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We explore a novel method for measuring the time averaged temperature of the νx component in type-II
core-collapse supernovae. By measuring neutral current incoherent neutrino-argon interactions in DUNE
we can obtain spectral information for the combination of all active neutrino species. Combining this all-
neutrino spectral information with detailed charged current measurements of the electron neutrino and
electron antineutrino fluxes from DUNE and Hyper-Kamiokande, we can infer the time averaged
temperature for the remaining neutrino species in the νx component to within a factor 2 for most cases and
to 30% for a small range of time averaged νx temperatures. Because of the limited energy range of the
emitted photons from incoherent neutral current interactions on argon, the νx temperature reconstruction
demonstrates a degeneracy in the one and two sigma credible regions. Furthermore, while large
uncertainties on the neutral current (NC) cross section penalize this measurement, we examined the
efficacy of constraining NC cross section uncertainties on improving νx measurements. We found that if
additional measurements of BðM1↑Þ 1þ excited state transitions in argon are able to reduce correlated cross
section uncertainties from 15% to 7%, the size of the 1σ allowed regions for Tνx becomes sample size
limited, and approaches the case where there are no uncertainties on the cross section.
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I. INTRODUCTION

Type-II core-collapse supernova events release approx-
imately 1053 ergs of energy, carried away almost exclu-
sively by neutrinos and antineutrinos of all flavors [1].
These neutrinos travel nearly unimpeded to Earth, where
they can be detected. In 1987, three neutrino detectors on
Earth measured 20 events within 13 seconds, which
coincided with the release of energy from the collapse
of SN1987A [2–4]. If a core-collapse supernova event were
to occur within our Galaxy today, the many operating
neutrino detectors would provide precise measurements of
neutrino and antineutrino energy spectra. Such measure-
ments are crucial for reconstructing the initial conditions of
supernovae just before collapse, understanding their evo-
lution, and modeling their collapse.
Large detectors such as the Deep Underground Neutrino

Experiment (DUNE) and Hyper-Kamiokande (Hyper-K)
will provide large sample measurements of νe and ν̄e
charged current (CC) interactions, respectively, with

excellent energy resolution [5,6] However, the remaining
neutrino species, summarized as νx, are below threshold for
CC interactions and can only be measured through neutral
current (NC) interactions. While there are many theoretical
models of supernova collapse, they vary greatly in the
prediction and treatment of νx [7–9]. With little existing
experimental information and large uncertainties in the
model space, measurements of NC neutrino interactions
will be crucial for understanding the νx component of core-
collapse supernovae.
In this paper, we explore how DUNE’s observation of

gamma rays generated by NC interactions of supernova
neutrinos can be used in conjunction with CC observa-
tions to infer the time averaged temperature of the
supernova νx component. NC interactions of all super-
nova neutrino species in DUNE will excite argon nuclei,
which subsequently emit a gamma ray at one of several
known energies, providing a weak correlation between
incident neutrino energy and the emitted gamma-ray
energies. We then combine the flavor-agnostic measure-
ment of this NC gamma-ray spectrum with CC spectral
measurements of the νe and ν̄e components to infer the
temperature of the νx component. We also explore how
uncertainties in the NC cross section impact sensitivity to
the νx temperature, using recently updated calculations of
the NC neutrino-nucleus cross section and its associated
uncertainties [10].
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II. NEUTRAL CURRENT MEASUREMENTS

In order to examine DUNE’s sensitivity to supernova
νx temperature reconstruction, we must first consider the
signatures of the NC interaction channel.
In the incoherent NC interaction, argon nuclei are excited

via interaction with a neutrino. As the nucleus deexcites,
γ rays are emitted at specific energy levels. The magnetic
dipole strengths of these 1þ excited state transitions are
displayed in Fig. 1. These measurements, combined with
shell model calculations, guide neutral current cross section
predictions and dictate experimental reconstruction of
incident neutrino spectra.
NC neutrino-argon interactions are difficult to measure

due to the small cross section of this channel and low
energy at which the interactions occur [10]. For supernova
neutrino energies, the NC interaction cross section is at
least 2 orders of magnitude smaller than the corresponding
CC cross section, given by [11]. For this reason, projected
measurements of supernova neutrinos tend to focus on CC
channels.
While NC measurements are difficult to make compared

