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Impact of cross-section uncertainties on supernova neutrino spectral parameter fitting
in the Deep Underground Neutrino Experiment
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A primary goal of the upcoming Deep Underground Neutrino Experiment (DUNE) is to measure
the @(10) MeV neutrinos produced by a Galactic core-collapse supernova if one should occur during
the lifetime of the experiment. The liquid-argon-based detectors planned for DUNE are expected to
be uniquely sensitive to the v. component of the supernova flux, enabling a wide variety of physics
and astrophysics measurements. A key requirement for a correct interpretation of these measure-
ments is a good understanding of the energy-dependent total cross section o(FE, ) for charged-current
Ve absorption on argon. In the context of a simulated extraction of supernova v. spectral param-
eters from a toy analysis, we investigate the impact of o(E,) modeling uncertainties on DUNE’s
supernova neutrino physics sensitivity for the first time. We find that the currently large theoretical
uncertainties on o(E, ) must be substantially reduced before the v, flux parameters can be extracted
reliably: in the absence of external constraints, a measurement of the integrated neutrino luminosity
with less than 10% bias with DUNE requires o(E, ) to be known to about 5%. The neutrino spectral
shape parameters can be known to better than 10% for a 20% uncertainty on the cross-section scale,
although they will be sensitive to uncertainties on the shape of o(FE,). A direct measurement of
low-energy ve-argon scattering would be invaluable for improving the theoretical precision to the

needed level.

I. INTRODUCTION

A massive star (M > 8Mg) employs nuclear fusion
to sustain itself by first consuming lighter elements such
as hydrogen and helium and later consuming heavier ele-
ments. In the canonical narrative, at the end of the star’s
lifetime, the innermost nickel-iron core can no longer un-
dergo nuclear fusion. Gravity causes the core to collapse
into a proto-neutron star. Neutron degeneracy stalls the
collapse; the core rebounds and produces shock waves
which propagate outward from the core. Once the shock
waves breach the surface of the star, they expel stellar
material and leave behind a compact remnant. This pro-
cess is referred to as a core-collapse supernova.

A core collapse releases 99% of the star’s gravitational
potential energy via neutrinos in a prompt burst last-
ing several seconds [I]. While the proto-neutron star
traps photons and other particles with electromagnetic
and strong interactions, neutrinos easily escape because
they interact weakly. The neutrino flux is expected to
contain interesting signatures related to different phe-
nomena occurring during a core-collapse supernova [2—6],
including insight into the explosion mechanism. While
the neutrinos detected from SN1987A [7—10] did help to
confirm the basic outline of the core-collapse supernova
process, they did not provide tight constraints on astro-
physical models. Additional neutrino signals from core-
collapse supernovae observed in detectors worldwide [11]
will provide data to study the mechanism behind the core
collapse, as well as information on the properties of neu-
trinos themselves.

Obtaining a high-statistics measurement of core-
collapse supernova neutrinos is among the primary
physics goals for the Deep Underground Neutrino Ex-
periment (DUNE). To detect these low-energy neutrinos,
DUNE will utilize its far detector (relative to the beam
at Fermilab) located 1.5 km underground at the Sanford

Underground Research Facility in South Dakota. The
DUNE far detector is currently planned to consist of four
liquid argon time projection chambers (LArTPCs) each
with a total volume of around seventeen kilotons [12].
These LArTPC detectors will be sensitive to interactions
of neutrinos in the few tens of MeV range [13].

Among large neutrino experiments, DUNE will be
uniquely sensitive to the v, component of the supernova
signal via the charged-current reaction

ve + 0Ar — e~ + K. (1)

The v, component of the supernova neutrino flux is ex-
pected to contain unique features which make its fu-
ture detection with DUNE a valuable scientific oppor-
tunity [12].

The neutrinos generated by a core-collapse supernova
have much lower energies (few to tens of MeV) than
the GeV-scale neutrino beams of interest for DUNE’s
accelerator-based oscillation physics program. Below
100 MeV, no measurements of charged-current neutrino-
argon cross sections are currently available [14], and com-
peting theoretical calculations have significant discrep-
ancies [15]. While the importance of obtaining a pre-
cise understanding of neutrino-nucleus scattering at ac-
celerator energies is widely recognized [16—18], and the
impact of related uncertainties has been studied in de-
tail by the DUNE collaboration [19], the same cannot
yet be said for the tens of MeV regime relevant for su-
pernova neutrino detection. This situation exists despite
shared analysis challenges between the two energy scales:
in both cases, a reliable cross-section model is needed for
neutrino calorimetry, efficiency estimation, and removal
of some classes of background events. Theoretical uncer-
tainties on the cross-section model provide an important
limitation on the achievable experimental precision.

In this paper, we examine for the first time the impact
of cross-section uncertainties on the interpretation of a



possible future observation of supernova neutrinos with
DUNE. No attempt is made here to be comprehensive
in either the uncertainty budget or in the analysis topics
considered; for instance, these studies assume that the
distance to the core collapse is known precisely. Our aim
is instead to explore how variations of the adopted model
of the neutrino-argon cross section affect the results of
a measurement of simulated data. The present study
is restricted to variations of o(F,), the total charged-
current cross section as a function of neutrino energy.
The studies presented in this paper use simplified as-
sumptions about detector response, but a realistic effi-
ciency for DUNE includes sensitivity to neutrino ener-
gies as low as 5 MeV [20]. Although these studies require
an assumption about DUNE’s expected energy resolu-
tion, similar studies performed in Ref. [12] show that the
results are not sensitive to the specific choice of energy
resolution [21]. Variations to other aspects of the neu-
trino interaction model, including predictions of exclu-
sive final-state differential distributions and the descrip-
tion of K" nuclear de-excitations, as well as subdomi-
nant neutral-current and 7, charged-current interactions,
are left to future work, both for simplicity and because
the related uncertainties are difficult to fully quantify at
present.

The algorithm used in our measurements to extract su-
pernova v, flux parameters from simulated DUNE data
is presented in Sec. II. In Sec. III, we describe three dif-
ferent procedures for varying the v, — 49Ar total cross
section, and the impact on the simulated measurements
is examined for each approach. We discuss the results,
their implications for DUNE’s future supernova neutrino
effort, and prospects for the future in Sec. IV and con-
clude in Sec. V.

II. SUPERNOVA PARAMETER FITTING
A. Pinched-thermal form

A commonly-used representation for the supernova
neutrino fluence (i.e., the time integral of the flux)
® passing through the Earth is the pinched-thermal
form [22, 23]:

(a+ 1)L

N =BTy

is a normalization constant, € is the neutrino luminosity,
E, is the neutrino energy, (F,) is the mean neutrino
energy (related to the temperature of the supernova),
and d is the distance from the supernova to Earth. The
“pinching parameter” « describes the shape of the tails
of the neutrino energy distribution.

