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The vBDX-DRIFT Collaboration seeks to detect low-energy nuclear recoils from CEVNS or BSM
interactions at FNAL. Backgrounds due to rock neutrons are an important concern. We present a GENIE
and GEANT4 based model to estimate backgrounds from rock neutrons produced in neutrino-nucleus
interactions within the rock walls surrounding the underground halls. This model was bench-marked
against the 2009 COUPP experiment performed in the MINOS hall in the NuMI neutrino beam, and
agreement is found between experimental results and the modeled result to within 30%. Working from this
validated model, a similar two-stage simulation was performed to estimate recoil backgrounds in the
vBDX-DRIFT detector across several beamlines. In the first stage utilizing GEANT4, neutrons were tallied
exiting the walls of a rectangular underground hall utilizing four different neutrino beam configurations.
These results are presented for use by other underground experiments requiring estimations of their rock
neutron backgrounds. For yBDX-DRIFT, the second stage propagated neutrons from the walls and
recorded energy deposited within a scintillator veto surrounding the detector and nuclear recoils within the
detector’s fiducial volume. The directional signal from the vBDX-DRIFT detector allows additional
background subtraction. A sample calculation of a 10 m? - yr exposure to the NuMI low-energy beam

configuration shows a CEUNS signal-to-noise ratio of ~2.5.
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I. INTRODUCTION

The vBDX-DRIFT detector is a directional time projec-
tion chamber (TPC) suitable for measurements of nuclear
recoils produced by coherent elastic neutrino-nucleus
scattering (CEvNS) [1,2] and by new physics interactions
within the neutrino and dark-sectors, including those
such as light (MeV) dark matter (DM) [3]. Its directional
capabilities offer a unique environment for the identifica-
tion of beyond Standard Model (BSM) signals [4]. The
detector can operate with a variety of target nuclei, e.g.,
H, C, S and possibly Pb [3]. Studies of the performance of
the detector using decay-in-flight neutrinos produced in the
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Long Baseline Neutrino Facility (LBNF) beamline at Fermi
National Accelerator Laboratory (FNAL) [5] have been
presented in Ref. [3]. These results have demonstrated
that, with reasonable exposures (10 m? for 7 years of data
taking), the detector will be able to measure ~300-400
CEwNS events across various target materials. The resulting
large statistics will in turn enable measurements of
Standard Model (SM) electroweak and nuclear parameters,
as well as searches for neutrino nonstandard interactions
(NSI), among others.

After the first measurements of CEvNS using Csl
and liquid argon (LAr) detectors by the COHERENT
Collaboration [6,7] at Oak Ridge National Laboratory’s
Spallation Neutron Source (ORNL SNS), an effort to
undertake further measurements across other target nuclei
and different energy spectra utilizing various neutrino
sources continues globally [8]. Low-energy experiments
using reactor neutrinos are underway [9-15], as well as
further experiments at the ORNL SNS [16]; this includes
planning stages for the SNS Second Target Station, along
with the European Spallation Source [17]. As a part of this
global effort, the yBDX-DRIFT detector can provide a new
and complementary avenue if it was to be based at FNAL; it
would utilize decay-in-flight neutrinos and thereby observe
higher-energy regimes than the other global suite of experi-
ments. Further, its technology offers measurements of the
angular spectrum, in addition to the recoil energy spectrum;
thus, in principle, cross section measurements in kinematic
variables pertaining to the nuclear recoil are possible.

However, the viability of all the above depends critically
on background levels. Neutrino-induced neutrons produced
in the rock, so-called “rock neutrons”, produce recoil-like
backgrounds which are problematic and occupy the major-
ity of discussions within this paper. The rock neutrons can
be produced directly from neutrino-nucleus collisions, or
when other neutrino-nucleus end-state particles interact in
the surrounding material, generating still more neutrons.
As will be shown below, rock neutrons produced in these
ways have energies up to ~100 MeV and can produce
nuclear recoils ~100 keV which themselves are expected
from CEvNS and BSM interactions [3]. Recoils produced
inside the shielding material around vBDX-DRIFT were
considered in Ref. [3], where it was shown that an expected
signal-to-background ratio of better than 23 could be
achieved. Rock neutrons produced in the much larger
volume of rock surrounding the underground facilities at
FNAL are harder to estimate as the calculation must
convolve the neutrino energy spectrum and interaction
cross section on a variety of nuclei, the propagation of
all end-state particles through the rock to the experimental
hall, the possible interactions with shielding surrounding
the detector, and, finally, the generation of nuclear recoils
inside the fiducial volume of the detector.

The procedure presented here relies first upon a
Monte Carlo neutrino event generator package, GENIE [18],

accounting for interactions of the neutrino beam with
the rock material in the surrounding walls of the FNAL
underground MINOS experimental hall [19]. This first step
is followed by a GEANT4 [20] simulation, which accounts
for the propagation of the end-state particles generated in
the GENIE calculation and which potentially can enter the
detector fiducial volume. The procedure is bench-marked
with the aid of the COUPP beam-tagged data, which
provides information on neutron-induced nuclear recoils.
Four independent simulations will be presented based
on four different neutrino flux configurations (NuMI LE
and HE modes [21] as well as DUNE on-axis and 39m
off-axis [22]), and so collectively provide information not
only valuable for a potential yBDX-DRIFT physics pro-
gram but also for future neutrino detectors at FNAL. The
results to be presented here can thus be understood as being
aligned with and complementary to current efforts at the
Accelerator Neutrino Neutron Interaction Experiment
(ANNIE) at FNAL [23]. Finally, results will be presented
for rock neutron backgrounds in the fiducial volume of
the vBDX-DRIFT with strong background protections
afforded from the surrounding scintillator and the direc-
tionality of the interaction.