to the CC channel, they provide the only source of
information about the neutrino species of νx. Flavor
nonspecific information from supernova neutrinos is cru-
cial to understanding the neutrino flux emitted without
uncertainties related to neutrino oscillations, matter effects,
or neutrino self-interactions that occur within the super-
novae. Combining flavor nonspecific NC measurements
with νe and νe CC measurements, we can indirectly probe
the properties of the supernova νx flux.
Recent developments in detector technologywill allow us

to overcome this challenge with ultralarge detectors that are
sensitive to these low energy NC interactions. With 40 kt of
combined fiducial mass and energy resolution down to the
MeV scale, the DUNE far detector (FD) modules will be an
ideal candidate to study the νx component, providing the

largest sample of NC neutrino-argon interactions [12].
DUNE will be able to separate CC from NC interactions
using the distribution of deposited energy as a function of
interaction length within the detector. The DUNE FD
modules are planned to have a high efficiency trigger system
down to the few MeV threshold, with good energy reso-
lution, and moderate spatial resolution [12,13]. With these
anticipated capabilities, DUNE will be able to resolve
photon emissions from NC interactions in the energy range
of interest for this analysis.
While this work is directly relevant to DUNE, SBND,

ICARUS and other liquid argon (LAr) detectors, supernova
neutrino interaction measurements on other nuclei will
provide further insights into the νx spectrum. The Jiangmen
Underground Neutrino Observatory (JUNO) experiment
will be able to observe incoherent neutral current neutrino
interactions on carbon nuclei, with a predominant excita-
tion state of 15.1 MeV [14]. With a 20 kt fiducial mass
of liquid scintillator and excellent energy resolution of
3%=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
EðMeVÞp

, JUNO is another large neutrino detector
that will be sensitive to the NC channel from supernova
neutrinos [14]. Given the different photon excitation
energies of NC neutrino-nucleus interactions on argon
and carbon, a combined analysis of NC neutrino inter-
actions on 40Ar and 12C would be sensitive to greater
parameter space than either individual analyses. This
combined analysis of data from DUNE and JUNO could
provide a more robust and more sensitive measurement of
νx supernova neutrinos than either individual analysis.
In addition to NC measurements, DUNE and Hyper-K

will provide leading constraints on the νe and νe spectrum
through CC measurements on liquid argon and water,
respectively. By incorporating DUNE CC, DUNE NC,
and Hyper-K CC measurements in a combined analysis, we
can make definitive statements about the νx component of
the neutrino flux. Although sample sizes for NC events are
much smaller, and energy resolution is poorer, the infor-
mation we obtain from NC interaction on argon nuclei in
DUNE provides enough discriminating power to recon-
struct the time averaged νx temperature.

III. METHODOLOGY

Modeling the expected neutral current event rate requires
(1) the supernova neutrino spectrum, (2) the neutrino-
nucleon NC interaction cross section, (3) the detector
response of DUNE’s far detector modules, and (4) an event
selection.
For the supernova neutrino spectrum, we assume a

representative supernova neutrino flux with a progenitor
mass of ten solar masses, a distance of 10 kpc, and a Fermi-
Dirac energy spectrum [15] given by

dFν

dεν
¼ Lν

4πD2T4
νF3ðηÞ

ε2ν
eβðεν−μÞ þ 1

; ð1Þ
FIG. 1. BðM1↑Þ neutral current 1þ transition strengths for 40Ar.
The BðM1↑Þ value for each 1þ is shown as a function of the
transition energy. Fourteen of these 1þ transitions exist in total.
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where εν is incident neutrino energy, Lν is the luminosity
for each neutrino species of SN1987A integrated over total
time of collapse for a total energy of approximately
3 × 1053 ergs, D is the distance from Earth to the super-
nova, Tν is the time averaged temperature of the neutrino
species, μ is the chemical potential, β ¼ 1=Tν, and η ¼
μ=Tν (the Boltzmann constant is set to unity). F3ðηÞ is
defined by

F3ðηÞ≡
Z

∞

0

x3

ex−η þ 1
dx; ð2Þ

and in this work η is set to 0. Figure 2 provides an example
of this calculation, setting Tνe ¼3.3MeV, Tνe ¼ 4.6 MeV,
and Tνx ¼ 6.4 MeV. Because the NC interaction is flavor
independent, we compute the fluence assuming a no
neutrino oscillation scenario. In this work we neglect
further modification of the spectrum from a pinching
parameter [1,7–9,16] because such features in the energy
spectrum will not be resolvable in the νx component
through NC measurements.
For the neutrino-nucleon NC interaction cross section,

we use the most recently published NC cross sections from
W. Tornow et al. [10]. Figure 3 shows this cross section for
neutrinos and antineutrinos with 43% theoretical uncer-
tainty. We model the NC cross section uncertainties as a
15% correlated uncertainty within each excitation mode,
corresponding to the uncertainty on BðM1↑Þ measure-
ments, and an additional 40% uncorrelated uncertainty
across the entire energy spectrum to account for the
theoretical uncertainties between different choices of
shell-model calculations. Figure 4 shows an example
fractional covariance matrix used in this calculation.