The expression in Eq. 2 may be used to represent ei-
ther an instantaneous flux (with dimensions of neutrinos
per area per time) or a fluence in a specific time inter-
val (flux integrated over time, with dimensions of neu-
trinos per area), depending on the units used for . In
the instantaneous case, the parameters (E,) (MeV) and
a (dimensionless) are implicitly time-dependent, while
for the time-integrated case they should be interpreted
as average values. The time-integrated spectrum is also
well described by Eq. 2, and the parameters should be
interpreted as being applied to the fluence spectrum over
the entire burst. For simplicity, we choose to consider
only the time-integrated neutrino flux in which & may
be expressed in ergs. A distance of d = 10 kilopar-
secs (kpc) is assumed throughout. Different values of
the flux parameters describe each neutrino species sep-
arately (i.e., the v, parameters are not the same as the
Ue or vy = v,,v;,U,,U; parameters), but only the v,
portion of the flux is of interest for the present study
given its dominance in the expected supernova signal in
DUNE [12]. For the studies in this paper, we assume
equipartition between flavors, i.e., a,, = ay, = o, and
€y, = €y, = €,,, and we adopt the hierarchy in Ref. [24]
for the mean neutrino energies. The simulated measure-
ments considered here involve an extraction of the v,
pinched-thermal flux parameters ¢, (E,), and a from
the reconstructed neutrino energy spectrum expected for
DUNE. Figure 1 shows fluences calculated for a pinched-
thermal flux.
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FIG. 1. Pinched-thermal neutrino fluences for a supernova
at a distance of 10 kpc. Following Ref. [25], the results
are time-integrated over the first ten seconds. The ini-
tial fluence parameter values for v, are (a°,(E,)°, &)
(2.5,9.5 MeV,5 x 10°% ergs), for 7. are (o, (E,)° &%)
(2.5,12.0 MeV,5x10%? ergs), and for v, are (a°, (E,)°, %)
(2.5,15.6 MeV,5 x 10°2 ergs). Normal mass ordering and
Mikheyev-Smirnov-Wolfenstein (MSW) resonances [26, 27]
were assumed via Equation 5.



B. SNOwGLoBES

Beyond the neutrino-argon cross section, the super-
nova signal observed by DUNE will also be affected by the
supernova flux, the detector response, efficiency, and en-
ergy reconstruction. The SuperNova Observatories with
General Long-Baseline Experiment Simulator (SNOw-
GLoBES) software incorporates the effect of detector re-
sponse factors, including the cross section, into a simu-
lated supernova neutrino signal. This widely used, open-
source event rate calculation tool offers a quick option
to model the DUNE far detector response for supernova
neutrino signals [28].

SNOwGLoBES requires several inputs to perform the
simulation, including a cross-section model and a “smear-
ing matrix,” i.e., a transfer matrix that can be used to
calculate a reconstructed neutrino energy spectrum when
applied to the true neutrino energy spectrum (see Fig. 2).
In addition, there is an assumed post-smearing detection
efficiency. SNOwGLoBES makes use of GLoBES [29]
software to convolve a specified flux with a cross sec-
tion and a smearing matrix. We used fluxes given by
Eq. 2 and computed the smearing matrix using simulated
ve — 40Ar interactions produced by the MARLEY event
generator [30, 31] with 10% Gaussian smearing applied
to the visible energy. The exact value of 10% is modestly
optimistic for DUNE’s expected capabilities, but the re-
sults are not sensitive to the specific value [12].

For our simulated signal predictions, we adopted one of
the more optimistic neutrino energy reconstruction sce-
narios described in Ref. [30]. Under this scenario, the
reconstructed neutrino energy is taken to be the wvisible

reco defined by the expression

energy LTS
B = By + Ee + T, + Tan. (4)

vis

Here, B = 0.99 MeV is the minimum possible change
in nuclear binding energy for the charged-current reac-
tion, E. is the total energy of the outgoing electron, 7,
is the summed energy of all de-excitation y-rays, and Tep
is the summed kinetic energy of all final-state charged
hadrons.

SNOwGLoBES outputs binned energy spectra (Asi-
mov data sets) corresponding to different detector pa-
rameter assumptions and for given pinched-thermal spec-
tral parameters («,(E,),e). Figure 3 shows the two
types of SNOwGLoBES output energy spectra; “interac-
tion rates” refers to the energies of neutrinos that inter-
acted (before detector response), while “observed rates”
refers to the prediction of the observed spectra in the
proposed detector. The observed rates are what the pro-
posed DUNE far detector would observe during the first
ten seconds of a 10 kpc supernova burst.

C. Mass ordering assumptions in SNOwGLoBES

The different neutrino flavor amplitudes will change as
they move through the collapsing star and in the vac-
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uum of space toward Earth. These flavor transitions will
affect the v, flux that reaches the DUNE detector, and
consequently the flavor transitions will affect the v-4°Ar
event rates. SNOwGLoBES provides a simple evaluation
of the matter effect for both normal and inverted mass
ordering assumptions; we assumed 61, = 33.71° and the
following relations for flavor content for normal mass or-
dering (NMO) according to the standard prescription in
Ref. [32]:

F, =F), (5a)
I, = cos2(912)F£E + sin? (012)F§m. (5b)

Here, F), is the flux for one (or more) neutrino flavor,
and F? is the flux before the flavor transition. In the
presence of flavor transitions, all produced flavors matter
for the observed v, rate at Earth. To take into account
effects produced by flavor transitions, we define a range
of flux parameters for 7, and v, using the v, parameters
and the relations outlined in Section IT A.

D. Forward fitting

The resulting reconstructed energy spectra from
SNOwGLoBES are influenced by the choice of pinched-
thermal flux parameters. Measurements of the spectral
parameters might contain biases partly introduced by un-
certainties in our input assumptions such as the cross-
section model. We developed an algorithm that fits a
reconstructed neutrino energy spectrum to obtain esti-
mated values of the pinched-thermal parameters; this
then enables us to study the impact of the v, — ““Ar
cross section model on the fit results.

