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The Short-Baseline Near Detector (SBND), the near detector in the Short-Baseline Neutrino
Program at Fermi National Accelerator Laboratory, is located just 110 m from the Booster Neutrino
Beam target. Thanks to this close proximity, relative to its 4 m x 4 m front face, neutrinos
enter SBND over a range of angles from 0° to approximately 1.6°, enabling the detector to sample
variations in the neutrino flux as a function of angle — a technique known as PRISM, referred to here
as SBND-PRISM. In this paper, we show how muon- and electron-neutrino fluxes vary as a function
of the neutrino beam axis angle and how this can be exploited to expand the physics potential of
SBND. We make use of a model that predicts an angle-dependent electron-neutrino excess signal to
illustrate this effect, such as v,, — v. oscillations. We present how SBND-PRISM provides a method
to add robustness against uncertainties in cross-section modeling and, more generally, uncertainties
that do not depend on the spatial position of neutrino interaction inside the detector. The fluxes,
along with their associated covariance matrices, are made publicly available with this publication.
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I. INTRODUCTION

The Short-Baseline Near Detector (SBND), a liquid ar-
gon neutrino detector located at Fermi National Accel-
erator Laboratory (Fermilab), receives accelerator neu-
trinos from Fermilab’s Booster Neutrino Beam (BNB).
SBND is the near detector of the Short-Baseline Neutrino

interactions with a data sample of millions of events to
searches for signatures of new physics beyond the Stan-
dard Model (BSM) [3].

In this paper, we focus on a particular aspect of SBND:
its proximity to the neutrino production source. Thanks
to this, neutrinos arrive at a range of off-axis angles with
respect to the beamline axis that can be resolved by
SBND. In a two-body decay like 7t — p™ + 1, the neu-
trino energy in the laboratory frame depends on the angle
between the pion momentum and the neutrino emission
direction [4]. On average, neutrinos emitted in the for-
ward direction (small angles) carry more energy, while
those emitted at larger angles (i.e., off-axis) have lower
energies. This angular dependence leads to a correla-
tion between off-axis position and neutrino energy, a key
feature exploited by SBND-PRISM, enabled by excellent
position resolution. This feature allows probing different
neutrino spectra within the same detector. The rate of
decrease of the neutrino flux with the off-axis angle is fla-
vor and interaction dependent. For example, three-body
decays, which contribute to the production of electron
neutrinos, have a broader angular distribution, resulting
in a smaller rate of decrease compared to muon neutri-
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FIG. 1. Illustration of the BNB beamline and SBND. The

origin at O0m corresponds to the beginning of the target hit
by the proton beam.

nos, which are almost exclusively produced in two-body
decays. We show how this can be leveraged to perform
analyses that are robust against large uncertainties in
cross-section modeling. The benefit here arises from dis-
entangling uncertainties associated with the neutrino flux
from those associated with neutrino-interaction cross sec-
tions. We explore the use of this concept in improving the
study of neutrino interactions and testing physics models
that predict off-axis-angle-dependent signal distortions,
such as v,, —+ v, oscillations.

The technique of exploiting the off-axis angle of the
neutrino in physics analyses is here called SBND-PRISM,
in analogy to the similar concepts of nuPRISM [5]
and DUNE-PRISM [6]. However, while nuPRISM and
DUNE-PRISM require physically moving the detector to
sample different off-axis positions, SBND-PRISM is en-
abled by the large solid angle as viewed by the protons
striking the BNB target. Using the angular dependence
of the neutrino beam has been previously exploited for
example in the T2K-INGRID detector [7] leveraged the
variation in neutrino energy spectra across its length to
extract energy-dependent neutrino cross sections. Ear-
lier, the CCFR experiment [8] evaluated the neutrino en-
ergy in annular bins concentric with the beam axis.

In this paper, we first describe the BNB beamline and
SBND in Section II, then present the neutrino fluxes
and discuss the SBND-PRISM technique in Section III.
In Section IV we describe some physics opportunities of
SBND-PRISM and in Section I'V A we illustrate how this
technique can be applied to enhance sensitivity toward
physics models that predict an off-axis-angle-dependent
excess of electron-neutrino interactions, such as v, — ve
oscillations.