The remainder of this paper is organized as follows.
In Sec. II we provide a detailed discussion of the physics
capabilities of the vBDX-DRIFT detector. In Sec. III,
details of the beam-tagged COUPP data are presented.
In Sec. IIA, the inputs used in the GENIE-GEANT4
Monte Carlo simulations are given. Results of the GENIE
output for final state particles are presented, along with the
nuclear recoil spectrum in the COUPP detector’s fiducial
volume. In Sec. IV, the neutron energy, zenith and azimuth
spectra are provided for all four simulations, while in
Sec. V these results will be used as input for the determi-
nation of the neutron background in the vBDX-DRIFT
detector fiducial volume. Finally, in Sec. VII, a summary
and conclusions will be presented.

II. PHYSICS CAPABILITIES OF THE
vBDX-DRIFT DETECTOR

Measurements of CEvNS within the vBDX-DRIFT
detector will provide data enabling: (i) the determination
of SM parameters, and (ii) searches for new interactions in
the neutrino sector. These measurements can also enable
searches for MeV-scale DM candidates produced in colli-
sions of a proton beam on a fixed target. Detection proceeds
by observation of the nuclear recoils produced by either of
these progenitors within the fiducial volume of the detector.

Focusing on (i), the measurements which can be carried
out include a precision determination of the weak mixing

angle at \/@ ~ 100 MeV, and the determination of the
neutron root-mean-square (rms) radius of nuclides for
which no data is yet available. As for (ii), searches include
NSIs, interactions mediated by light vectors and scalars,
along with sterile neutrinos. Analysis of these types of
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interactions have been completed using COHERENT and
other reactor CEUNS data (see e.g., [24-28]). Results from
vBDX-DRIFT will thus prove complementary, while test-
ing these hypotheses in a different energy domain and with
different detector technologies.

As a function of detector operation pressure, CEvNS
event rates in CS, peak at about 400 Torr. For a 10 m?
detector operating over 7 years, the expected rate is on the
order of 400 events. For CF, and utilizing the same
operation pressure, the event yield increases by about a
factor of two. With CgH,(Pb, although with a lead target,
the event yield is smaller because of the rapid loss of
coherence. However, the statistics combined with the
detector features are still large enough for the analysis of
a few physics cases. Demanding isolation of lead-induced
events, to study lead nuclear properties, fixes the operation
pressure in that case to ~5 Torr [3].

Using CF, (CgH,Pb) as material target, a 10 m?
detector operated at the pressures mentioned above will
be able to measure the carbon and fluorine (lead) neutron
rms with a ~3% (~5%) precision. Reference [3] has
reported the following 1o measurements

_ +0.13
Tinslc = 2.84745 fm,

Piins = 5.507039 fm. (1)

Measurements for carbon and fluorine through electroweak
neutral current processes do not exist, so these results
provide valuable information for a better understanding of
nuclear properties of light nuclide. For lead the result is not
as competitive as that derived from PREX measurements
[29,30], but can be understood as complementary to it.

Studies of the weak mixing angle in CS, and CF, result
in the following 1o measurements

) — +0.020
sin“|cs, = 0.23825 16

sinOyy | g, = 0.23870 01, (2)

both for 1/Q? C [78,397] MeV, a renormalization scale
for which at present no data is available. Interestingly
enough, these results exceed what so far COHERENT
measurements have achieved (see e.g., [24,31]) and are
competitive with those expected from DUNE using the
electron channel [32].

Searches for NSI in CS, can explore muon flavor related
effective couplings. Sensitivities can improve by about a
factor of 2-3 upon current limits. To a certain extent they
are not very sensitive to backgrounds (assuming reasonable
amounts) nor to quark flavor. The 16 measurements that
can be achieved are given by [3],

e,, = [-0.013,0.011] & [0.30,0.32],
€., = [-0.064,0.064]. 3)

As has been emphasized, in order to achieve these goals a
detailed understanding of rock neutron backgrounds
becomes mandatory. The following sections focus on that.

II1. COUPP

In order to present reliable results for nuclear recoil
background predictions within the vyBDX-DRIFT detector,
any simulation used to predict such backgrounds requires
benchmarking against data. Fortunately, such data exists.
In 2009, the COUPP DM Collaboration performed an
experiment in the MINOS hall on-axis to an active NuMI
beam [33] at FNAL. COUPP was a bubble chamber
experiment with a 15-20 keV threshold for detecting
nuclear recoils filled with 3.5 kg of CF31 [33]. As discussed
in [33], COUPP was a threshold detector providing no
information on recoil energy or particle (nucleus) identi-
fication. Additionally, COUPP had no sensitivity to f3, y, or
minimum ionizing particles. Using acoustic information «
particle discrimination was possible [33].