Our algorithm employs a “forward-fitting” approach as
an alternative to unfolding; in a forward-fitting approach,
a theory prediction convolved with the response of a given
detector is compared directly with data. Forward fitting
requires two inputs: (1) a reconstructed neutrino energy
spectrum produced by SNOwGLoBES for a supernova at
a given distance and (2) a “true” set of pinched-thermal
parameters (a°, (F,)?,€%). The algorithm uses this spec-
trum as a “true spectrum” to compare against a reference
grid of reconstructed energy spectra generated with many
different combinations of («, (F,), ). In this paper, the
true spectrum refers to the assumed true spectrum un-
der test in the algorithm. To quantify goodness-of-fit,
the algorithm uses a x? function defined by

Ni(e ()]

0;

X' =

2 [Ni(a, (E,),e) —

Here ny is the number of reconstructed energy bins, N;
is the number of events in the ith bin, o; is the statistical
uncertainty on the number of events in the ith bin of the
true spectrum, («, (E,), ) is the set of flux parameters
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FIG. 2. SNOwGLoBES smearing matrix made with MAR-
LEY modeling and 10% Gaussian-smeared reconstructed en-
ergy. An energy column contains the reconstructed energy
distribution for neutrino-argon events at a given true neutrino
energy.

used to generate a reconstructed energy spectrum in the
grid, and (a®, (E,)?,&°) are the flux parameters used to
generate the true spectrum. We assume statistics corre-
sponding to the approximately expected flux for a core
collapse at 10 kpc.
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FIG. 4. Event rates calculated using SNOwGLoBES for a true
spectrum with initial fluence parameters (o, (E,)°, %) =
(2.5,9.5 MeV,5 x 10°? ergs) and an example grid element
with fluence parameters (o, (F,)° %) = (3.8,10.2 MeV,5 x
10°? ergs) and reduced x? = 4.85 based on Eq. 6. The error
bars are statistical.

Figure 4 shows an example comparison of a true spec-
trum against one arbitrary grid element. Both spectra
are represented by Asimov data sets; the error bars of
the true spectrum are derived from the Poisson distribu-
tion. The true spectrum represents the predicted data
that DUNE would observe during a supernova burst.
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FIG. 3. Interacted and observed event rates calculated using
SNOwGLOBES for v.-1 Ar interactions in the proposed DUNE
far detector. The post-smearing efficiency model imposed a
sharp cut at 5 MeV onto the observed rates.

The collection of x? values for each of the grid elements
is used to determine the measurement uncertainty of the
pinched-thermal parameters. We consider uncertainty re-
gions in 2D parameter spaces ((E,),«), ((E,),¢), and
(a,€), where the smallest x? is determined by profiling
over the third parameter. We determine the approximate
“sensitivity regions” by placing a cut of x? — x2,, = 4.61
corresponding to a 90% confidence level for two free pa-
rameters [33][34]. A sensitivity region is equivalent to the
Asimov confidence region for a perfect prediction [35].

Figure 5 shows sensitivity regions in ((E, ), €) space for
three different supernova distances; the number of events
scales with the supernova distance, meaning the regions
will grow larger for a more distant supernova.

E. Figure of merit for forward fitting

We developed a figure of merit as a proxy for the sys-
tematic error due to the cross section uncertainty, where
the figure of merit describes the best-fit measurement and
characterizes DUNE’s expected sensitivity to the super-
nova flux parameters. The figure of merit B, is defined
as the fractional bias on the measurement of a parameter
x obtained from the fitting procedure:

P _ 20

B, = (7)

20
The figure of merit depends on the best-fit value 2P
and true value z° of z € {a,(E,),e}, where here we
express (F,) in MeV and ¢ in ergs.
For the studies presented in this paper, we define all
of our grids using the same range of « and (E,) values.
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FIG. 5. Sensitivity regions in ({(E,),¢) space for three differ-
ent supernova distances. These regions were generated from
the smearing matrix shown in Fig. 2, a cross section model
from MARLEY [31], and a step efficiency function with a
5 MeV detection threshold.

The allowed ranges are defined using the v, truth val-
ues (o, (E,)9 %) = (2.5,9.5,5 x 105?) and the following
bounds for reasonable v and (E,) values are taken from
Ref. [25]:

e o €[0.1,7.0] with 0.1 spacing, corresponding to
fractional bias values B, € [—0.96,1.8]

e (E,) € [5.0,20.0] with 0.1 spacing, corre-
sponding to fractional bias values Bg,, €
[—0.47,1.10]

For the e parameter, Ref. [25] defined a reasonable
range of [2 x 10°2,1 x 1053] with 2.5 x 10%! spacing, cor-
responding to bias values B, € [—0.6,1.0]. We used this
range for the study outlined in Sec. III B. However, for
the studies outlined in Secs. IIIC and IITE, this range
was insufficient to study the totality of the cross-section
space covered by the various v,-*°Ar scattering models
used in this paper. Therefore, we used the following
(more conservative) range of e € [1.0 x 105%,1.0 x 10%4]
over several grids with spacings ranging from 2 x 10°! to
5 x 10°2; the total range of ¢ values corresponds to bias
values B. € [—1.0,19.0].

F. Study assumptions

Here we summarize the assumptions used for the stud-
ies presented in this paper:

e All neutrino species contribute to the pinched-
thermal flux, where the true parameters for each
flavor (before any flavor transition) are defined be-
low [25].
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— v, flux: (% (E,)%,e%) = (2.5,9.5,5 x 10°2)
— 7, flux: (a2, (E,)°,e%) = (2.5,12.0,5 x 10?)

— Vg =V, Vry Uy, Vs

flux: (% (E,)% %) = (2.5,15.6,5 x 10°2)

e A pure pinched-thermal supernova flux.

e Normal mass ordering with standard MSW transi-
tion effects implemented using Eq. 5; no “collective"
effects, spectral swaps or non-standard flavor transi-
tion effects.

e A supernova distance of 10 kpc with no distance un-
certainty.

e Event rates integrated over a supernova burst lasting
10 seconds.

e Only charged-current v, — “°Ar interactions in the
simulated observed signal.

e SNOwGLOBES smearing matrix made with MAR-
LEY modeling [31] and 10% Gaussian smearing.

e Post-smearing efficiencies in SNOwGLoBES of 100%
efficiency above a 5 MeV detection threshold.

G. Additional information to reproduce the results

The studies in this paper used the following software:
e SNOwGLoBES 1.2 [28]
e MARLEY 1.2.0 [31]
e ROOT 6.20 [36]

The studies rely heavily on simulated supernova event
rates calculated with SNOwGLoBES. Instructions for
how to produce single event rate files, along with grids
of flux files, are included in the SNOwGLoBES soft-
ware package. We used the MARLEY event genera-
tor to simulate v, — “°Ar interactions while creating a
smearing matrix for usage in SNOwGLoBES. The smear-
ing matrix was created using SNOwGLoBES with 10%
Gaussian smearing applied. The forward-fitting algo-
rithm and studies were conducted using ROOT; the
forward-fitting algorithm is publicly available on GitHub
at https://github.com/erinecon/forward-fitting.