II. THE BNB BEAMLINE AND SBND

SBND is located along the BNB beamline at Fermi-
lab, with the layout as shown in Fig. 1. Neutrinos at the
BNB are created by colliding 8 GeV kinetic-energy pro-
tons on a beryllium target [9]. This collision produces
secondary mesons, especially pions and kaons. The tar-
get is surrounded by an electromagnetic horn that gener-
ates a magnetic field to focus positive secondary particles
and de-focus the negative ones. The secondary particles
then enter a 45-meter region where most of the mesons
decay, giving rise to the neutrino beam. The focusing of
the positive secondaries gives rise to a neutrino-enhanced

SBND TPC Front Face

Fidugiél VoTume ~

FIG. 2. Illustration of the SBND position relative to the
neutrino beam axis. The beamline crosses the detector 74 cm
from the center. As described in Section III, the detector is
divided into sections corresponding to different off-axis angles.
Two of these regions are shown for 0.2° and 0.4°. The upper-
left inset shows all of the off-axis regions as they appear on the
front face of the detector. Detector components on one anode
plane (TPC wires in criss-crossed blue, red, and green lines,
and photodetectors in blue circles) are shown for reference.

beam (neutrino mode). The polarity of the magnet can
be reversed to focus negative particles, producing an
antineutrino-enhanced beam (antineutrino mode). A 5-
meter-long absorber, positioned at the end of the decay
region, absorbs most of the surviving particles apart from
the neutrinos. The BNB runs parallel to the Earth’s sur-
face, 7 m below ground, and the neutrinos produced in
the BNB need to traverse an additional 60 m through the
ground to reach SBND, which is located 110 m from the
target. In neutrino mode, the BNB consists primarily of
vy, (~ 93.5%) with energy up to ~ 3 GeV, followed by 7,
(~6%), ve (~ 0.45%), and 7, (~ 0.05%).

The BNB beamline crosses SBND at 74 cm from the
center vertical plane as shown in Fig. 2. The detector is
a double-drift single-phase liquid argon time projection
chamber (LArTPC) [10], with a central shared cathode
and two anodes, one on each side of the detector. Each
TPC is 5m long, 4m high, and 2m wide in the drift
direction—for a total width of 4 m.

When a neutrino interacts within the SBND volume, it
produces particles that traverse the highly pure liquid ar-
gon. Those which are charged create ionization trails and
prompt ultraviolet scintillation light. The ionization elec-
trons drift horizontally, perpendicular to the beam direc-
tion, under an electric field of 500 V/cm, moving towards
the two anode planes. Each anode is equipped with three
planes of sense wires [11] to detect this charge. The scin-
tillation light is captured by an advanced photon detec-
tion system, which combines photomultiplier tubes and
X-ARAPUCA devices located behind the anode planes,
complemented by highly reflective panels coated with a
wavelength shifter on the cathode to maximize light col-
lection [12].

SBND uses a right-handed coordinate system with the
x axis along the drift direction, the y axis along the ver-
tical, and the z axis along the beamline direction, as



shown in Fig. 2 (z = 0 corresponds to the cathode plane,
y = 0 the middle of the TPC, and z = 0 the TPC front
face). The intrinsic spatial resolution of the SBND TPC
is given by the anode wire spacing in the y and z di-
rections, and by the time-digitization frequency in the x
direction. With a wire spacing of 3mm [11] and a sam-
pling frequency of 2 MHz, the detector intrinsic position
resolution is less than 3mm in y and 2, and 0.35 mm in
x.

SBND started collecting neutrino data in December
2024, and is expected to accumulate an exposure of 102!
protons on target (POT) over three years of data taking,
amounting to nearly 10 million neutrino-argon interac-
tion events in the full SBND instrumented volume.