For the detector response of DUNE’s far detector mod-
ules, we assume the 15% photon energy resolution expected
in DUNE’s Time Projection Chambers (TPCs) at the
energies of relevance for supernova neutrino measure-
ments [12]. We also note that variation in the detectors
response to NC neutrino interactions of different incident
neutrino energies predominantly arises from the threshold of
different nuclear excitations and changes in the branching
ratio of these same excitations. Using this predicted energy
resolution and weighting it by the cross sections of the
individual photon excitation modes, Fig. 5 shows the
responsematrix for the ν component of theNCcross section.
Finally, for the event selection, we consider the rel-

evant background processes for NC events and choose

FIG. 2. Supernova neutrino differential fluence for a Fermi-
Dirac spectrum. The differential fluence is shown as a function of
neutrino energy for each of the three neutrino flux components,
assuming a Fermi-Dirac energy distribution, and the baseline
supernova scenario described in Sec. III.

FIG. 3. Incoherent NC neutrino-argon cross sections and
uncertainties. The NC neutrino-argon cross sections derived
in [10] are shown for ν and ν as a function of incident neutrino
energy with bands showing their associated 43% theoretical
uncertainties. The solid shading shows ν cross section uncer-
tainties, and hatched shading shows the same for ν̄.

FIG. 4. DUNE FD NC fractional covariance matrix. The
uncertainties on the cross section are composed of 15% correlated
uncertainties and 40% uncorrelated uncertainties, as described
in [10].
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appropriate cuts to model the signal and background
efficiencies. In the DUNE far detector modules, the primary
background for NC interactions from supernova neutrinos
is CC interactions from the νe neutrino flux. These CC
interactions mostly occur at energies above the energy of
the photons from NC interactions, and so we restrict our
discussion of the CC background to reconstructed visible
energies between 0.5 and 13 MeV. The electrons produced
in CC interactions can be further differentiated from the
photons produced in NC interactions using the fine grained
information available from the LAr TPC. For simplicity we
assume that most of this selection power is captured in the
dE=dx distribution. Figure 6 shows the simulated dE=dx
distributions, described in [12], scaled to the expected event
rates of the NC and CC channels within the reconstructed
energy region of interest between 0.5 and 13 MeV for
Tνe ¼ 3.3 MeV, Tνe ¼ 4.6 MeV, and Tνx ¼ 6.4 MeV. We

found that a single cut at dE=dx ¼ 3.1 MeV=cm includes
95.26% of NC signal events, while rejecting all but 15.83%
of background CC interactions from the νe supernova
neutrino flux.
Figure 7 shows an example of the expected reconstructed

event rate in DUNE FD, after combining the fluence for the
specified neutrino temperatures, NC cross section, response
matrix, and efficiency cut. This plots shows the expected
events for Tνe ¼ 3.3 MeV and Tνe ¼ 4.6 MeV while Tνx
varies between 1 and 30 MeV. The dashed black line
represents the CC events due to the νe component of the
supernova neutrino flux in DUNE. Although the NC
channel is suppressed compared to the CC channel,
DUNE’s large detector size combined with the high fluence
of expected neutrinos for a supernova collapse provides us
with a large enough sample to perform spectral analysis.
With the modeling of DUNE’s NC measurements

complete, we must now combine this flavor-agnostic
information with the CC measurements of the νe and νe
temperatures from DUNE and Hyper-K, respectively. This
combination of three measurements will allow us to infer
the temperature of the νx component. DUNE TPCs are
predicted to resolve energies in the νe CC region of interest
to around 15% [12]. Using this energy resolution to
calculate the CC response matrix, νe fluence described
in Eq. (1), and CC cross section [11], we calculate the
predicted CC event rate as a function of νe temperature in
DUNE and are able to reconstruct injected temperatures to
1σ credible region with 0.5% fractional error. We expect
that Hyper-K will be able to reconstruct the νe temperature
to similar precision, if not better, given their similar
energy resolution [17] as the DUNE TPC, greater fiducial
mass [18] than the DUNE FD modules, and greater cross
section for inverse beta decay events below ∼15 MeV than
νe CC events on argon [19].