III. CROSS-SECTION STUDIES

With the forward-fitting algorithm implemented to
measure the spectral parameters, construct sensitivity re-
gions, and calculate the bias figure of merit, we studied
how the choice of v, —*PAr cross-section model could im-
pact a supernova neutrino measurement in DUNE. Un-
derstanding systematic uncertainties and potential biases
introduced by mismodeling of the cross section will be
essential for a correct interpretation of any future core-
collapse supernova observation.
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A. Neutrino-argon cross section models

Many calculations of the v, — 4°Ar cross section have
emerged over time using various nuclear structure mod-
els. In the studies performed for this paper, twelve cross-
section models are considered. Table I briefly summarizes
the features of the models. Figures 6 and 7 show the to-
tal charged-current cross sections predicted by each of
the models in the energy region of interest. The mod-
els were split into two plots for easier readability; the
RPA models are all contained in Fig. 6, while the GTBD
model and the cross-sections calculated by MARLEY are
contained in Fig. 7.

The majority of these cross-section models are based
on microscopic calculations using formalisms such as the
Random Phase Approximation (RPA) or Quasiparticle
RPA (QRPA). Under these approaches, collective states
of nuclei are described using particle-hole (quasiparticle)
excitations. The RPA-based calculations include contri-
butions from forbidden (or high-multipole-order) nuclear
transitions, which become especially important for neu-
trinos with E, > 50 MeV. A hybrid microscopic calcu-
lation [40] in which the allowed (lowest-multipole-order,
i.e., Fermi and Gamow-Teller transitions) contributions
were computed using the nuclear shell model (NSM) and
the forbidden contributions were treated using the RPA
is also considered. Alternative macroscopic models like
that in Ref. [14] use calculations based on the gross theory
of beta decay (GTBD) that describe the global proper-
ties of allowed (3-decay processes. The calculations from
MARLEY [31] are partially data-driven and neglect for-
bidden nuclear transitions. A QRPA calculation is used
by MARLEY at excitation energies where relevant data
are not currently available.
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FIG. 8. v, — *°Ar cross section versus energy with various
scaling factors applied. Ref. [30] provided the cross section
model obtained from Bhattacharya (2009) data [19].

B. Cross section normalization uncertainty

As a first examination of the impact of cross-section
uncertainties on the extraction of supernova flux param-
eters from a future DUNE data set, we consider model
variations that involve the application of a constant over-
all scaling factor. These variations shift a plot of o(E,)
vertically while leaving the shape unchanged (see Fig.
8). We adopt as a reference model a cross section from
MARLEY version 1.2.0 [30] [50].

The data-driven nuclear matrix elements in this model
were obtained from a measurement of very forward (p,n)
scattering reported in Ref. [19]. The unaltered reference
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TABLE 1. Brief features of v. — “°Ar cross-section models used in this work.

Cross section model

Model name

Comments

Default model implemented in
SNOwGLoBES [28]

SNOwGLoBES or S

Based on RPA calculations for all multipole transitions
up to J™ = 4%,

Calculation by Martinez-Pinedo
et al. [37, 38]

RPA

Based on RPA calculations including all the multipole
transitions up to J™ = 6.

Calculation by M. Cheoun et al.

2]

QRPA-C

Based on QRPA calculations. The results are consistent
with data from (p,n) scattering reactions and Gamow-
Teller strengths.

Calculation by N. Paar et al.

[39]

RQRPA

Based on a self-consistent theory framework for a rela-
tivistic nuclear energy density functional. The cross sec-
tions are including higher-order multipole transitions up
to J™ = 5%. The calculations provide a larger cross sec-
tions for 10Ar.

Calculation by A. Samana et al.

(1]

PQRPA

Based on projected number QRPA including higher-order
multipole transitions up to J* = 6. These calculations
were able to describe consistently the weak processes on
2@ [11] using a projection number particle procedure.

Calculation by A. Samana et al.

[+, 45]

GTBD

Based on Gross Theory of Beta Decay, that describes
global properties of S-decay processes. Refs. [14, 45]
state that this model for heavy elements overestimated
available data. Ref. [10] states that GTBD is less reliable
compared to (p,n) scattering data.

Calculation by T. Suzuki and
M. Honma [40]

NSMRPA or NSM+RPA

Based on a hybrid model calculation where partial cross
sections for Fermi and Gamow-Teller transitions obtained
using NSM, while other multipoles computed using RPA
calculations.

MARLEY calculation based B 1998 Gamow-Teller matrix elements were extracted from a

upon *°Ti B decay data [31] 1998 measurement by Bhattacharya et al. [17]. These are
supplemented with QRPA matrix elements from Ref. [12]
at high excitation energies.

MARLEY calculation based L 1998 Gamow-Teller matrix elements were extracted from a

upon an alternative “°Ti 3 1998 measurement by Liu et al. [48]. These are sup-

decay data set [31] plemented with QRPA matrix elements from Ref. [12] at
high excitation energies.

MARLEY calculation based B 2009 Gamow-Teller matrix elements were extracted from a

upon (p,n) scattering data [31] 2009 measurement by Bhattacharya et al. [19]. These are
supplemented with QRPA matrix elements from Ref. [12]
at high excitation energies.

Unpublished calculation by QRPA-S Based on QRPA calculations and wusing the same

Samana and dos Santos [13]

parametrization of present PQRPA, including higher-
order multipole transitions up to J* = 6%.

model is used together with versions changed by factors
of £(5 to 20)% in 5% steps, £50%, and +100%. This
procedure yields a total of twelve unique cross section
models, and those models generate different true spectra
and grids that we used as input into the forward-fitting

algorithm.

1; True cross section: Bhattacharya (2009)
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FIG. 9. Sensitivity regions (90% C.L.) for a 10 kpc supernova
to study different combinations of assumed and true total
cross section normalizations.



Figure 9 shows sensitivity regions for a 10 kpc super-
nova, the true scenario outlined in Sec. ITF, and three
different sets of assumptions. The sensitivity regions shift
for changes in €; the cross section scaling factors affect
the statistics and thus €. The sensitivity regions shift
vertically for change in cross-section normalization, with
near-negligible shape change, as expected.

Figure 10 shows the bias in the best-fit parameter val-
ues for each possible combination of true cross-section
model (i.e., the model used to simulate the fake data set)
and assumed cross-section model (i.e., the model used
to perform the parameter fits). The best fit within the
grid bounds is determined, and that constraint can in-
troduce an artificial bias to the best fit once a boundary
is reached for one or more parameters. The results are
shown separately for a, (E,), and €. For each parameter,
a two-dimensional histogram is plotted in which each bin
represents a particular combination of cross-section mod-
els. The color of the bin represents the bias value, i.e.,
the fractional difference between the best-fit parameter
value and its true value.

