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The coherent elastic scattering of neutrinos on nuclei, also known as CEvNS, has been studied for
several years by the COHERENT program of experiments using neutrinos from stopped-pion decays
produced at the Oak Ridge Spallation Neutron Source (SNS). We propose a new approach for CELNS
measurements at the SNS that aims to complement the COHERENT experiments in two main ways: by
reconstructing the angular distribution of CEUNS -induced recoils, and by measuring CEvNS on much
lighter target nuclei such as helium, carbon, and fluorine. The proposed detector would employ a gaseous
time-projection chamber with a highly segmented charge readout to enable the spatial reconstruction of
~10-500 keV ionization tracks created by CEVNS -induced recoils. This would enable the simultaneous
measurement of the CEuUNS recoil energy and scattering angle, thereby allowing event-by-event
reconstruction of the neutrino energy. We estimate that a 60:40 He:CF, gas mixture at atmospheric
pressure offers a good trade-off between total target mass and good directionality and could deliver a
detection of the angular distribution of CEvNS, even under pessimistic background conditions. We project
the sensitivity of 1 and 10 m3-scale detectors in the context of several physics cases, including: the
measurement of the Standard Model CEvNS cross section, reconstruction of the flavor-dependent neutrino
fluxes, observing the neutrino-induced Migdal effect, constraints on beyond-Standard-Model neutrino

interactions, and probing 10-eV-scale sterile neutrinos.

DOI: 10.1103/kj5m-y2g7

I. INTRODUCTION

When it was first proposed in 1974 [1], Freedman
suggested that it would be an “act of hubris” to imagine
that detecting the coherent elastic scattering of neutrinos on
nuclei (CEvNS) would be experimentally feasible. Despite
the CEVNS cross section being large by the standards of
neutrino interactions, the resulting nuclear recoil energies
generated by available neutrino sources were too small for
the technology available at the time. However, in 2017, the
first measurement of CEvNS was finally achieved by
COHERENT Collaboration [2], who employed a 14.6 kg
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Csl scintillator exposed to the stopped-pion neutrino flux
generated by the Spallation Neutron Source (SNS) at Oak
Ridge National Laboratory [3]. The <50 MeV neutrinos
created by the pion decays at rest generate tens of keV nuclear
recoils through CEvNS, which are measurable by modern
detectors.

CEvNS has since transitioned from discovery to pre-
cision science [4]. Several other measurements have been
made by COHERENT Collaboration [2,5] using liquid
argon [6,7] and germanium [8] detectors, with further
measurements using Nal scintillators under deployment
[5]. CEvNS has also now been detected using two other
important sources of neutrinos, namely solar neutrinos by
LZ [9], XENONnT [10], and PandaX [11], and reactor
neutrinos by CONUS+ [12]. Taken together, these mea-
surements have inspired the neutrino community to take
advantage of the unique ability of CEvNS to test beyond-
Standard-Model neutrino interactions (see, for example,
Refs. [13-35]) that are more difficult to access using,
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e.g., neutrino-electron scattering, inverse beta decay, or
neutrino oscillation experiments.

CEvNS proceeds through the exchange of a Z boson and
is flavor blind at tree level [36—38]. As the name implies,
the cross section is coherently enhanced by the entire
nucleus, up to small incoherent corrections from the
nuclear structure that become important towards high-
momentum transfer [39-42]. The cross section scales
approximately with the square of the number of neutrons
in the nucleus, which means that most measurements have
sought to take advantage of the higher statistics that come
with using heavier target nuclei. In addition, the only
experimental signatures of CEuNS exploited at present
involve measuring the deposition of nuclear recoil energy
into a cumulative heat, scintillation, or ionisation signal.

Although CEvNS is being pursued by several existing
and near-future detectors, the current experimental land-
scape presents an opportunity for a different type of
measurement that could complement the global CEVNS
program. We propose here the use of a 1 — 10 m3-scale
gaseous time-projection chamber (TPC) instrumented with
a highly segmented charge-amplification and readout
plane. The primary aim of this experiment would be to
perform direction-sensitive measurements of CEUNS by
using three-dimensional imaging for the mm-cm-length
recoil tracks deposited by CEVNS -induced recoils of the
gas nuclei.