In 2009, events were tagged as occurring when the beam
was on or not. For the DM data analysis, only events
uncorrelated with the beam were analyzed and published.
However, unpublished, beam-tagged data from the COUPP
Collaboration was obtained [34]; a summary of these
findings can be seen in Fig. 1. The pink data points are
single, fiducial events not tagged as a particles and are
interpreted here as nuclear recoil events. The average of

2009 Run Event Rates (per Kg-day) vs. Time (NuMI Tag, No Veto Tag)
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FIG. 1. The 2009 COUPP bubble formation data tagged to the

beam pulse. Published here with the permission of the COUPP
Collaboration.
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TABLE L

Upper: The percentages of various nuclear isotopes in the rock, taken from discussions with FNAL

experts. Lower: Summary of the input parameters for the models considered in this paper. The numbers of POT per
pulse for NuMI and DUNE have been taken from Refs. [5,21].

Composition in rock at FNAL

Isotope 'H lc %0 2Na Al BSi 9K JoCa XFe
Composition [%] 1.5 1.1 56.4 9.5 24.2 0.9 43 1.8
Input parameters used in the simulations
Beamline and mode (POT/Pulse) x 10"3 (Interactions/Pulse/m3) x 10~ Period [s]
NuMI LE (c. 2009) 2.88 204.42 2.43
NuMI LE 4.00 283.92 1.3
NuMI HE 4.00 1277.69 1.3
DUNE on-axis at 1.2 MW 7.5 1142.23 1.2
DUNE 39 m off-axis at 1.2 MW 7.5 9.89 1.2

these data—taken from September 27, 2009 to November 8,
2009—is 4.65 £ 0.19 events/kg - day. During this running
period, the cosmic veto was not operational; thus, some
fraction of these events were caused by nonbeam-
related particles. To estimate this background, nonbeam-
related, background data taken during this time were
averaged. Using a 100 ms timing window; the background
rate due to random coincidences was estimated to be
0.0863 4+ 0.0074 events/kg - day. Subtracting this from
the observed rate gives, a true, beam-related nuclear recoil
rate of 4.56 +0.19 events/kg - day to be compared to
predictions.

A. The model

The parameters and model for backgrounds in the
COUPP 2009 exposure to the neutrino beam are presented
here. The composition of the rock can be seen in Table I
(upper Table), and was assumed to be at a density of
2.33 g/cm?’. From the FNAL Data Logger [35], the average
number of protons on target (POT) per pulse was
2.88 x 10"® with an average period of 2.43 s. These
parameters as well as other assumed parameters are
summarized in Table I (lower Table). The neutrino flux
at the COUPP location was taken from [36] and increased
by a factor of (1040/939)? due to the upstream location of
the COUPP experiment relative to the originally assumed
location [36]. Figure 2 shows the resultant flux, alongside
several others to be discussed below.

According to MINOS logs [37], the NuMI beam was in
reverse horn current mode during the COUPP 2009 run,
implying predominately antineutrino production during the
run period. Given the on-axis nature of the COUPP
detector, it is expected that few differences exist between
the v, and 7, fluxes (horn current settings) across the
various NuMI beam-energy settings [38]. Despite v,
contamination of the 7, beam at high energies, we consider
this single neutrino-type approximation robust, especially

given the comparative lack of neutrons (which yield the
most background events) entering the final state via
charged current v, interactions.

B. GENIE event generation

Given the previously discussed inputs, simulation of
primary particle production via NuMI 7, interactions
within the rock surrounding the COUPP detector could
be undertaken. Neutral and charged current processes
across the whole range of energies of the NuMI flux
resulting from 7, scattering were considered, providing
predictions for final state neutrons, protons, charged
and neutral pions, and antimuons. Figure 3 shows energy
distributions of the six different final state particles con-
sidered in this model for the NuMI LE neutrino flux
employed in the COUPP simulation.

Neutrino fluxes at NuMIl and DUNE

.40 T
'5 —— NuMI LE
a 35¢ —— NuMI HE
NE —— DUNE on axis
= 30 .
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;2 25¢
J
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=
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Neutrino energy [GeV]

FIG. 2. The v, energy spectra for various locations at FNAL:
Fluxes at 1040 m downstream at NuMI in the LE and HE mode
and at DUNE at 574 m downstream as well for the on-axis and the
off-axis 39 m configurations. Results for NuMI are adapted from
Ref. [36], while for DUNE from the DUNE Technical Design
Report (Fig. 4.9) [22]. For the purposes of this study, small
deviations in shape and rate between the v, and 7, horn modes
spectra are ignored and are utilized identically.
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Final-state particle spectra for NuMI LE
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FIG. 3. Energy spectra for n, p, 7, 7, u* and z° end-states of
U,-nucleus interactions obtained by a GENIE Monte Carlo sim-
ulation, for the NuMI LE neutrino flux. These spectra are used as
input for the GEANT4 simulation of the COUPP result.