We first notice that the biases on « and (E,) are rel-
atively small unless the assumptions significantly differ
from reality. If we assume an enhanced cross section
(using positive scaling factors), the large mismatch in
statistics causes an € under-estimation. The difference
in statistics forces the algorithm to select lower ¢ val-
ues. If we assume a reduced cross section (using negative
scaling factors), we expect a lower event rate than we ac-
tually observe; thus the forward-fitting algorithm prefers
higher € values to compensate for the discrepancy. When
the algorithm reaches a boundary (i.e., at the minimum
or maximum ¢ value allowed), the biases in o and (E,)
will increase to compensate for spectral shape differences
between the true spectrum and grid elements.

C. Physics content of the reference cross-section
models

As mentioned above, Table I summarizes the features
of the cross-section models used in this work. The mod-
els include those based on microscopic formalisms such
as RPA [37, 35, QRPA [12], PQRPA [41], RQRPA [30],
and NSM-+RPA [10]; macroscopic models such as GTBD
[14, 45]; and the MARLEY [31] phenomenological calcu-
lation based on a Monte Carlo approach. In the absence
of any direct measurements of charged-current neutrino-
argon scattering in the relevant energy range, experi-
mental constraints on these theoretical approaches are
poor. Nevertheless, we can make some general observa-
tions about the physics content of these models.

First, all of the microscopic models used here em-
ploy different residual interactions. These include the
Skyrme interaction (including a spin-orbit term) in the
RPA calculation, the Bonn CD potential in QRPA, the
d-interaction in PQRPA, the DDME2 relativistic nuclear
energy density functional in RQRPA, and the monopole-
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based-universal interaction (VMU) in NSM+RPA. The
choice of residual interaction in each case was motivated
by a successful description of some relevant experimen-
tal data, such as Gamow-Teller (GT) strengths, S-decay
rates, or energies of odd-odd neighboring nuclei.
Second, using a sufficiently large configuration space of
nucleon states is important to prevent underestimation
of the energy-dependent total cross section o(E,) as the
neutrino energy rises. This is due in part to the increasing
contribution of higher-order multipoles at high energies.
The inclusive or total cross section as function of neutrino
energy is a sum over all nuclear multipoles states:

o(E,) =0(E,,0") +0(E,,17)

+o(B,07) +0(B,17)+ Y o(B,,J7)(8)

JWZQi

Here, o(E,, J™) is the cross section contribution due to
multipole J7; for example, see Eq. 2.25 in Ref. [51], or
Eq. 3 in Ref. [40] for integration over neutrino angle.
Usually, the contribution of the multipoles 0 and 17,
allowed transitions, are the most important below neu-
trino energies of 50 MeV. Previous work with PQRPA
and RQRPA on (v/7) reactions on 2C has examined the
variation of o(F,) as a function of the space of single par-
ticle energies and the chosen value of the multipole cutoff
Jmax [51]. It was found that the magnitudes of the result-
ing cross sections were close to the sum-rule limit at low
energies but significantly smaller than this limit at high
energies. As the size of the configuration space is aug-
mented, o(F,) increases steadily, particularly for (v/7)
energies greater than 200 MeV. Convergence is achieved
when the configuration space and multipole cutoff (J™2¥)
are both chosen to be sufficiently large [51].

A few words are necessary for the GTBD result. This
is a parametric model for S-decay rates, which includes
statistical arguments in a phenomenological way through
a convolution between the independent particle model 8-
amplitude and the level density of the Fermi gas model
corrected to take into account shell effects. The GTBD
calculation considers only the contributions of allowed
transitions, o(E,,0") and o(E,,1"), with a realistic de-
scription of the energy of the GT resonance peak [14, 45].

Third, some calculations use an effective (or quenched)
value of the nucleon axial-vector coupling constant for
which its bare value g, = 1.2756 from the experimental
data [33] is multiplied by a factor of around 0.8. There
is still a lack of consensus in the nuclear physics com-
munity about whether this quenching is needed. For
the family of models considered in this paper, the RPA
calculations do not use a re-normalization of g, [38],
while the RQRPA model used g, = 1. The PQRPA
calculations also adopted g, = 1 to be consistent with
comparisons of 2sld and 2plf shell- model predictions
with measured allowed [-decay rates [51] and with re-
cent double beta decay calculations. The QRPA cal-
culations reported in Ref. [12] use a universal quench-
ing factor f, = ¢%f/g. = 0.74 to reproduce measured
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FIG. 10. 2D fractional difference plots to study effects produced by normalization uncertainties on the total cross section.

GT strength distributions. The NSM+RPA calculations
within the VMU potential used a similar quenching fac-
tor f, = 0.775 with g, = 1.263. This choice enabled the
NSM+RPA model to describe the experimental cumula-
tive sum of the GT strength rather well. On the other
hand, recent studies on variations of g, in the GTBD
have shown that best results for a set of 94 nuclei of
interest are obtained with g, = 1 [52]. The GT distribu-
tion used for the NSM+RPA calculation is shifted toward
higher energy values with significantly smaller strengths
for <10 MeV neutrino energies, resulting in a character-
istic cut-off at energies below about 8 MeV.

Despite the differences explored above, the main fea-
tures of measured weak interaction observables, such
as (-decay strengths and inclusive muon capture rates,
are reasonably well described for multiple nuclei by
the majority of the nuclear structure models considered
herein. By incorporating these cross-section models into
our SNOwGLoOBES calculations, we studied the impact
of variations in the shape of o(FE,) on the simulated
measurements of supernova neutrino flux parameters.
Many of the cross section models required re-formatting
with extra data-points for usage in SNOwGLoBES; ap-
pendix A provides more details on the interpolation pro-
cedure that was used. Figures 6 and 7 show that the
cross-section models differ considerably and lead to a
wide range of predictions for the supernova v, signal in

DUNE. Appendix B provides a table of the corresponding
event rates as output by SNOwGLoBES.
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FIG. 11. SNOwGLoBES event rates for select cross-section
calculations from Refs. [30, 40, 42-45]. Note that “QRPA-C”
and “QRPA-S” contain the same type of calculation performed
by different groups, with the former by M. Cheoun et al. [12]
and the latter by Samana and dos Santos [13]. More details
about the various models are provided in Table I. The error
bars are statistical.

Figure 11 shows representative expected event rates in
DUNE for the CC v.-*°Ar absorption process and a su-



pernova at a distance of 10 kpc from Earth. The large
differences in the cross-section model predictions at low
neutrino energy translate to large variations in the plot-
ted observed energy distributions. Apart from effects of
cross-section mismodeling (which are considered in the
next section), the expected statistical uncertainty on the
event rate has a strong effect on the precision with which
the supernova flux parameter values may be measured.
The sensitivity regions shown in Fig. 12 are obtained by
considering the statistical uncertainty and using the same
cross-section model to generate the fake data and extract
the results. The GTBD cross section model, which pre-
dicts 7770 v, CC events, results in the tightest constraints
on the flux parameters. The QRPA-C model predicts
1383 events and thus provides the loosest constraints.