Highly segmented micropattern gas detectors (MPGDs)
that can achieve sub-mm spatial reconstruction of recoils in
three dimensions are already a reality—see, for example,
summaries of this concept presented in [43—46], which we
refer to as “recoil imaging.” In the context of rare-event
searches, recoil imaging has seen significant advances over
the last few decades, motivated in part by the goal of
finding a new approach for dark matter direct detection that
is able to circumvent [47-51] the so-called “neutrino fog”
limit imposed upon conventional recoil-based experiments
[52-65]. So the experiment we propose here has natural
synergies with the separate vision of a large-scale “recoil
observatory” to be ultimately installed in a deep under-
ground laboratory to perform directional measurements of
astrophysical neutrinos [66,67] and dark matter [49]; as is
the goal of the cyGnus Consortium [43,68-71] and
CYGNO Collaboration [72-76].

The first exploration of the idea of directional CEvNS
measurements at a neutrino source was detailed in
Ref. [77]. The goal of the present study is to expand on
this physics case and determine the optimal set of detector
parameters to perform the most scientifically interesting
measurement of CEvNS at SNS. These parameters will
include the volume, gas mixture, and gas pressure, for
which there is a trade-off between the total event rate and
the directional performance. We will use these parameters
to forecast sensitivity to a range of possible science cases,
including pure-Standard-Model (SM) measurements such

as the reconstruction of the CEuNS cross section or the
incoming neutrino fluxes, as well as beyond-Standard-
Model (BSM) interactions and sterile neutrinos.

The rest of the paper is laid out as follows. We begin in
Sec. II by calculating the event rate of CEvNS on a fiducial
set of target nuclei under the Standard Model. Then in
Sec. III we describe the basic detector design and discuss
several important performance limitations such as the finite
energy and angular reconstruction. Then in Sec. IV we
forecast sensitivity estimates for measurements in the
context of the Standard Model, before discussing BSM
measurements in Sec. V. We conclude in Sec. VI.

II. CEVNS EVENT RATE

We begin by deriving the expected rate of CEvNS events
within the Standard Model, given a fiducial model for our
experimental setup, namely a gas TPC containing a 60:40
ratio He:CF, gas mixture. This fiducial setup, in terms of
the gas mixture and volume, is motivated in Sec. IIL

A. Neutrino fluxes

The SNS is designed to generate pulsed neutron beams
by colliding ~1 GeV protons with a flowing liquid-mer-
cury target. Since these collisions also produce charged
pions, which quickly stop in the target and decay at rest, the
SNS also generates several pulsed fluxes of neutrinos as a
by-product. There are three isotropic fluxes of neutrinos
produced in these collisions: a monochromatic line of v, at
E, = (m%—m2)/2m, ~30 MeV from the prompt pion
decays, and two continuous fluxes of v, and 7, from
delayed u™ decays which have a lifetime of around 2.2 us
[78]. The spectra of the three fluxes are well described by
the following analytic functions:
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For the muon and pion masses we take m, = 105.65 MeV
and m, = 139.57 MeV [79] respectively. We apply a
normalization constant to these functions to calculate the
time-averaged total flux, set by the number of proton
collisions per unit time and the number of neutrinos
produced per collision, i.e.,

dq)l,, rnpot
L= E). 2
L E, (E) @

We fix r = 0.087 to be the number of pions produced per
proton-mercury collision, and npgr = 1.728 x 10> year™!
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FIG. 1. The SNS neutrino flux model adopted in this work,
which consists of two continuous fluxes of delayed v, and 7, as
well as the monoenergetic line at £, =~ 30 MeV corresponding to
the prompt flux of v,. The assumed effective source-to-detector
distance is 12 meters.

as the number of protons on target. COHERENT has put
forward a plan to install a heavy-water detector to provide a
<5% measurement of the total neutrino flux normalization
in the near future [80]. Throughout, we will assume
L = 12 m as the effective distance from the neutrino source
to the detector, based on estimates for space availability at
the site. The three neutrino fluxes are visualized in Fig. 1.