III. OFF-AXIS FLUXES AND THE
SBND-PRISM TECHNIQUE

Upon collision of the 8 GeV protons on the BNB tar-
get, a large number of neutral and charged mesons is
produced, which are mostly pions and kaons. While neu-
tral mesons decay quickly, the neutrino flux at SBND is
dominated by the products of primary and secondary de-
cays of the relatively long-lived charged pions and kaons.
In the positive horn polarity, the main decays are:

=t +,, (1)
Kt = pt 4, (2)
Kt 7% 4et 4+ v, (3)
p = et +ve + 1, (4)

Muon and electron neutrinos come predominantly from
two- and three-body decays, respectively.

In Fig. 3, we examine the correlation between neutrino
energy, neutrino angle, and the energy of the parent par-
ticles. Neutrino parents produced in the BNB are largely
collinear with the beamline, with 90% of them emitted
at angles less than 3 degrees relative to the beam di-
rection. Due to the two-body kinematics of its produc-
tion mode, the energy of the muon neutrino can be cal-
culated knowing its angle and the parent energy. This
can be observed in Fig. 3a, which is made by calculat-
ing analytically the neutrino kinematics from the pion
decay. The situation differs for electron neutrinos. Be-
low ~ 1 GeV, v, are mainly produced in pu™ — e*i,1,
decays, while above this energy they primarily originate
from Kt — 7%%wv,. In these three-body decays, the
energy—angle correlation is governed by the mass differ-
ences between the particles in the initial and final states.
Figs. 3b and 3¢ show the cases for muon and kaon decay
respectively, and have been made with Geant4 [13] and
the equations in [9, Sec. IIL.F], by generating muons and
kaons uniformly between 0 and 8.5 GeV. For the muon
decay, since most muons come from 7+ decays, Fig. 3b ef-
fectively shows the correlation between the energy of the
initial 77 and the resulting electron neutrino from the
decay chain 7" — v, + p* followed by ut — et ve.

As seen in the plot, a clear energy—angle correlation per-
sists even in this more complex decay sequence. The
corresponding dependence for kaon decays is shown in
Fig. 3c. The larger mass difference between the kaon
and its decay products enables the resulting neutrino to
carry more energy, thereby washing out the energy-angle
correlation. Compared to muon neutrinos, electron neu-
trinos exhibit some correlation between neutrino energy
and parent particle energy at low energies—where they
predominantly originate from muon decay—but this cor-
relation becomes significantly weaker at higher energies,
where kaon decays are the dominant source.

The previous considerations allow us to appreciate
quantitatively the different dependence of the v, and v,
energy spectra at SBND for different off-axis angles. To
better study this effect, we begin by dividing the SBND
volume into several regions, each of which corresponds to
specific values of the neutrino off-axis angle (6pa).

Since we cannot determine the exact location along the
beamline where the neutrino was produced, we can only
infer 6pa based on where the neutrino interacts within
the detector. We define pa as the angle between two
lines: the beamline axis and a line extending from the
target to the neutrino interaction point within the detec-
tor. For instance, the red line in Fig. 1 illustrates 0pa
for a neutrino interacting in the upper edge of the SBND
volume upstream face. With this definition of 0pa, we
conceptually divide SBND into eight regions.

As illustrated in Fig. 2, the first region is defined by
a truncated cone centered on the beamline axis and con-
tains neutrinos interacting inside this region that have
Ooa less than 0.2 degrees. The second region is defined
to contain neutrinos that have 6pa between 0.2 degrees
and 0.4 degrees. Six other regions are constructed in a
similar manner, for a total coverage from 0 to 1.6 degrees
off-axis. Aoy is a practical definition and it differs from
the decay angle 6,,, of the neutrino with respect to the
parent particle p = m,u, K. The relationship between
foa and 6 depends on where the neutrino is produced.
The standard deviation of 8ps — 6, is around 1°. For
the studies in this paper, we only consider neutrino events
in a fiducial volume defined as —183.5 < z < 183.5 cm,
—185.0 < y < 185.0 cm, and 40.0 < z < 460.0 cm, on the
left of Fig. 2. The radial thickness of the off-axis slices
is approximately 40 cm, significantly larger than the ex-
pected vertex resolution after calibration. For current
reconstruction performance in similar LArTPCs, vertex
resolution has been demonstrated to be better than 1 cm
[14] after correcting for various detector effects, includ-
ing the leading cause of smearing due to the space-charge
effect [15].