1; The grid and true spectrum cross
C section models are the same
0.9; MARLEY Bhattacharya (2009)
r —— QRPA-S
0'8; —— GTBD
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FIG. 12. Sensitivity regions (90% C.L.) in ((E.),e) space

generated from the cross-section models in Refs. [30, 43, 44].
Only statistical uncertainties are considered. In each case,
the same cross-section model is used both to produce the fake
data and to calculate the sensitivity region.

D. Combined cross-section normalization and
shape uncertainty

To characterize the impact of using an inaccurate
cross-section model to extract values of the supernova
flux parameters, we consider scenarios in which differ-
ent combinations of the theoretical models described in
Sec. III C are used to (1) simulate a fake data set, and
(2) perform fits of the flux parameters. Figure 13 dis-
plays the 2D bias plots for the different combinations of
assumed and true total cross section models. A logarith-
mic color scale is used for £ due to the very large range of
biases allowed for that parameter. In the 2D plots, the
cross-section models are ordered along each histogram
axis from smallest to largest expected number of events
integrated over a neutrino energy range of [5, 15] MeV.
Appendix B also contains the numerical values for the
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expected event counts for each model in the [5, 15] MeV
range.

Further insight into cross-section model effects on the
extraction of supernova neutrino flux parameters can be
gained from Fig. 14, which shows sensitivity regions com-
puted based on a fake data set produced using the MAR-
LEY B 2009 cross-section model. When supernova flux
parameters are extracted using the same cross-section
model (red sensitivity regions), the best-fit values (red
stars) are identical to the true ones by construction. A
small bias is seen when the extraction procedure is re-
peated using the MARLEY L 1998 model (black stars).
However, the difference between the assumed (L 1998)
and true (B 2009) cross sections is small enough that the
gray sensitivity regions obtained from the new fit cover
the true parameter values in all cases. A more prob-
lematic bias (green stars) is seen when the fit is repeated
using the PQRPA model as the assumed cross section. In
this case, the difference between the PRQPA and MAR-
LEY B 2009 predictions is large enough to lead to green
sensitivity regions which do not enclose the true results.
This bias would need to be corrected in the context of
a real analysis by introducing a cross-section-related sys-
tematic uncertainty to inflate the sensitivity regions. The
significant corresponding loss of precision can be visually
estimated from Fig. 14 by examining the degree to which
the green sensitivity regions “miss” the red star that rep-
resents the true parameter values.

Some general trends were seen in the course of these
fake data studies. If the cross-section model used for
fitting gives higher values than the true one used to gen-
erate the fake data, then the fitting algorithm tends to
overestimate o and (FE,) while underestimating . Be-
cause ¢ is directly proportional to the expected number
of events, the best-fit value of ¢ is driven lower for fake
data sets with low statistics.



E. Total cross section uncertainty envelope

The cross-section models considered above are not ex-
pected to produce results of equal quality in the energy
region of interest for supernova neutrinos (see, e.g., the
discussion in the supplemental materials from Ref. [46]),
and furthermore, uncertainties are typically not available
for them. As a means of assigning a theoretical uncer-
tainty which neglects implausibly extreme variations, we
consider the spread between three cross-section predic-
tions: the partially data-driven MARLEY models [30],
the NSM+RPA calculation [10], and the QRPA-S calcu-
lation [43]. In the absence of a direct measurement of
the v, capture process on argon, we selected this subset
of the available models based upon purely a priori con-
siderations. Predictions from our chosen subset of cross-
section models are shown in Fig. 15. An uncertainty
envelope defined as the range between the minimum and
maximum cross-section predictions from this subset of
models is also shown as the crosshatched region. Pre-
dicted supernova neutrino event rates in DUNE for each
of the models used to define the envelope are displayed
in Fig. 17.

With a restricted range of cross-section variations de-
fined in this way, we repeated our fake data studies us-
ing a new family of toy cross section models. The lower
(Min) and upper (Max) bounds of the uncertainty en-
velope were treated as two of the new models, and the
MARLEY B 2009 cross section [31] was treated as a mid-
point. We further define four additional toy models in
which three of the models attempt to cover the lower half
of the envelope. The first toy model (“Lower bound toy
model 1”) is an average between the MARLEY B 2009
cross section and the lower (Min) bound. The second toy
model (“Lower bound toy model 2”) is defined as the aver-
age between the first toy model and the MARLEY B 2009
cross section. Finally, the third toy model (“Lower bound
toy model 3”) is defined as the average between the first
toy model and the lower (Min) bound. The complete set
of toy cross section models is shown in Fig. 16. Note that
the two “kinks” in the Min model are artifacts from linear
interpolations of the NSM+RPA [40] and QRPA-S [43]
models, respectively.

Figure 18 shows the 2D fractional difference plots for
the toy cross section models within the uncertainty en-
velope. When compared to Fig. 13, the biases are less
extreme for all three parameters. Similar to the previous
fake data studies, extraction of best-fit values for o and
(E,) is less affected by cross-section mismodeling while
estimation of € is impacted the most. Also similar to the
previous studies, assuming a cross-section higher than
the true one leads to an underestimation of €. Example
sensitivity regions are shown in Fig. 19 using several as-
sumed cross sections for fake data generated using the
MARLEY B 2009 model. In this case, the black star
represents the true parameter values. The observed bi-
ases are still significant for e but relatively modest for
the other supernova flux parameters.
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IV. DISCUSSION

A proper interpretation of a DUNE supernova neu-
trino data set will require a good understanding of
neutrino-argon scattering cross sections in the tens of
MeV regime. Since direct measurements of the dom-
inant charged-current v, absorption process on argon
are currently unavailable, our present consideration of
cross-section uncertainties necessarily relies on calcula-
tions available in the theoretical literature. Furthermore,
because few published calculations of observables beyond
energy-dependent total cross sections o(F, ) are available
for CC v.-%9Ar scattering, we focus entirely upon varia-
tions to the total cross section. For the studies reported
here, the remaining aspects of the interaction modeling
needed to connect the true neutrino energy to the ob-
served energy distribution in DUNE are provided by the
MARLEY event generator, which currently implements
the only realistic predictions of complete final states for
low-energy CC neutrino-argon scattering. We expect the
theoretical uncertainties on these additional modeling de-
tails to be significant, and future work will be needed to
reliably quantify them.