B. Coherent elastic neutrino-nucleus scattering

Given a nucleus N of mass my, the CEUNS process
vN — vN occurs through neutral current interactions via Z
exchange in the SM. The tree-level cross section is given by

do _ GymyF(a)gh (-mE). @
dE, n 2E2 )’
where G = 2.3016 x 10722 cmMeV~! is the Fermi con-
stant. For a given nucleus with atomic number Z, mass
number A and the number of neutrons N = A — Z, the SM
vector coupling of the nucleus is gy = ng + Ng) . Here,
gy =29\ + gy =3 —2sin?0,, and g = g + 29} = —3,
which signify the couplings with protons and neutrons
respectively, in terms of the u and d quark couplings. We
use the value sin? @,, = 0.2387 for the weak mixing angle
under the MS renormalization scheme [79]. The form
factor, F(q), is used to capture the effects of nuclear
structure, which become important at large momentum

transfer, ¢ = /2myE,. We adopt the commonly used
Helm ansatz for the form factor [81]:

w(25). @

where j;(gq) is the spherical Bessel function of the
first kind. The nuclear radius is parametrized by

_ [s(p2 2 _ .
rp = /3 (R, — 3s°), where s = 0.9 fm is a measure of

Flg) =214

the nuclear skin thickness and R, is the root-mean-square
radius of the proton distribution in the nucleus. We use
Ruin = (1.6755,2.4702,2.8976) fm [82] for the three
nuclei we study here: (*He, 1?C, '°F). The form factor is
a very minor correction to the CEvNS rate for these light
nuclei, so we will not consider nuclear structure uncertain-
ties in this study.

Typically, CEvNS is measured by detecting the fraction
of the nuclear recoil energy E, that is converted into, e.g.,
scintillation, heat, or ionization. This means that, given
knowledge of details such as the detector efficiency and
quenching, etc., the measurable signal exploited by CELNS
experiments present is ultimately linked to the distribution
of recoil energies, dR/dE,. For this proposal, we will
expand the space of observables to also include the recoil
direction ¢, in addition to the recoil energy.

To find the combined distribution of recoil energies and
angles, we compute the double-differential event rate per
unit detector mass, d’R/dE,dQ,, where dQ, is a solid angle
element around q,.. The expression for this is the following:

dsz,»,T»

L= Ny, / dE,dQ

o dzq)y[ dzavi.Ti
dE.dQ,

Y dE,dQ, dE,dQ,”

(5)

where v; labels one of the three neutrino flavors and T';
labels one of the nuclear species present in the target, e.g.,
T; = (*He,'™C,"F), and N 7, is the number of target nuclei
per unit detector mass. Since o is flavor-independent in the
SM (up to radiative corrections), the label v; will only be
relevant when we include BSM contributions. The first
quantity inside the integral is the double-differential neu-
trino flux, which in the case of a point source of neutrinos
can be written straightforwardly as

¢o,  do,
dE,dQ, dE,

(4, — Qo). (6)

where , is the incoming neutrino direction and q is the
unit vector pointing from the source to the detector.

To relate the double-differential cross section,
d’6/dE,dQ,, to Eq. (3), we assume the scattering is
azimuthally symmetric about q,. This means our solid
angle element can be written as dQ, = 2zdcos@ if we
work, as we will here, in a coordinate system in which
6 is measured relative to ¢,. Enforcing conservation of
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FIG.2. Left: expected number of events per year in a V = 1 m?® experiment as a function of the recoil energy threshold Ey,, defined by
integrating Eq. (8) over all angles and for energies E, > Ey,. Right: distribution of events in the same gas mixture as the left-hand panel,
as a function of the scattering angle, 6. This is calculated by integrating Eq. (8) over energies in the range E, € [10, 1500] keV, and then
changing variables to 8 as opposed to cos 6. In both panels, as well as the total yearly event rate (black dashed line), we also show the
number of events attributed to each nucleus in our fiducial 60:40 He:CF, gas mixture.

momentum in the relativistic scattering kinematics, one can
derive the following expression for the scattering angle in
terms of the neutrino energy and the energy of the recoil,

A A E, +m E.
cosfd=4q,-q, = ”E N o
v r+ my

(7)

Performing the integral above, we arrive at [48],

dzRyinj B NT 52 (dav,».T_, d(I)Di>

; (8)

dE,dQ, 27m y \ dE, dE,/)|; ¢
where
2 FE g.-qQ 1 \-!
Y L 7 g_(u__> )
E, +2my y my

The smallest neutrino energy that can generate a recoil

of energy E, is E™" = /myE,/2. In the nondirectional
calculation of the rate (i.e., dR/dE,), this lower limit to the
integral must be enforced. However, for the directional
calculation E™" corresponds to cos® = 0, and so this
cutoff is already taken into account by not computing
the rate for unphysical (negative) values of cosé.

