4 kpc away. The two-dimensional plot
shows 90% confidence intervals for this detector, as well as for a
40-metric-kt liquid argon detector, from Ref. [14].

the visible spectrum from supernova neutrino interactions,
experimental measurements of these quantities would
lead to higher fidelity simulations. Finally, there may
be additional energy deposited from electron-antineutrino
interactions and NC interactions that can affect the
ability to reconstruct the true electron-neutrino parame-
ters, although these contributions are also expected to be
small [21,46].

VI. CONCLUSION

There is a wealth of physics that can be unlocked by
studying the neutrinos from the next nearby core-collapse
supernova, provided there are detectors capable of observ-
ing these interactions whose response is well known. We
have evaluated the sensitivity of the nEXO detector to
electron-neutrino interactions from supernovae using the
MARLEY event generator, simulating CC interactions
on the ¥*Xe and *Xe isotopes. Events generated by
MARLEY have been simulated using the nEXO simulation
framework and reconstructed using a custom algorithm
designed to accommodate the unique nature of CC events

compared to the signal and background events of primary
interest to nEXO. Based on our work, we estimate that
nEXO will be able to observe electron-neutrino interactions
with xenon from supernovae as far as 5-8 kpc from Earth,
depending on the supernova neutrino flux model used and
parameters of the collapsing star.

A transfer matrix was developed to map incident
electron-neutrino energy into observed energy in nEXO,
which is used to reconstruct the incident supernova
neutrino spectrum using a pinched-thermal parametriza-
tion. We find that uncertainties in the parameter recon-
struction grow rapidly for distances above ~0.5 kpc,
where insufficient statistics in the tail of the spectrum
limit the ability to reconstruct the pinching parameter.

These results were extended to a 300-metric-ton xenon
detector of the same isotopic abundance, which is able to
detect supernova electron neutrinos out to further distances,
covering most of the candidates listed within a recent
survey of RSGs. While a 300-metric-ton detector would not
be able to reconstruct supernova neutrino parameters with
as much precision as DUNE, it would still provide useful
information about the electron-neutrino component of
nearby CCSNe and contribute to the global dataset of all
supernova neutrino detectors.
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APPENDIX A: INDIVIDUAL OUTPUT CHANNEL
ENERGY DISTRIBUTIONS

Figures 10—12 show the fraction of the incident neutrino
energy transferred to the various output channels for
v,—e , v, — 3*XeCC, and v, — 13XeCC events.
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FIG. 11. Output channel energy fraction for v, — '3*XeCC. Neutrino energy (MeV)

FIG. 14. Transfer matrix for v, — 3*XeCC.
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FIG. 12. Output channel energy fraction for v, — 3*XeCC.
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APPENDIX B: INDIVIDUAL TRANSFER FIG. 15. Transfer matrix for v, — 3%XeCC.
MATRICES

Figures 13—15 show the transfer matrices for each of the ~ uniform neutrino distribution from 0 to 100 MeV. These are
scattering components described within the text, generated  combined with isotopic and cross section weighting in
with 1 x 10 simulated and reconstructed events with a  Fig. 6 of the main text.
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APPENDIX C: ¥2Xe INCLUSIVE CROSS
SECTION COMPARISON

As a further test of MARLEY, we calculate predictions
for the v, — 1¥2XeCC cross section as a function of energy
using GT strength from Ref. [31] and an IAS location
predicted by Eq. (2). Figure 16 compares MARLEY’s
predictions with existing calculations for '3?Xe from
Refs. [20-22]. References [20,21] use independent theo-
retical calculations that include forbidden transitions and
use an approach to modeling the Coulomb correction
similar to that used by MARLEY. Reference [20] assumes
an unquenched g, of ~1.26. Reference [22] uses the same
theoretical GT matrix elements as we use in MARLEY,
but assumes a different location for the IAS in '32Cs, an
unquenched g, of ~1.26, and uses a different approach to
modeling the Coulomb correction. To demonstrate the
impact of the Coulomb correction function and g, quench-
ing, we modify these in MARLEY for the predictions in
Fig. 16. Details on MARLEY’s approach to the Coulomb
correction function can be found in Ref. [23].

10000

—— P. Bhattacharjee et al. PRD106 (2022), g4=1.26
—— P. C. Divari, Adv. in HE Phys. (2013), g4=1.26
---- MARLEY, g4=1.26, Fc=Fermi ;
80004]" MARLEY, ga=1.26 2/
—— MARLEY, g,=0.7 p
—— P. Pirinen et al. PRC99 (2019), g4=0.7 /','

5

6000

4000

Cross Section (x10742 cm?)

2000

0 10 20 30 40 50
Neutrino Energy (MeV)

FIG. 16. Predictions for the v, —'32XeCC cross section
from MARLEY using GT matrix elements from Ref. [31] are
compared with predictions from Refs. [20-22] using different
quenched g4 values and different Coulomb correction
functions.
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