These primary particle production simulations were
completed using the GENIE Monte Carlo event generator
[18], a staple within the FNAL neutrino community. The
G18_10a GENIE tune [39] was used as a baseline, and cross
section splines for all constituent elements were produced
across the whole NuMI LE energy range. The chosen tune
utilizes the hA2018 final state interaction (intranuclear
cascade) model [40,41], which uses a table-based method
to predict full final states. A similar simulation was
undertaken using the hN2018 final state interaction model,
which employs a fully stochastic intranuclear cascade
and generally provides final state predictions with higher
final state nucleon multiplicities. The mixture of elements
making up the rock served as a direct input to GENIE for
event production, creating single samples; generally, the
samples used throughout the studies discussed here were
~10% events in size. Histograms with ~50 MeV /c binning
were constructed for the 6 most abundant final state particle
types, n, p, n~, #*, u* and 7°. As an example Fig. 3 shows
the energy distributions for these six end-state particles for
the NuMI LE configuration and the hA GENIE model. These
distributions were use to as inputs for GEANT4.!

C. GEANT4 propagation

GEANT4 [42] was used to propagate the end-state
particles from GENIE through the rock and into the
experimental hall and detector shown in Fig. 4. The
dimensions of this hall (chosen to roughly approximate
the size of the hallway where the COUPP experiment
occurred) were considered small enough that uniform
generation of end-state particles was assumed. The source
considered in these simulations was taken as the rock walls,
whose thickness was increased up to 2 m, at which point the

'Correlated, event-by-event simulation of primary interaction
products is indeed possible, and future work will utilize such
techniques.

z

Ceiling
beam &
Upstream Right Downstream
Floor

FIG. 4. Upper graph: The labeled geometry of the underground
experimental hall. Lower graph: A GEANT4 simulation showing
the location of the detector relative to the walls. The dimensions
of the underground hall are 480/1070/427 cm in x/y/z. The
aqua color shows the fiducial volume of the vBDX-DRIFT
detector. The white frames show the location of the scintillator.
Purple lines show neutrons trajectories. Yellow shows electron
trajectories.

observed rates in the detector stabilized. The COUPP
detector was modeled as a cylindrical fiducial volume
15 cm in diameter and 12 cm high filled with CF;1. This
was surrounded on almost all sides with propylene glycol
(C3Hg0O2) the exception being a water filled region above
the CF;I. The outer dimensions of the these elements
were 30 cm in diameter and 44 cm high. Again we thank
members of the COUPP Collaboration for providing this
information [34]. All massive nuclear recoils in the CF;I
were analyzed. Figure 5 shows the resulting nuclear recoil
spectrum in nuclear mass.

The nucleation efficiency for bubble formation following
nuclear recoil within the COUPP detector is given [43] as

€(E) = 1 — e~ lE=E0)/En)] (E > Ep), (4)
where Er is a universal threshold while o depends on the
recoil type; acg (for carbon and fluorine recoils) was
determined to be 0.15 from AmBe neutron exposures, while
= 2.8:}3 (for iodide recoils) and E; = 16.8f10"f keV were
determined using a 12 GeV z~ beam [43]. For this work,
the mean values of these quantities were employed; note that
no uncertainty was given for acp.

GEANT4 events in which multiple bubbles were removed
as the COUPP data reports only single events in the
fiducial volume. GENIE’s input simulation to GEANT4
utilizing the hA2018 model yields a predicted rate of
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FIG. 5. The spectrum of recoiling nuclei with kinetic energies

(E,) greater than 16.8 keV. The small number of isotopes at masses
other than C, F or I natural abundances are due to inelastic
collisions between, mostly neutrons, and the target nuclei. Three
regions in recoil masses are identified. Recoil masses in the region
labeled “a discrimination” were not counted because of a
discrimination. Recoils in the region labeled “C and F recoil
region” were treated similarly, see text. Recoils in the third region,
“Todide recoil region”, were treated similarly as well. The shaded
C, F and I regions are largely arbitrary, but there exist effectively no
events within them beyond those at and slightly below the expected
masses of these species. See text for further details.

2.930 £ 0.039 events/kg - day. As a check on the effect of
the geometry of the experimental hall on this result the length
of the experimental hall was increased by a factor of 3. The
result was 2.890 + 0.046 events/kg - day in agreement with
the previous result. For clarity these results, and the ones
discussed below, are summarized in Table II. The GENIE hN
model yields a rate of 3.081 + 0.025 events/kg - day. These
were averaged together to produce a predicted rate of
3.006 4+ 0.023 events/kg - day. These events were created
by, largely, rock neutrons entering the COUPP detector from
the walls, thus creating recoils which nucleated a bubble.
Recoils can of course also be created directly inside the
COUPP fiducial volume by direct neutrino scatters, the
dominant component of these being non-CEvNS events
such as neutrino-nucleon quasielastic scattering, a sub-
dominant contribution from neutrino-nucleon scattering,
resonant single pion production and by products of deep-
inelastic scattering. To better understand this, GENIE was
run with CF31, instead of rock, as the target, and an overall
rate for such scatters was 0.35 events/kg - day. However,
this total event count ignores the fact that not all such events
will nucleate a bubble. For some events, no large remnant
nuclei survive; for those that do survive, there is a less than
100% chance of nucleating a bubble given their momen-
tum.> We therefore bracket our modeled results as

*Note that GENIE is currently unable to record all the properties
of remnant nuclei; similarly, for all but one nucleus (oxygen), no
photonic deexcitation occurs. There is motion within the com-
munity to include more of this necessary microphysics [44,45],
and we look forward to more updates to such tools.