We will evaluate our physics sensitivities based on the
distribution dzR,,l_,T/_ /dE,dQ, summed across the three
target nuclei and three fluxes. We do not expect our
envisioned detector to be able to resolve the event timing
precisely enough, so we discount the possibility of

including this information as a third observable, and
assume all three fluxes of neutrinos are detected simulta-
neously. The arrival-time profile of events within each
beam pulse would provide further information about the
neutrino flavor, but this requires submicrosecond timing
resolution, which is not accessible in a gas TPC that
exclusively measures drifted ionization. Typical drift times
for a 50 cm scale drift length and O(100) V/cm field
would be tens of microseconds for electron drift gases or
tens of milliseconds for negative ion drift gases at the gas
densities we explore here. This timing information, while
insufficient for resolving neutrinos within the pulses, would
still be sufficient for measuring the background between
beam pulses.

C. Event rate

Let us now fix a fiducial target mixture of He and CF,.
A volume of 1 m? and a 60:40 ratio of He: CF, at 1 atmos-
phere (101325 Pa) of pressure and a temperature of 293 K,
gives a total mass in (He, C, F) ofMTj = (0.1,0.2,1.26) kg.
For a threshold energy of Ey, = 10 keV, We calculate the
expected number of CEUNS events for each nucleus for that
gas mixture and volume to be (0.62, 3.27, 32.97). The gas
ratio is a flexible parameter in the design of this experiment,
but for concreteness we will fix it at this ratio for most of the
discussion and explain the experimental motivation behind
this choice more carefully in Sec. IIL.

In Fig. 2 we show the expected number of events in a
1 m? detector using a 60:40 He:CF, gas mixture (left-hand
panel), as well as the expected distribution of lab-frame
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neutrino-nucleus scattering angles, 6 (right-hand panel).
Reiterating what was stated above, the left-hand plot shows
that we expect around 37 events per year if we set a
conservative ~10 keV recoil energy threshold. The major-
ity of these events would be fluorine recoils, with only a
handful expected due to scattering on the carbon nucleus in
CF,—this is a result of the ~N? dependence of the CEvNS
cross section. We would require volumes larger than 1 m?
(or a much more helium-rich gas mixture) to observe
helium recoils; however, these recoils would have higher
energies and so would generate longer tracks, making their
track reconstruction superior to that of fluorine and carbon
recoils.

As shown in the right hand of Fig. 2, we expect recoils to
emerge with a most probable scattering angle around
60 degrees. The sharp cutoff in the distribution at ~80°
is set by the assumed lower-energy threshold of 10 keV.
Due to the azimuthal symmetry around the source direc-
tion, we therefore expect the true CEuUNS recoil track
directions in three dimensions to point towards an annulus
with inner/outer radius ~10 and 80° (although the limited
angular reconstruction will blur this signal in practice, as
discussed below). The slight discontinuity in the angular
distribution between 70 and 80° is due to the v, line. The
standard deviation of this angular distribution is between
13-15° across all target nuclei and fluxes—we will use this
angular spread as a point of comparison when we discuss
the angular resolution achievable in this gas mixture in
Sec. IIT A.

III. DETECTOR MODEL

Having established the expected event numbers, ener-
gies, and directions of CEvNS recoils for a He:CF, gas
mixture, we will now motivate our envisioned experimental
setup and discuss the parametrization of its performance.

A simplified conceptual design of the detector is shown
in Fig. 3. It will consist of a TPC filled with a CF,-based
gas mixture where ionization electrons produced by recoil
tracks are drifted by an applied electric field and then
amplified and detected at a two-dimensional readout plane
utilizing MPGD technologies.

The final gas may be pure CF, at atmospheric or lower
pressure. This is the option we have parametrized carefully
in our detector performance model. The addition of helium
gas would be used to ensure the total pressure remains
atmospheric, and since helium is a very light nucleus, it will
not severely impact the performance of the detector. A gas
target at atmospheric pressure would only require a
relatively inexpensive gas-tight vessel to contain the target
gas, rather than a true vacuum vessel capable of with-
standing order 1 atm pressure differences. The addition of
helium and atmospheric pressure operation could result in
significant cost savings during construction. On the flip
side, a proper vacuum vessel would provide greater
flexibility during operation. It would enable operation with

G
Veto
readout | I\
E cathode / |
veto
IE readout
o \ 6
: \
V —— i e
<) 9
= =)
bl [5]
> =

%\& : \
0‘0\ veto

v10 m

FIG. 3. Diagram of the anticipated dimensions of a 10 m?
directional gas TPC. The drift axis would be kept short, limiting
the maximum drift distance to 50 cm so as to reduce the impact of
diffusion, as this has the largest impact in washing out the
directionality of the charge track (discussed further in Fig. 4). An
initial 1 m® version would have the same design but with the
readout planes scaled down.

subatmospheric total gas pressure, and would furthermore
have the advantage of allowing a full evacuation before
filling the detector with the final target gas. This means
sufficiently high gas purity could be reached more rapidly.