FIG. 5. DUNE FD NC response matrix. Response matrix for
the ν component of the incoherent NC neutrino interaction in LAr
assuming 15% energy resolution for the DUNE FD TPC as
described in [12].

FIG. 6. DUNE dE=dx distribution for electron and photonlike
final states. Distribution is normalized to the expected NC and CC
event rates for a representative sample where Tνx ¼ 3.3 MeV,
Tνe ¼ 4.6 MeV, and Tνx ¼ 6.4 MeV.

FIG. 7. Expected NC event rate in DUNE FD as a function of νx
temperature. νe and νe temperatures are fixed to 3.3 and 4.6 MeV,
respectively. The black dashed line represents events due to CC
interactions in the DUNE FD from the νe component of the
fluence.
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IV. STATISTICAL METHODS

With the methods described above, we can now predict
the NC event rates in DUNE for any combination of
temperatures of the three neutrino flux components. The
NC data from DUNE provides information about the total
neutrino flux, however, to obtain sensitivity to the νx
temperature we must simultaneously constrain the temper-
ature of the νe and νe components. We construct the binned-
log-likelihood comparing expected NC DUNE data to our
predictions, and combine this with external statistical
constraints on νe and νe. This combination produces a
constrained log likelihood given by

LðT⃗Þ ¼
�Y

i

λiðT⃗; αiÞkie−λiðT⃗;αiÞ
ki!

�
PðTνeÞPðTνeÞPðα⃗Þ; ð3Þ

where λiðT⃗; αiÞ is the expected number of events in bin i for
the combination of temperatures T⃗, and ki is the number of
observed data events in bin i. For the two external
constraints, PðTνeÞ and PðTνeÞ, we assume normally
distributed constraints centered on the true values of the
temperatures with widths that correspond to the uncertain-
ties on νe and νe temperatures that we expect to obtain from
the CC measurements of DUNE and Hyper-K, conserva-
tively assumed to be 0.5%. To model the cross section
uncertainties, we introduce the parameters α⃗ which frac-
tionally modify the expected number of events in each bin,
such that λiðT⃗; αiÞ ¼ ð1þ αiÞ · λiðT⃗Þ. The parameters α⃗ are
constrained by the multivariate normal distribution denoted
by Pðα⃗Þ, which has a fractional covariance matrix derived
from the cross section uncertainties.
To explore the sensitivity of this combined analysis to the

νx timed averaged temperature, we examine a set of repre-
sentative scenarios where Tνe ¼3.3MeV, Tνe ¼4.6MeV,
and Tνx has a value between 0.5 and 30 MeV. For each
value of Tνx we perform an Asimov test, where the nominal
expected event distribution is injected as data. We use a
Markov chain Monte Carlo with adaptive parallel temper-
ing [20,21] to explore the parameter space, and derive
Bayesian credible regions (CRs) forTνx that aremarginalized
over Tνe, Tνe , and the nuisance parameters α⃗. The two
electron flavor temperatures have normal priors modeled
after the expected constraints fromCCdata, and the nuisance
parameters α⃗ have a multivariate-normal prior, as described
in Eq. (3). We use a uniform prior for Tνx across most of the
parameter space, but introduce a hyperbolic tangent cutoff at
60 MeV, with a characteristic transition width of 3 MeV. For
injected Tνx less than 10 MeV a degenerate region of the
parameter space becomes apparent, which extends to recon-
structed temperatures above 100MeV for the lowest injected
temperatures.We focus the results presented here on temper-
atures below 60 MeV, because such large temperatures are
not within the expected range, and will be ruled out by other

observations [22–27]. This is accomplished with the hyper-
bolic tangent cutoff, the primary effect ofwhich is a reduction
in the size of the derivedCRs for injectedTνx less than 5MeV,
because there is no longer appreciable posterior mass above
60MeV. Additional discussion of this prior, and CRs derived
with a uniformTνx prior from 0.1 to 300MeVare given in the
Appendix.