The flux of neutrinos at SBND is simulated using the
framework built by the MiniBooNE Collaboration [9] and
adapted for SBND’s location along the beamline. In
Fig. 4, we show the v, (a) and v. (b) area-normalized
energy spectra for the different off-axis regions. To aid
visualization, the flux spectrum is shown as a smooth
curve obtained using a kernel density estimation of the
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FIG. 3. (a) Energy carried by the neutrino in the two-body decay 7™ — p*v, as a function of the pion energy for different

decay angles. 6., is the angle between the incoming meson and the neutrino direction. (b) Energy carried by the electron
neutrino in the three-body decay u* — et 7, ve, where the 4 comes from a 7t decay, as a function of the initial pion energy.

(c) Energy carried by the neutrino in the three-body decay K™

— 7% T, as a function of the kaon energy. (a) shows a clear

dependence on the angle. This dependence is also observed in (b) although is less strong in this three-body decay. Finally, the
dependence is largely lost in the kaon three-body decay shown in (c).
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simulated neutrino energy distribution. The underlying
binned flux histograms used in the analysis, together with
their uncertainties, are provided as supplementary mate-
rial [16]. The impact of SBND-PRISM is evident in the
observed fluxes: the v, energy spectrum changes notice-
ably with off-axis angle, with the mean energy shifting
towards lower values and the distributions becoming nar-
rower as the angle increases. This reflects its origin in
two-body decays, which strongly correlate the neutrino
energy with the parent meson direction, making it highly
sensitive to the off-axis position. In contrast, the effect
on the v, flux is more subtle: it is most evident at low
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(a) Muon- and (b) electron-neutrino fluxes at SBND for different off-axis angles. Distributions are area normalized.

energies, where it is dominated by muon three-body de-
cays, and less pronounced at higher energies, where kaon
three-body decays dominate.

It is important to note that the experiment does not
measure the neutrino flux, but a convolution of flux and
cross section. As the cross section grows with energy,
the spread at low energies for different fluxes gets washed
out. Fig. 5 shows the v, (a) and v. (b) charged current
(CC) neutrino events in the chosen fiducial volume in
each off-axis region, generated with the GENIE neutrino
event generator [17], version v3.04_02 AR23_20i_00_000
and the full detector geometry description. The v,, event
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interaction vertices in the X-Y view. Distributions are normalized to unit area to highlight differences in spectral features.

rate per unit area decreases at larger off-axis angles, as
shown in the inset of Fig. 5a, where the position of the
vertices of the v, interactions projected on the front face
of the detector is reported. Moving towards more off-
axis regions, the observed v, energy spectrum narrows
and peaks at a lower energy. There is a 200 MeV dif-
ference in the mean energy between the on-axis and the
most off-axis region. The v, energy distributions also
change, but they are less affected by the off-axis posi-
tion (see Fig. 5b). The spatial distribution of v, events
is more uniform (inset of Fig. 5b) compared to the v,
events, which present a marked peak at the center of the
beamline. As already discussed, this spatial difference is
caused by the two- versus three-body decay of the mesons
producing the neutrinos.

In Table I, the expected numbers of v, CC, v, CC,
and neutral-current (NC) events in the chosen fiducial
volume for each off-axis region are shown. As one can
see from the table, large event statistics are expected for
an exposure of 102! POT in all off-axis regions.

IV. PHYSICS OPPORTUNITIES OF
SBND-PRISM

SBND-PRISM offers several promising opportunities
for enhancing the sensitivity of both BSM searches and
Standard Model measurements in SBND, some of which
are highlighted here. Others, requiring more detailed in-
vestigation, are currently being explored, with additional
possibilities likely to emerge as more analysis tools and
techniques are developed.