To examine the impact of total cross-section mismod-
eling on the interpretation of DUNE supernova neu-
trino data, we employed three strategies for model vari-
ations: applying a constant scaling factor to the MAR-
LEY B 2009 model (Sec. ITI B), considering the full range
of a variety of cross-section predictions (Sec. III D), and
defining an uncertainty envelope based on the spread of
a subset of selected predictions (Sec. IITE). Beyond the
phenomenological models available in MARLEY, the the-
oretical calculations that we reviewed and employed for
the latter two strategies included the global GTBD treat-
ment and microscopic evaluations such as the QRPA,
PQRPA, NSM, and hybrid approaches. All of these mod-
els have significant differences coming from the descrip-
tion of nuclear correlations, the residual interaction, and
the value of the nucleon axial-vector coupling. Neverthe-
less, these models reasonably describe the main features
of measured weak interaction observables such as S-decay
strengths and inclusive muon capture rates.

For all three strategies, the cross-section model vari-
ations were applied to toy measurements of supernova
neutrino flux parameters performed using fake data sets
produced using the SNOwGLoBES framework. Different
combinations of true and assumed cross section models
(used to create the fake data and interpret the toy mea-
surement results, respectively) were employed, and the
impact on the extracted values of the flux parameters
was assessed.

Table II provides a high-level summary of the conclu-
sions from our fake data studies. For each of the three su-
pernova neutrino flux parameters that we considered, an
uncertainty on the total CC neutrino-argon cross-section
of -50/4-100% and £20% is translated into a correspond-
ing range of observed biases on the best-fit parameter
value extracted from the toy measurements. The val-
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ues of the bias were read directly off the 2D fractional
difference plots. For the -50/4100% combination, the
forward-fitting algorithm reached the most extreme al-
lowed values of €, causing the biases in a and (E,) to
increase in an attempt to compensate for the spectral
shape differences between the true spectrum and grid el-
ements.

For total cross section known at about the 20% level,
bias on best-fit « and (E,) is in the 3-8% range. Achiev-
ing less than 10% bias on the best-fit value of € requires
the cross section to be known to about 5%. These re-
quirements may be somewhat relaxed in light of possible
constraints from simultaneous observations of the super-
nova by other detectors, which we do not consider here.
On the other hand, more stringent requirements may ul-
timately be needed when additional interaction modeling
uncertainties (beyond those on the total cross section) are
fully taken into account.

While we are optimistic that the theoretical under-
standing of low-energy neutrino-argon cross sections will
continue to improve, there is no substitute for actually
measuring the cross sections with a well-characterized
neutrino flux. Pions decaying at rest represent a near-
ideal source of neutrinos for such measurements. Decays
of #* produce monochromatic v, on a short timescale,
plus 7, and v, from delayed decay of the stopped daugh-
ter muon on a 2.2 us timescale. The spectrum and
timing are very well understood. The neutrino ener-
gies extend to 52 MeV, overlapping nicely with the su-
pernova spectrum. It is also possible to study neutral-
current argon inelastic events given the time structure of
the beam. Spallation-based neutron beams such as the
Spallation Neutron Source at Oak Ridge National Lab-
oratory [53], the Lujan Neutron Science Center at Los
Alamos National Laboratory [54], the J-PARC Spalla-
tion Neutron Source [55], and the future European Spal-
lation Source [56] (currently under construction) are in-
tense sources of pion decay-at-rest neutrinos. Measure-
ments of these neutrinos may also be possible at high-
energy physics facilities including the Large Hadron Col-
lider beam dump [57] and the meson decay-in-flight neu-
trino beams at Fermilab [58].

Future direct measurements of CC v.-argon cross sec-
tions using a pion decay-at-rest source could pursue sev-
eral distinct observables to better constrain interaction

TABLE II. Parameter biases caused by normalization uncer-
tainties on the total cross section.

o(E,) uncertainty Parameter Measurement bias
a -80% to +176%
-50/-+100% (E,) -41.1% to +47.4%
€ -60% to +100%
a 0% to +8%
+£20% (E,) -3% to 0%
€ -45% to +50%
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modeling uncertainties for the DUNE supernova neutrino
program. The most straightforward of these (and most
directly relevant to the specific uncertainties considered
in this paper) would be an inclusive total cross section
(o) averaged over the v, flux ¢(F,) from 7 decays at
rest:

my /2
<0> = fO mlg/(ZEu) ¢(Eu) dEu 7 (9)
Jo " o(Ey) dE,

where m,, is the muon mass and

¢(E,) o< ELm;*(m, —2E,). (10)

Measurements of both (o) and a differential cross section
as a function of the total visible energy would likely be
obtainable with a suitably large (several-ton-scale) argon
detector. As an example, 5-10% statistical uncertainty on
the total cross section could be obtained in a few years
with a ton-scale detector a few tens of meters from the
Spallation Neutron Source.

The fine spatial resolution of a LArTPC detector would
potentially allow for more detailed measurements. In
particular, topological separation between the outgoing
electron and v-rays emitted due to neutrino-induced nu-
clear de-excitations could allow separate measurements
of differential distributions for both particle species. Re-
cent studies (e.g., Ref. [59]) suggest that such a separa-
tion would be feasible, and a successful implementation
would yield a rich data set: the inclusive electron en-
ergy and angular distributions are known to be sensitive
to the modeling of forbidden contributions to the cross
section [60], while the y-rays would provide a helpful con-
straint on de-excitation modeling and, in principle, the
opportunity to measure partial cross sections for specific
nuclear transitions. Measuring the neutrino angular dis-
tribution is particularly important for supernova point-
ing measurements relevant for prompt multi-messenger
astrophysics [12, 61].

An especially impactful but highly challenging mea-
surement would involve the detection of final-state neu-
trons produced by CC v.-argon interactions. Missing en-
ergy attributable to these neutrons is expected to have a
significant impact on neutrino energy reconstruction at
supernova energies [30], and the modeling needed to ac-
count for it is complicated and poorly constrained by ex-
perimental data. In the absence of any new experimental
techniques to increase the sensitivity of argon-based de-
tectors to neutrons at and below MeV energies, external
instrumentation designed to capture and detect escaping
neutrons would likely be the only means of attempting
such a measurement.

V. CONCLUSION

A possible future observation by DUNE of neutrinos
from a core-collapse supernova would represent a rare



and valuable scientific opportunity. In particular, the
unique sensitivity of DUNE’s LArTPC detectors to the
v, component of the supernova neutrino flux would be
highly complementary to other current and anticipated
large neutrino experiments. In the studies reported in
this paper, we have examined the effects of cross-section
modeling uncertainties on a simulated analysis of super-
nova neutrinos in DUNE.