V. RESULTS

The time averaged νe and νe temperatures will be
constrained very well by CC measurements from DUNE
and Hyper-K. As a result, the sensitivity to Tνx does not
significantly depend on the choice of injected Tνe and Tνe .
We can therefore examine the sensitivity to reconstructed νx
temperature as a function of true injected νx temperature
without significant bias from the choice of injected νe
and νe temperatures. We present sensitivities to Tνx , using
Tνe ¼ 3.3 MeV and Tνe ¼ 4.6 MeV as a representative set
of temperatures.
We explore sensitivities for three scenarios with different

cross section uncertainties: a case without cross section
uncertainties, a case with full cross section uncertainties,
and a case with reduced cross section uncertainties. The
case with full cross section uncertainties assumes 40% fully
uncorrelated uncertainty in the cross section and a 15%
correlated uncertainty in the cross section as described in
Sec. III. The case with reduced cross section uncertainties
retains the 40% fully uncorrelated uncertainty, but reduces
the correlated uncertainty to 7% to model the effect of
improved BðM1↑Þ measurements. Figures 8–10 show the
expected sensitivity to Tνx as Asimov credible regions for

FIG. 8. Expected Tνx credible regions with full cross section
uncertainties. The Asimov credible regions for Tνx are shown as a
function of injected Tνx by the colored regions. Average neutrino
temperatures of Tνe ¼ 3.3 MeV and Tνe ¼ 4.6 MeV are as-
sumed, along with 40% uncorrelated uncertainties and 15%
correlated uncertainties on the NC cross section.
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the no uncertainty, full uncertainty, and reduced uncertainty
cases, respectively.
There are two distinct degenerate regions that arise in the

measurement space from multiple factors. The primary
cause is the discrete γ-ray energies of the NC cross section
that results in a decoupling between neutrino energy and
observed energy. In addition to that, for Tνx above approx-
imately 8 MeV the total fluence becomes much more
uniform across the energy range of the NC excitations.
These characteristics of the NC cross section combined
with the Fermi-Dirac spectrum at higher temperatures leads
to a degeneracy in the νx temperature measurement.

Figure 11 shows the fractional width of the 1σ credible
region for these measurements. The peak in the fractional
width of the 1σ credible region around 10 MeV true νx
temperature is due to the degeneracy in the measurement.
Reducing the correlated uncertainties from 15% to 7%,
without changes to the 40% uncorrelated uncertainties,
reduces the fractional width of the 1σ credible region
almost to that of the measurement without any uncertainties
on the cross section. This demonstrates that even modest
improvements to the argon BðM1↑Þmeasurements provide
substantial improvements to the Tνx sensitivity.

VI. CONCLUSIONS

While NC channel measurements of supernova neutrinos
are often overlooked due to the technical challenges and
small sample sizes, this analysis has shown the power of NC
measurements in measuring νx spectral information from
type-II core-collapse supernova events. Because of the
discrete excitation nature of this interaction channel,
the energy spectrum from supernova neutrinos cannot be
resolved, but general parameters of the fluence can be
measured to the 1σ and 2σ level. For this analysis we
focused on measuring the time averaged νx temperature
from the incoherent NC neutrino-argon interaction in the
DUNE FD modules. To make this measurement we com-
bined the expected incoherent NC sample from the DUNE
FD with expected constraints from the CC channel mea-
surements of the DUNE and Hyper-K experiments on Tνe
and Tνe of the supernova flux. We find that such a combined
analysis can measure the νx temperature to within a factor of
2 in most cases, and to within 30% in the best case.
In addition to exploring DUNE’s sensitivity to time

averaged νx temperature using the NC channel, we explore

FIG. 9. Expected Tνx credible regions with reduced cross
section uncertainties. The Asimov credible regions for Tνx are
shown as a function of injected Tνx by the colored regions.
Average neutrino temperatures of Tνe ¼ 3.3 MeV and Tνe ¼
4.6 MeV are assumed, along with 40% uncorrelated uncertainties
and 7% correlated uncertainties on the NC cross section.

FIG. 10. Expected Tνx credible regions with no cross section
uncertainties. The Asimov credible regions for Tνx are shown as a
function of injected Tνx by the colored regions. Average neutrino
temperatures of Tνe ¼ 3.3 MeV and Tνe ¼ 4.6 MeV are as-
sumed, along no uncertainties on the NC cross section.