The first area of opportunity that we have identified
for SBND-PRISM is enabling further tests of neutrino-

nucleus interactions.

By measuring neutrino interactions across different off-
axis regions, we gain access to a range of neutrino energy
spectra, enabling studies of cross-section energy depen-
dence and nuclear effects. These variations allow us to
test the consistency of data with different cross-section
models and explore the relationship between neutrino en-
ergy and final-state kinematics by measuring differential
cross sections in lepton and hadron variables. Addition-
ally, combining fluxes from multiple regions can help iso-
late cleaner samples of specific interaction channels, such
as quasi-elastic scattering, pion production, or interac-
tions on correlated nucleons, providing a powerful handle
on underlying nuclear effects.

TABLE 1. Expected number of v, charged-current (CC),
ve CC, and neutral-current (NC) event rates in each off-axis
region of SBND from a Monte Carlo simulation with the GENIE
generator and for an exposure of 102" POT. Events are also
shown divided by the area of the detector front surface that
subtends a particular off-axis region.

o v, CC ve CC v NC
Events Events Events
deg x10° /em® x10®° /em?  x10°  / cm?
[0.0,0.2] 192 41 1.25 0.27 4.7 16.1
[0.2,0.4] 557 40 3.71 0.27 222.2 16.0
[0.4,0.6] 869 38 5.89 0.26 349.2 15.2
[0.6,0.8] 925 36 6.48 0.25 375.7 14.4
[0.8,1.0] 918 32 6.69 0.24 373.7 12.9
[1.0,1.2] 524 28 4.08 0.21 213.3 11.3
[1.2,1.4] 352 24 2.89 0.19 145.3 9.7
[1.4,1.6] 92 18 0.79 0.15 38.7 7.4
Total 4,428 33 31.78 0.24 1,792.8 3.2
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FIG. 6. Top: Ratio between numbers of electron and muon
neutrino CC events in SBND as a function of the off-axis
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angle for an exposure of 10*! POT. Bottom: Ratio between
the number of CC electron-neutrino events and the sum of
the number of electron-neutrino CC events and the number
of NC events with one 7° in the final state in SBND, as a
function of the off-axis angle.

As a second area of opportunity, SBND-PRISM is a
valuable tool to study and mitigate backgrounds for cer-
tain analyses. Electron-neutrino CC analyses and BSM
searches looking for photons or electron-positron pairs in
the final state [18-31] are affected by a large background
from NC neutrino interactions producing one 7 in the fi-
nal state and no hadronic activity. This is because NC 7°
events produce electromagnetic showers in the detector

that can mimic the signature of CC v, events if one of
the two photons from the 7° decay is below detection
threshold or escapes the detector.

Figure 6 (top) shows that the number of NC neutrino
events with one 70 in the final state decreases rapidly
moving from on-axis to off-axis (a reduction of up to
62%). The numbers in the plot have been divided by the
annulus areas (see left of Fig. 2) to compare events in
different off-axis regions. This behavior can be used to
assess the effectiveness of the NC 7° tagging algorithms
employed in an analysis and can be exploited as a back-
ground mitigation strategy in several BSM searches. As
a strategy to characterize or mitigate background in the
analysis of v, events, one can use the fact that in SBND,
the numbers of v, CC and NC 7° events are not constant
with the off-axis angle. Figure 6 (middle) shows that the
number of NC 7¥ events drops more rapidly with the off-
axis angle compared to the number of v, CC events. This
occurs for two main reasons: (i) NC 7° events predom-
inantly originate from v, interactions, which are more
concentrated near the center of the beamline (see inset
in Fig. 5a), and (ii) NC 7° production requires a higher-
energy neutrino to be produced, but the high-energy tail
of the neutrino flux reduces quickly with off-axis angle
(see Fig. 4), reducing the likelihood of 7% production at
large angles. The behavior shown in Fig. 6 (middle) pro-
vides guidance as to how SBND-PRISM can be used to
reduce this particular background. An electron-neutrino
analysis with a significant NC 7° contamination could
define its key signal region to be in the off-axis regions,
where purity increases by 38%. In addition, an analysis
impacted by NC 7° background would benefit from per-
forming a fit in bins of off-axis angle, taking advantage
of the NC 7° rate reduction in the outer detector region.