TABLE II. This table summarizes the rates from various
sources and, at the end, the final prediction range in comparison
with the COUPP data.

Rate comparison summary

Source Rate[events/kg - day]
GENIE hA 2.930+0.039

GENIE hA w/3xlonger exp. hall 2.890 £ 0.046

GENIE hN 3.081 +0.025

GENIE hA, hN average 3.006 £ 0.023
Unshielded in situ 0 to 0.35

Prediction (3.006, 3.356) £ 0.023
Experiment 4.56 £0.19

(3.006,3.356) £ 0.023 events/kg - day.  These  event
rates are to be compared to the experimental rate of
4.56 £+ 0.19 events/kg - day.

The predicted rate of this study sits roughly 30% lower
than the observed experimental rate. There are, however,
a large number of systematics which could explain this
difference. The bubble formation model has systematics
associated with the assumptions discussed above, though
these appear to be relatively small. For instance, varying the
bubble formation parameters such as a; and E; gives a
0.09 events/kg - day systematic variation to the rate. GENIE
and GEANT have systematics associated with the particular
models chosen, and are largely unknown to this study
without the use of a universe style approach. Slight changes
in the geometric configuration of the detector can also
contribute to the uncertainty. Similarly, the neutrino flux
model is known to have large normalization uncertainties
which have not been considered for this study.

IV. STAGE I: ROCK NEUTRON RESULTS

With the benchmarked model in hand we now turn to
predicting backgrounds in future, planned experiments. As
the COUPP results show, backgrounds due to rock neutrons
in an unshielded detector are high, too high to accomplish
the goals of the YPBDX-DRIFT Collaboration. We therefore
include a scintillating veto around the simulated vBDX-
DRIFT detector. The COUPP Collaboration installed a
scintillating veto around most of their detector with a
resulting drop in unvetoed rate after the period of
unshielded running described above and shown in Fig. 1.
That the rate did not drop further was the result of lack of
shielding around the bottom of the detector; the shielding
was designed to veto cosmic-ray generated events not beam
events. For purposes of simulation we will assume the
vBDX-DRIFT detector is surrounded by 75 cm of BC-521
organic scintillator on all sides, similar to the veto COUPP
utilized. As will be shown below use of this veto drastically
reduces the rate of events in the YBDX-DRIFT detector.

But as a result the simple, single-stage simulation used
for the COUPP background calculation is impractical.
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TABLE III. Output table number of particles simulated at
various stages. Column 2 shows the number of end-state particles
simulated in Stage I (see Sec. I'V). Column 3 shows the number of
neutrons entering the experimental hall from the walls. These
neutrons were used to generate the distributions for the Stage II
simulations (see Sec. V). Column 4 shows the number of
neutrons simulated in Stage II restarted on the walls of the
experimental hall. (see Sec. V).

Number of simulated particles

Stage 1 Walls Stage II
Beamline and mode [x10°] [x10°] [x10°]
NuMI LE 207 17.2 2.36
NuMI HE 130 2.66 1.70
DUNE on-axis at 1.2 MW 434 8.26 2.36
DUNE 39 m off-axis at 1660 551 210

1.2 MW

A two-stage strategy was therefore adopted in which
neutrons were recorded exiting the walls of the exper-
imental hall. The hall was assumed to have an upstream and
downstream wall perpendicular to the neutrino beamline
and four walls parallel to the beamline as shown in Fig. 4.
For each wall the energy and angular distributions of
neutrons exiting the walls for the first time were recorded
and smoothed. In a second stage, neutrons were restarted at
the walls with the same energy and angular distributions
with a resulting increase in simulation speed of roughly two
orders of magnitude. The computed energy and angular
distributions for all simulations are shown below for use in
other applications.

To bracket the range of possibilities at FNAL four
simulations were done. Table I (lower) summarizes the
main input parameters for these simulations. The neutrino
energy spectra for all simulations are shown in Fig. 2. All
simulations assumed that the horn currents were set to
predominantly produce 7,s. v,s produce more neutrons

Rock neutron energy spectrum at NuMI LE and HE
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than v,s due to the nature of the charge current interaction,
and, in terms of background, therefore represent a worst
case scenario. The location of the COUPP detector was on
the far upstream end of the MINOS hall, 939 m from the
target. All NuMI simulations were done at this location. As
before the fluxes for NuMI, from [36] assuming 1040 m
from target, were increased by (1040/939)? to correct for
this assumption. For the DUNE simulations the experi-
mental hall, shown in Fig. 4, was located 574 m from the
DUNE target at the location of the DUNE near detector
hall. Two positions were chosen, on-axis and 39 m off-axis,
to bracket the possibilities there. As shown in Fig. 2 these
positions have very different fluxes and energy spectra.
Note that for the DUNE simulations it was assumed that
the experimental hall shown in Fig. 4 was completely
surrounded by rock which is not what is planned for the
near detector hall. The DUNE simulations, therefore, are
more indicative of backgrounds generated on either side of
the DUNE near detector hall. The total number of neutrino
interactions per pulse per m? of rock per pulse is shown in
column 3 of Table I (lower) for each beam and mode.
End-state particles from these interactions were propa-
gated, using GEANT4, to the walls of the experimental hall
where, as discussed above, neutron characteristics were
recorded and saved. Charged particles exiting the walls of
the experimental hall were not saved as they would either
range out in the scintillator or be vetoed there. Table III
shows the number of particles simulated at each stage of the
simulation. The smoothed, rock-neutron energy distribu-
tions for the four simulations are shown in Fig. 6. As
expected the flux of neutrons exiting the walls is higher on
the upstream wall than the downstream wall with a harder
spectrum. The sides fall somewhere in between. Also for
the same POT/pulse, see Table I, higher-energy configu-
rations produce higher fluxes of rock-neutrons. Table IV
shows a summary of the output from the simulations.
Columns 2, 3 and 4 show the rates for various surfaces