FIG. 11. Fractional width of the 1σ credible region. The solid
line represents the scenario with 40% uncorrelated uncertainties
and 15% correlated uncertainties on the NC cross section. The
dashed line represents the scenario with 40% uncorrelated
uncertainties and 7% correlated uncertainties on the NC cross
section. The dotted line represents the scenario with no uncer-
tainties on the NC cross section.
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the effects of reducing the uncertainty in NC cross section
predictions. By reducing correlated uncertainties from 15%
to 7%, the Tνx measurement becomes sample size limited,
and approaches the case where there are no uncertainties on
the cross section. More precise measurements of BðM1↑Þ
transition strengths will provide even greater spectral infor-
mation for the νx component of supernova flux. While this
measurement will be limited by the small energy range of
argon-nucleus gamma emissions from NC interactions,
combining NC measurements of neutrinos on argon with
NC measurements of neutrinos on carbon from JUNO could
provide stronger constraints on time averaged νx temperature.
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APPENDIX: Tνx PRIOR

In this work we demonstrate the potential sensitivity of
the DUNE FD to the time averaged temperature of the
supernova νx component with credible regions derived
from the highest posterior density regions (HPDs). A side
effect of this methodology is a dependence of the local
HPD width on the global distribution of posterior mass. For
these NC derived constraints on Tνx , a degenerate region of
allowed νx temperatures is present for the entire energy
range. Below ∼10 MeV and above ∼20 MeV, this degen-
eracy manifests as two distinct allowed regions at both the
1σ and 2σ level. For some values of injected Tνx the allowed
region not centered on the injected temperature, referred to
as the degenerate region, lies within the range of expected
supernova neutrino temperatures. However, for injected Tνx
less than ∼5 MeV this degenerate region exists at temper-
atures far above the expected range of supernova neutrino

FIG. 12. Expected Tνx credible regions with a uniform prior from 0.1 to 300 MeV. The Asimov credible regions for Tνx are shown as a
function of injected Tνx by the colored regions. Average neutrino temperatures of Tνe ¼ 3.3 MeV and Tνe ¼ 4.6 MeV are assumed. The
credible regions in this figure are computed with a uniform Tνx prior that extends up 300 MeV; this is in contrast to the credible regions
shown in Figs. 8–10 which limited values of Tνx to be below 60 MeV.

SENSITIVITY TO SUPERNOVAE AVERAGE νx … PHYS. REV. D 108, 043005 (2023)

043005-7



temperatures. In the main text of this paper, we choose to
apply a prior that allows only values of Tνx below 60 MeV.
This is motivated by the low temperatures observed from
SN1987A [23], predicted by supernova simulation stud-
ies [24], required by constraints from neutrino induced
nucleosynthesis [25,26], and disfavored by diffuse super-
nova background searches [27]. This results in expected
sensitivities that are not biased by a degeneracy that is both
far outside of the range of expected supernova behavior and
which would be ruled out by other measurements.
In this Appendix we show the expected sensitivities

under a different prior assumption, namely a uniform prior
on Tνx between 0.1 and 300 MeV. Because the degenerate
region extends above 60 MeV at low νx temperatures and
contains appreciable posterior mass, this has the effect of
widening the allowed regions of Tνx that are centered on the
injected Tνx . Figure 12 show the expected sensitivity to Tνx
with this wider range of allowed Tνx values for the three
different cross section uncertainty scenarios explored in the
main text. The degenerate region below ∼5 MeV extends
up into the 100s of MeV, and below ∼3 MeV the
degenerate region begins to intersect with the prior boun-
dary at 300 MeV.
To examine the effect of this prior we compare the width

of the 1σ credible region across three scenarios: the full
width derived from a uniform Tνx prior between 0.1 and
300 MeV, the width of the allowed region below 60 MeV
using the same uniform Tνx prior between 0.1 and
300 MeV, and finally the width derived using the prior
from the main text (a hyperbolic-tangent cutoff prior that
penalizes Tνx above 60 MeVand has a 3 MeV characteristic
width). Figure 13 shows the fractional width of these 1σ
credible regions for the three scenarios. The solid lines

denote the case where Tνx prior is in the form of a
hyperbolic tangent cutoff at 60 MeV. Relaxing the prior
assumptions on Tνx significantly widens the allowed
regions below 60 MeV for injected Tνx between 1 and
5 MeV, but does not significantly affect the expected
allowed regions outside of this region. The width of the
allowed regions considering the full Tνx parameter space up
to 300 remains largely unchanged outside of this 1 to
5 MeV region of injected Tνx , but between 1 and 5 MeV is
dominated by the large width of the high-temperature
degenerate region.
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