A third area of opportunity is in the use of SBND-
PRISM in minimizing the impact of cross-section mod-
eling uncertainties in an analysis investigating a model
that predicts, for example, an off-axis-dependent excess
of electron-neutrino interactions. As shown in Fig. 5, a
key feature of the SBND-PRISM effect lies in the corre-
lation between neutrino energy and position in the de-
tector. The modeling of neutrino-nucleus interactions
has large uncertainties, which affect both the estima-
tion of the number of neutrino events and the deter-
mination of the neutrino energy spectrum. Combined
with flux uncertainties, these are the main limiting fac-
tors in many analyses. However, the neutrino—nucleus
interaction uncertainties are independent of the detector
geometry, and the on-axis to off-axis flux uncertainties
are strongly correlated as they originate in meson decay
kinematics. Therefore, the SBND-PRISM technique of-
fers a promising venue to mitigate the limitations arising
from these dominant uncertainties.

A fourth area of opportunity is utilizing the differ-
ence between the muon and electron neutrino spectra.
The distributions previously shown in Fig. 5 are better
highlighted in Fig. 6 (bottom), which shows the ratio
of electron- to muon-neutrino CC events in SBND as a



function of the off-axis angle. This ratio has a clear de-
pendence on the off-axis angle. The number of v,, events
drops more rapidly with the off-axis angle compared to
the number of v, events. The ratio changes by about 27%
from the on-axis region to the most off-axis region. This
asymmetry between v, and v, provides an extra handle
for any analysis where the signal is contributed by the v,
flux while the background is contributed primarily by the
v, flux. In the next section we illustrate how the PRISM
technique can impact systematic uncertainties in a sterile
neutrino oscillation search.

A. An Application: Impact of SBND-PRISM on
Systematic Uncertainties

In this subsection, we illustrate the PRISM concept
more quantitatively using a specific simplified model of v,
appearance from short-baseline oscillations. This study
is based on generator-level information, without detector
simulation or reconstruction effects, and is performed us-
ing the SBND spectra alone. It serves to demonstrate the
effectiveness of SBND-PRISM in a particular application,
motivating future work to fully exploit the potential and
assess the impact of this approach.

Since, in the absence of BSM physics, the v, fluxes
depend on the off-axis angle more dramatically than the
v ones, this model serves as an example of an off-axis-
dependent v, excess that can benefit from an SBND-
PRISM analysis.

For illustration purposes, we adopt a theoretically sim-
plified scenario, where we assume negligible oscillation
effects except for v, — v, appearance given by

AZ;L) , 5)

where § and Am? are the mixing angle and mass squared
difference, F is the neutrino energy and L is the baseline.

We consider two analysis scenarios: one in which
events are binned by off-axis angle (“with PRISM”), and
another in which no angular binning is applied (“with-
out PRISM”). The procedures used for each scenario are
described below.

We only consider the dominant background composed
of v, that are intrinsic to the BNB beam. These intrinsic
v, events in SBND are shown in the upper panel of Fig. 7.
For comparison, the signal expected from our benchmark
scenario of v, — v, oscillation with sin®(26) = 0.002 and
Am? = 20 eV? is also shown. These parameters were
chosen because higher values of Am? result in oscilla-
tions occurring over shorter baselines, which is where a
single near-detector like SBND is most sensitive. This
benchmark leads to observable oscillations throughout a
large interval of energy in SBND.

Fig. 7 shows the relative size of the excess with re-
spect to the background in each energy bin. The shape
is driven by the value of Am? used in the injected oscil-
lation signal. Although there is a visible excess over the

P(v, — v.) = sin(20) sin* (

background on the order of 10% or more, this level of
difference is comparable to the leading systematics from
flux and cross-section modeling uncertainties which could
therefore wash out a signal of this size. In the worst
case scenario, mis-modeling of neutrino-nucleus interac-
tion physics can induce a fake signal [32].