107t

Rock neutron energy spectrum at DUNE on- and off-axis
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FIG. 6. The energy distribution of rock-neutrons generated in the four simulations of Table I. The blue lines show the spectra coming
from the upstream wall. The orange lines show the spectra coming from the side walls. And the green lines show the spectra coming
from the downstream wall. In the left graph, the solid (dashed) curves correspond to results obtained with the NuMI HE (LE) neutrino
mode. In the right graph—instead—to results derived with the DUNE on-axis (off-axis) configuration.
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TABLE IV. Output table shows neutron flux from different walls and background in the signal region. For details see Sec. IV.

Simulations output for neutron flux from the walls

Beamline and mode

Upstream [n°/s/m?] Sides [1n°/s/m?] Downstream [1n°/s/m?] Background [events/m?>/year]

NuMI LE 0.0355 0.0204 0.0110 8.61 £0.62
NuMI HE 0.209 0.131 0.0727 549 +£3.8
DUNE on-axis at 1.2 MW 0.101 0.0276 0.0524 233+13
DUNE 39 m off-axis at 1.2 MW 0.000381 0.0000831 0.000162 0.0396 £ 0.0031

relative to the beam. These numbers are nothing more than
the integral of the differential flux, see Fig. 6, with energy
but they provide a simple way of comparing the various
beamlines and modes.

Figure 7 (upper row) shows the spectra of zenith angles,
measured from the z-axis, for each of the walls. As
expected the upstream wall shows a more pronounced
peak than does the downstream wall. Results are shown
only for the NuMI HE mode and the DUNE on-axis
configuration. Results for the NuMI LE (DUNE oft-axis
39 m) resemble rather closely those of the NuMI HE mode
(DUNE on-axis) and so are not displayed. Figure 7 (lower
row) shows as well the spectra of azimuth angles, measured

Rock neutron zenith spectrum at NuMI HE
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FIG. 7.

from the x-axis, for each of the walls. The zenith and
azimuth angle specifies a vector which, adopting the GEANT
convention, points in a direction from which the particle
came. The upstream wall therefore emits particles with
azimuth angles from 0 to z, vectors which point into the
rock, while the downstream wall emits particles from
z to 2z, vectors which point into the experimental hall.
Once again the upstream wall exhibits a more concentrated
distribution as the emission of neutrons from the down-
stream wall would entail multiple bounces before emission
from the wall. Finally the sides, right hand wall shown here,
shows an asymmetric distribution skewed towards smaller
azimuth angles indicating a preference for emission from

Rock neutron zenith spectrum at DUNE on-axis
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Upper row graphs: The zenith angle distribution of rock-neutrons generated in the NuMI HE (left graph) and the DUNE

on-axis (right graph) simulations of Table I. The blue lines show the spectra coming from the upstream wall. The orange lines show the
spectra coming from the side walls. And the green lines show the spectra coming from the downstream wall. With rather small
variations, results for the NuMI LE (DUNE off-axis) resemble those of the NuMI HE (DUNE on-axis) as so are not displayed. Lower
row graphs: Same as for those on top, but for azimuth angle distribution. Results are presented for the same simulations as we have
found that differences as well with the other two are negligible.
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Recoils in C from NuMI LE. Exposure 10 m3-year
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Recoils in S from NuMI LE. Exposure 10 m3-year
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Plots showing the distribution of recoil energies vs energy deposited in the scintillator with the neutrino-induced end-state

particle responsible for the recoil shown in different colors. The left graph shows the results for C recoils while the right graph shows the
S recoils. Both are heavily dominated by neutron end-states (about 63% for both target nuclei). The vertical dashed black lines indicate
the recoil thresholds, 75 keV for C and 200 keV for S. The horizontal dashed black lines show the threshold for the scintillator veto,
1 MeV; events with larger energies are vetoed. The lower-right region therefore shows the signal region where either CENS or BSM
recoils events would occur. The background rate, in events per m® per year, are shown there. The sum is shown in the fifth column of

Table IV.

the beam direction. In summary the angular distributions
show a preference for neutron emission from the direction
to the target which decreases from the upstream wall to the
sides to the downstream wall.

V. STAGE II: yBDX-DRIFT RESULTS

As discussed above the main motivation for this work
is the reliable prediction of backgrounds for the vBDX-
DRIFT experiment. To that end a Stage II simulation was
set up and run to predict backgrounds. Neutrons were fired
from the walls of the experimental hall with energy and
angular spectra such as shown in Figures 6 and 7. From the
outside in, the detector consisted of a 75 cm thick BC-521
scintillator veto surrounding the entire detector with outer
dimensions of 3 m, a 0.5 inch thick stainless-steel, cubic
vacuum vessel with outer dimensions of 1.5 m and a cubic
fiducial volume for recoils composed of CS, at a density
2.44 times higher than 400 Torr. This increased pressure
increases the efficiency for recording recoils while mini-
mizing double recoils [46]; final results are corrected at
the end.