Significant experimental and theoretical challenges re-
main before a precise understanding of tens of MeV
neutrino-argon scattering can be achieved. Nevertheless,
pursuing this understanding will be essential to maxi-
mize the discovery potential from a core-collapse super-
nova observation (and a potentially broader program of
low-energy physics) in DUNE. We hope that the initial
studies of neutrino-argon interaction modeling uncertain-
ties reported here may serve as a useful foundation for the
more comprehensive investigations that will be required
in the future.
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Appendix A: Interpolation/extrapolation methods
used on cross section models

In order to study the measurement biases introduced
by the cross-section modeling, we obtained numerical ta-
bles of model predictions for the total charged-current
ve-20Ar cross section (see Table I). SNOwGLOBES re-
quires 1001 data points in a cross section file for neutrino
energies between 5-100 MeV. While some of the models of
interest are already available within SNOwGLoBES (in-
cluding its default cross section model, along with some
MARLEY cross section models from Ref. [30]), input files
for the other models required extra preparation to con-
form to the requirements of the SNOwGLoBES format.
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Table III summarizes the interpolation and extrapo-
lation methods used for the various models. Excluding
the cross section models already available within SNOw-
GLoBES, all models required interpolation between their
tabulated data points to obtain cross section values at
intermediate neutrino energies. For models which were
tabulated over the entire energy range of interest, either
a cubic spline or a linear spline was used to interpolate
between the given data points. A cubic spline was gen-
erally preferred, but the linear spline was used in cases
where the cubic spline caused unphysical fluctuations in
the interpolated total cross section.

The available cross-section tables for some models did
not cover the entire 5-100 MeV energy range required by
SNOwGLoBES. In such cases, extrapolation techniques
were used to extend the existing predictions. The mod-
els from Refs. [37, 38, 40, 44, 45] required extrapolation
down to 5 MeV, while the model from Ref. [12] required
extrapolation down to 5 MeV and up to 100 MeV. All
of the extrapolations used to prepare the SNOwGL0oBES
input files employed a quadratic fit of the form

U(Eu) = po(Eu - p1)2

where pg and p; are the free parameters used for fitting.
All extrapolation fits used five data points.

In the fits for low energies, p; (which has units of
MeV) holds special significance as the “endpoint” of the
cross section model because it is the minimum of the
quadratic function. For p; > 5 MeV, the fit would in-
troduce unphysical behavior into the model in the form
of an increasing cross section as the neutrino energy E,
approaches 5 MeV from above. To prevent this behavior,
the total cross section o(E, ) was zeroed out for all ener-
gies F, < p1 whenever p; > 5 MeV. The same quadratic
functional form was also fit to the last five data points of
the model from Ref. [12] to extrapolate up to 100 MeV.
In this case, the low- and high-energy fits were handled
independently. In order to avoid discontinuities between
the interpolation and extrapolation methods, the fits per-
formed at low (high) neutrino energy were required to
pass through the first (last) tabulated data point for the
cross-section model of interest. Fig. 20 shows the cross
section model from Refs. [14, 15] as an example of the
interpolation between points (in this case, with a linear
spline) as well as an extrapolation to low energies.



24

¢ GTBD raw points
GTBD low-E fit

Cross Section (108 cm?)

3
[

<
3
T

* GTBD SNOWGLOBES formatted

o [T

20 40

FIG. 20. Cross section model from Ref. [14,

60 80 100
Energy (MeV)

| with the interpolation (with a linear spline) and extrapolation (using a

quadratic fit) shown. See Table III for the quadratic fit parameters for the low-energy fit.

TABLE III. Table summarizing the interpolation and extrapolation methods performed on the various cross section models to

format them for usage in SNOwGLoBES [28].
extrapolation was used.

Parameters from the quadratic fits described in the text are also given when

Cross section model  Interpolation method used

Extrapolation method used

SNOwGLoBES [28] N/A N/A
RPA [37, 38] Linear spline Low-energy quadratic fit: o = 1.35027e-05(FE — 0.567063)>
QRPA-C [12] Linear spline Low-energy quadratic fit: ¢ = 7.29830e-06(E — 6.67699)7; for
all energy values below p; = 6.68 MeV, the cross section was set
to zero.
High-energy quadratic fit: o = 1.83273e-05(F — 12.3510)?
GTBD [44, 15] Linear spline Low-energy quadratic fit: o = 2.26358¢-05(E + 0.761242)>
NSM+RPA [10] Linear spline Low-energy quadratic fit: o = 1.49812e-04(F — 7.45969)7; for
all energy values below p; = 7.46 MeV, the cross section was set
to zero.
QRPA-S [13] Linear spline N/A
RQRPA Cubic spline N/A
PQRPA Cubic spline N/A
B 1998 Cubic spline N/A
B 2009 Cubic spline N/A
L 2009 Cubic spline N/A

Appendix B: SNOwGLoBES event rates for
different cross section models

TABLE IV. SNOwGL0BES estimated number of v.CC
events in the DUNE far detectors for pinched-thermal flux
parameters (o, (E,),¢) = (2.5,9.5,5 x 10°?) for the v, flavor,
a 10-kpc supernova, and assuming NMO and MSW oscilla-
tions via Equation 5.

Cross section model Number of v.CC Number of v.CC

events events  between
[5,15] MeV
QRPA-C [12] 1383 134
RQRPA [39] 2243 220
QRPA-S [13] 2791 243
SNOwGLoBES [28] 4486 624
B 1998 [31] 6307 874
L 1998 [31] 6390 883
NSM+RPA [10] 6391 897
B 2009 [31] 6852 988
PQRPA [11] 4562 909
RPA [37, 38] 5064 998
GTBD [44, 45] 7770 2070

Appendix C: Interpolating sensitivity regions

To keep computation time reasonable, the algorithm
used to compute flux parameter sensitivity regions (see
Sec. IID) uses a limited number of elements in the grid of
reference (a, (E,) , €) values. The limited number of grid
elements leads to unphysical jagged edges in plots of the
90% confidence contours used in this paper to estimate
DUNE sensitivity regions for the supernova spectral pa-
rameters. To remove these artifacts from the sensitivity
region plots, we developed an interpolation technique to
smooth the contour edges. Fach contour was stored as
a two-dimensional histogram, where the weight in each
bin was calculated as the minimum 2 value obtained in
that region of 2D flux parameter space. Bilinear interpo-
lation [62] between histogram bins was then used to in-
crease the number of bins along each axis to 1000. Exam-
ple sensitivity regions for the MARLEY B 2009 model are



shown in Fig. 21 before (black) and after (blue) applying
the smoothing procedure. The impact of the smoothing
is most noticeable in the plots involving € since the ref-
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erence grid is coarsest for that parameter. Specifically,
the interpolated contours are slightly smaller than the
original contours.
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