The relevance of exploiting SBND-PRISM can be seen
in Fig. 8, where we show the same quantities, background
and signal for the same benchmark, but now divided in
each of the SBND-PRISM angular regions. In the lower
panel, we present the excess with respect to the back-
ground for each region, as well as the average excess in
blue. Since cross-section uncertainties at a certain en-
ergy would be independent of the geometry of the de-
tector, their impact would affect all regions in a similar
way. Taking the average excess as an example, we can
clearly see that it differs from the excess in each region,
particularly for the innermost and outermost angular re-
gions. This is why the use of SBND-PRISM is expected
to enhance the experimental sensitivity to BSM scenar-
ios that exhibit behavior dependent on the off-axis angle,
such as the sterile neutrino model. To further illustrate
this capability, we show the effect of SBND-PRISM on
a simplified sensitivity calculation for SBND in the ster-
ile neutrino parameter space with, and without, apply-
ing SBND-PRISM, under several assumptions about the
neutrino-nucleus interaction cross-section uncertainties.

Quantifying uncertainties is a critical step in assess-
ing the effect of SBND-PRISM. We focus on two main
sources: flux and cross-section uncertainties. To assess
the uncertainties on the neutrino flux prediction, the flux
simulation and systematic uncertainty modeling from the
MiniBooNE collaboration [9], updated to the SBND lo-
cation, are used. Flux uncertainties are encoded in a
covariance matrix, E. We use a multisim technique [33],
which consists of generating many MC replicas where
each parameter in the flux model is randomly varied from
its expected distribution, usually assumed to be a nor-
mal distribution with the parameter’s uncertainty as a
width. Simultaneously varying all model parameters al-
lows the correct treatment of correlations between them.
M such replicas are created and combined to construct
the covariance matrix:

M
1 m cv m cv
Fi; = M Z(nz - )(n] - Ny ), (6)

m=1

where n/* is the number of events in energy bin ¢ in
replica m and n{" is the expected number of events in
bin 7. This approach accounts for correlations in the
predicted flux across both energy bins and off-axis angle
regions. In particular, correlations between different off-
axis regions are significant, with typical values exceeding
85%, reflecting the common origin of flux uncertainties
across the detector.

Addressing neutrino-nucleus interaction uncertainties
is a complex challenge, and current modeling falls short of
accurately capturing the nuances necessary for interpret-
ing high-statistics neutrino data, as evidenced by studies
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Fig. 7).

by the MINERVA collaboration [34] and comparisons to
electron-nucleus scattering data [35-37]. For this work,
we adopt a model-agnostic approach towards modeling
cross-section uncertainties and assume these are uncor-
related across different energy bins and range from 2% to
200%. For comparison, the cross-section uncertainty pre-
dicted by GENIE v3_.04_02 AR23_20i_00_000 is around
20% in almost all energy bins and the average correlation
among bins is 40%. Although this model does not assume
a precise knowledge of the underlying physics of neutrino-
nucleus interactions, it allows us to explore the impact
of cross-section uncertainties on our measurements in a
controlled manner.

Systematics are included by combining the BNB flux
covariance matrix in Eq. (6) with cross-section uncertain-
ties to build a full covariance matrix, C. The sensitivity
is calculated by computing a x? surface in the Am?-
sin?(26) oscillation parameter plane,

bins

X2 =Y (Di = T)(C™)i;(D; — Tj),

i,J

(7)

where D; is the expected event distribution in the ab-
sence of oscillations and T; = T;(Am?,sin?(26)) is the
event prediction for an oscillation signal with mass split-
ting Am? and amplitude sin?(26). The labels i and j
indicate bins of reconstructed neutrino energy. While
a complete event reconstruction and selection is beyond
the scope of this study, to account for the detector’s en-
ergy resolution, we smear the electron-neutrino spectrum
by 20%/+/E/GeV. MicroBooNE has reported an en-
ergy resolution of approximately 10-15% [38] for elec-
tron neutrinos; however, to be conservative, we adopt a