GEANT recorded any energy deposited in the scintillator
veto and in the fiducial volume. Figure 8 shows the results
for the NuMI LE beamline and mode. On the horizontal
axis is the recoil kinetic energy for C and S. On the vertical
axis is the amount of energy deposited in the scintillator.
The different colors represent the end-state particles from
v-nucleus interactions which produced neutrons which
entered the experimental hall and created C or S recoils
in the fiducial volume of the vBDX-DRIFT detector.
Neutron end-state particles from -nucleus interactions
dominate the recoil rate. The vertical dashed line shows
the kinetic energy threshold for recoil detection after [3]. As
can be seen in these graphs a huge number of recoils are

predicted above threshold. However the vast majority of
nuclear recoils above threshold also come with an enor-
mous deposition of energy in the scintillator, on order
100 MeV.? These large energy depositions occur due to
showers produced as the neutrons traverse the detector and
resulting charged particle interactions in the scintillator
veto. The horizontal dashed line indicates a 1 MeV thresh-
old on the veto; events with energy greater than this are
vetoed. Signal events, CEVNS events or BSM interactions,
would appear in the lower right corner of these graphs.
Backgrounds, in this context, mean events due to beam
neutrons appearing in this lower right corner. The rate of
recoils, and errors, for C and S appear in this lower right
corner in Fig. 8 in units of events per m> per year. The fifth
column in Table IV shows the background rates for each of
the beamlines and modes studied in this paper. As can be
seen the highest backgrounds occur in the NuMI beamline
in the HE mode.

As a check of the Stage I of the simulation for this high
background configuration, a run with the scintillating veto
in place was completed. After firing 2.3 x 10° end-state
neutrons from the walls the result was in statistical agree-
ment with the Stage II neutron results to within 15%
validating the use of the multistage procedure.

There remains a question as to how these beam-related
backgrounds compare to their nonbeam-related cousins.
While this question has not been studied in detail, an
indication can be found when again considering the 2009
COUPP results [33]. The COUPP Collaboration found a
neutron background of 3 events across a 28.1 kg - day

’It should be noted that the benchmarked COUPP 2009
experiment was mostly sensitive to 1-10 MeV neutrons while
vBDX-DRIFT is mostly sensitive to 10-100 MeV neutrons due
to the necessity of penetrating the scintillator.
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exposure for a rate of about 0.1 events/kg - day; this rate
was measured with lower thresholds and while maintaining a
scintillating shield similar to that described in this work.
However, this rate was not in coincidence with the beam. We
can estimate to an order of magnitude that 10 ps timing
resolution is possible, giving an approximate additional 1073
reduction in background from nonbeam-related sources
occurring during a beam-spill for a total rate of about
~107% events/kg - day, or ~6 x 10~ events/m? - yr. This
rate is much smaller than any of those predicted in Table I'V.

VI. SIGNAL AND ROCK NEUTRONS
BACKGROUNDS

Our results demonstrate that unvetoed, rock neutron
backgrounds can be substantial, in particular for the
NuMI HE mode and the DUNE on-axis configuration.
Further discrimination of the CEvNS signal against this
background would be helpful. To do so the directional
capabilities of the detector can be employed. Information
from the neutron and CEvNS zenith angle distribution
spectra combined with their recoil energy spectra provide
information that allows, in principle, efficient background
discrimination. The CEvNS angular distribution is
expected to peak in the direction perpendicular to the
neutrino flux. This can be readily understood from the fact
that the recoil (zenith) angle 6, and recoil energy E, are
related through [4]

o mNEr 1 1
cos, =1/ 2 (EU—FmN), (5)

where 6, is the recoil angle relative to the direction of the
neutrino, m, is the mass of the nucleus and E,, is the energy

10 Zenith angle event distribution for neutrons and CEvNS

of the neutrino. For the typical recoil energies (< 1 MeV),
induced by a “high-energy” neutrino beam (~GeV) as
those we have consider in these simulations, lead to small
cos 6,. For CEvUNS this translates into most events cluster-
ing at 90°, independent of the neutrino beam we choose. To
exploit this fact the neutron zenith angle distribution has to
be as well categorized. Its exact morphology, in contrast
to the CEvNS signal, does depend on the neutrino flux and
so for concreteness we have performed calculations for the
NuMI LE mode.

The left graph in Fig. 9 shows the results for both spectra
for a 10 m? year exposure. The neutron recoil angular
distribution has a mild tendency to cluster at about 90° due
to a tendency of rock neutrons to preserve the forward
direction of the beam. However, their spectrum has a much
wider spread in comparison to that of neutrinos recoils.
This result thus shows that with a reasonable angular
resolution further discrimination (~10%: 1 altogether, scin-
tillating veto plus angular cuts) of background events is
possible. At 90° the signal-to-background ratio is estimated
by comparing the number of events at peak, is ~2.5.

The recoil energy spectra provide, as well, useful
discrimination power. To determine the degree to which
by itself, or through its interplay with zenith angle spectral
information this can be done, we have calculated the
CEvNS recoil energy signal as well as neutron recoil
energy spectra for the same neutrino flux configuration.
Results are shown in the right graph in Fig. 9. The CELNS
signal spreads over a wider energy range (compared to
its clustering at 90°) but does peak towards lower recoil
energies. The rock neutron background peaks as well at low
recoil energies, but in contrast to the CEvNS signal does
populate the full energy range suggesting a different
spectrum which could be exploited.

5Recoil energy event distribution for neutrons and CEVNS
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FIG. 9. Left graph: Neutron and CEvNS zenith angle distribution as a function of zenith angle in degrees. The result has been derived
assuming the NuMI LE neutrino flux, with parameters as specified in Table I. As expected, the CEvNS signal peaks at 90° while the
neutron-induce recoils have a much wider spread (see text in Sec. VI for details). The histograms for different maximum recoil energies
show that events pile up with increasing energy. Right graph: Neutron and CEvNS recoil energy spectra as a function of nuclear recoil
energy. The result has been derived with the same assumptions that those used for the left graph. The different energy lines are correlated
with the zenith angle histogram in the left graph and graphically indicate the number of events that for that energy have been piled up in

the zenith angle distribution peak.
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In addition some amount of C and S recoil discrimination
is present. The difference in these spectra could be used to
further discriminate the signals. More work is needed to
fully exploit the background rejection capability of these
signatures.

Other backgrounds could be considered and studied. The
decay-in-flight neutrino beam energies extend up to and
even beyond ~10 GeV; thus, in addition to CEvNS, other
higher-energy processes such as quasielastic, resonance,
and deep-inelastic scattering will occur, see e.g., [47]. The
cross sections for these higher-energy interactions (wherein
the constituent nucleons become the system’s dominant
degrees of freedom) are sizable at higher Q. As discussed
above for COUPP, these type of events occur at a rate of
0.35 events/kg - day. The vBDX-DRIFT detector with a
mass of 1.6 kg will see these events on the order of 1 per
day. In terms of backgrounds to vyBDX-DRIFT in searches
for CEvNS and BSM nuclear recoils though, the large
neutrino energies generally imply high particle multiplic-
ities and are comparatively unique in their topologies.
For instance, charged particles produced in conjunction
with nuclear recoils can be rejected as signal events. As
shown above, the scintillating veto is extremely effective at
rejecting neutrals at these large energies. Additionally, as
events like this will be present in the data, their character-
istics can be measured and studied themselves, an interest-
ing topic in its own right.

VII. CONCLUSION

In this paper we have studied rock neutron backgrounds
in the yYBDX-DRIFT detector. Rock neutrons are produced
by the interaction of neutrinos with the rock surrounding
the underground hall where the detector is deployed. End-
state particles produced in these interactions come from a
GENIE Monte Carlo calculation which uses four possible
neutrino fluxes (NuMI LE and HE modes and DUNE on-
axis and off-axis 39 m configurations) interacting with the
rock composed mainly of oxygen, silicon, aluminum and
iron. The energy spectra of the final state particles produced
in these interactions serve then as an input for a GEANT4
Monte Carlo simulation, which propagates these states
throughout the rock and so allows the characterization of
the neutrons emerging from the walls of the hall. These
neutrons are then used to study the possible backgrounds to
which the v BDX-DRIFT detector will be subject to while
being operated at the FNAL.

The simulation is bench-marked against the 2009 beam-
tagged COUPP data, obtained by the COUPP collaboration
during operation in the MINOS hall while the NuMI

beamline was operated in the LE mode. Agreement
between the simulated and actual data is found within
30%. After this validation, results for energy, zenith and
azimuth spectra for the neutrons emitted by the walls are
reported. These results, crucial for the determination of
rock neutron backgrounds in the vBDX-DRIFT detector,
are as well useful for future neutrino experiments at the
FNAL. They add to ongoing efforts by the ANNIE
collaboration, which aims to characterize neutron back-
grounds at the FNAL.

With the “morphology” of the emitted neutrons at hand,
rock neutron backgrounds within the yBDX-DRIFT fiducial
volume have been determined. By assuming the detector to
be fully surrounded by a 75 cm thick BC-521 scintillator
veto, for the four different neutrino flux configurations we
have found that the DUNE off-axis 39 m provides the most
background-suppressed experimental scenario. Rock neu-
tron backgrounds gradually increase from the NuMI LE to
the DUNE on-axis to the NuMI HE, with the latter being the
configuration leading to the largest background. Detailed
results have been reported in Table IV.

Finally we have discussed discrimination of rock neutron
backgrounds against CEvNS signals. Using NuMI LE as a
representative case, we have compared neutron and CEvNS
zenith and recoil energy spectra. The results demonstrate
that discrimination against rock neutron backgrounds is
possible. Firstly, the CEvNS signal peaks at 90°, in contrast
to the neutron background that spreads more uniformly.
At peak, the signal-to-background ratio has been roughly
estimated to be ~2.5. Information from the recoil energy
spectra shows that background-free energy windows exist,
thus offering an experimental avenue for CEvNS measure-
ments as well as for BSM searches.
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