01230123

013301230123 0132301230123 4
Neutrino Energy [GeV]

FIG. 8. Expected background events in SBND-PRISM from electron neutrinos
intrinsic to the beam (dark green), and expected signal for Am? = 20 eV?
and sin?(26) = 0.002 (light green). Events are binned in true neutrino energy.
The red line shows the ratio between the two green distributions, while the
blue line shows the ratio in the case of the full SBND volume (same line as in

larger smearing in this study. Selection efficiency is not
included in this study, but it is not expected to signifi-
cantly impact the results due to the large event statistics
available in each off-axis region. We evaluate two scenar-
ios: (i) “without PRISM” where the D* and T* vectors
have 16 entries representing the bin contents of the his-
tograms in Fig. 7, and (#) “with PRISM” where they
have 16 x 8 = 128 entries from the histograms in Fig. 8.
In the second case, the covariance matrix C' contains the
flux correlations between energy bins belonging to differ-
ent off-axis regions. We assume an exposure of 102! POT,
corresponding to 3 years of SBND data taking.

In Fig. 9 we present the experimental sensitivities to
v, — v, oscillation signals in the plane Am?-sin?(26),
evaluated with, and without, the SBND-PRISM tech-
nique. The oscillation sensitivities are evaluated by scan-
ning a grid in Am? and sin?(26), and identifying the
contour corresponding to a 5o confidence level for two
degrees of freedom, under the assumption of Wilks’ the-
orem [39].

We show several cases for the cross-section uncertain-
ties, ranging from 2% to 200% uncorrelated uncertainty.
As expected, enlarging the uncorrelated cross-section un-
certainties leads to a clear loss of sensitivity: freedom in
changing the cross-section energy dependence can accom-
modate any spectral feature arising from sterile neutri-
nos. This effect is significantly mitigated when leveraging
SBND-PRISM. For cross-section systematic uncertain-
ties greater than (15-20)%, the improvement in the sen-
sitivity due to incorporating SBND-PRISM is substan-
tial. For smaller cross-section uncertainties, the effect is
more modest. As discussed in Section III, the spectral
distortions induced by sterile neutrinos have a geome-
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try dependence (Fig. 8). This can be traced back to the
fact that while the v, — v, signal comes mostly from
neutrinos from pion two-body decays, the v, background
is dominated by three-body decays of muons and kaons,
and has a different neutrino angular distribution. This
is the cause of the SBND-PRISM approach being robust
against large cross-section uncertainties.

Furthermore, the use of SBND-PRISM introduces im-
provements to the experimental sensitivity. Comparing
with and without PRISM for a small 2% uncertainty in
Fig. 9a, we can observe a gain in sensitivity of 10 to 20%,
depending on the value of sin?(20) when using SBND-
PRISM.

A comprehensive evaluation of the impact of the
SBND-PRISM approach on sterile neutrino searches re-
quires a full SBN analysis. While this study is limited to
SBND, the techniques and results presented here moti-
vate further exploration within the broader SBN context.

V. CONCLUSIONS

This paper explores how the angular dispersion of the
Booster Neutrino Beam in SBND can enhance its exper-
imental physics capabilities. We present the muon- and
electron-neutrino fluxes at the SBNB detector as a func-
tion of off-axis angle and provide them, along with their
associated covariance matrices, for public use [16]. We
highlight various opportunities that SBND-PRISM can

offer and emphasize how it can be leveraged to perform
analyses that are largely insensitive to uncertainties on
cross-section modeling. We illustrate the technique’s po-
tential through a simplified analysis of v,, — v, appear-
ance due to sterile neutrinos in SBND, chosen because the
signal and background exhibit distinct dependencies on
the off-axis angle. This characteristic makes it particu-
larly well suited to demonstrate the capabilities of SBND-
PRISM. We expect that SBND-PRISM will also signifi-
cantly benefit other BSM searches and neutrino-nucleus
interaction studies, broadening the overall physics reach
of the experiment.
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