When one of the nuclei present in the target gas recoils
with an energy 2 keV it will leave an mm- to cm-scale
track of ionization, which then drifts along the z-axis, due
to a uniform electric field applied across the gas volume,
towards a readout plane. During this drift, the ionized
electrons repeatedly scatter off gas molecules and reac-
celerate in the electric field. The resulting effective motion
is that the ionization travels with a uniform effective
velocity in the direction of the E-field, in addition to
undergoing three-dimensional diffusion which smears out
the shape of the initial charge cloud (see, e.g., Ref. [44] for
more discussion and visualizations of this).

When the drifted electrons arrive at the readout plane,
they first pass through an MPGD-based gas amplification
device (we foresee a Micromegas), before the amplified
charge induces a signal in two stacked, highly segmented
anode planes. One plane is segmented with strips in x, the
other has strips in y. As a result, the x — y position of the
ionization is detected as it arrives. The readout strips will
have a pitch at the 100 pm scale, sufficiently small so that
the aforementioned diffusion will dominate the position
resolution. The third coordinate z (along the drift axis) is
reconstructed using the arrival time of charges on the strips,
assuming knowledge of the drift velocity of electrons
through the gas mixture.
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Considerations of the straggling of the nuclear recoil, the
effects of charge diffusion during the drift, as well as the
limitations in resolution set by the finite number of ionized
electrons will all be incorporated into our model for the
finite energy and angular resolution discussed below.

For an initial experiment large enough to make the first
measurement of the directionality of CEvNS, we propose a
~1 m? gas vessel. We will assume up to three years of real-
time operation—note that we already account for the duty
cycle of the SNS beam in the definition of npgt. To explore
the further physics potential of a larger-scale experiment,
we will also show results for a 10 m? x 3 years exposure,
which is also feasible given the space availability.

Our chosen source-to-detector distance of 12 m is far
enough that we can reasonably approximate the neutrinos
as originating from a point source. We will assume that not
only will the recoil track directions be reconstructed in
three dimensions, but so will the positions of the tracks
within the detector volume. This latter assumption is
required if we are to assume the cos 8 angle can be defined
for each recoil as one of the primary observables. This is
achieved in practice through two different ways. The
absolute x —y track position is reconstructed to sub-cm
precision because the readout plane is highly segmented.
The absolute track position along the TPC drift direction, z,
requires some knowledge of the absolute time taken for the
charge to drift from the point of energy deposition to the
readout plane. For neutrino events, this time may be
inferred from the delay between the most recent SNS pulse
and the TPC event time. For nonprompt events, similar
knowledge can be obtained from the amount of transverse
diffusion of the charge cloud [83] as this also depends on
the drift time."

In most designs for gas-based recoil imaging experi-
ments, the optimal dimensions for the volume would likely
be one with an uneven aspect ratio in which the two
dimensions along the readout plane would be longer than
the drift axis dimension. It is important to limit the
maximum distance a charge track must drift because, as
we will show, the deleterious impact of diffusion will be the
major limiting factor in achieving good directional
reconstruction of low-energy tracks.

As shown Fig. 3 a 10 m? volume detector could take on a

dual-readout 1 m x /10 m x v/10 m design. Using a
back-to-back TPC design like this (i.e., two readouts on
either side of the volume with the central cathode running
through the middle) would ensure the maximum possible
drift distance is kept to only 50 cm.

The detector scenario presented here should be consid-
ered a conceptual design, and ignores complications

'An alternative method is also possible in negative ion drift
gases like SFq thanks to the presence of minority carriers [84,85]
(ion species that drift at different velocities). This is not available
in pure CF,, which is an electron-drift gas.

beyond those needed to explore the physics potential and
sensitivity. For example, a true detector based on strips would
detect signals using attached charge-sensitive preamplifiers.
This implies a maximum length for strips, to keep their
capacitance and the resulting preamplifier noise floor accept-
able. This in turn means some further segmentation of the
x — y readout planes is required. In addition, the preampli-
fier’s shaping characteristics affect the reconstruction per-
formance, and the detector needs to incorporate cooling for
the preamplifiers. We ignore all such complications here.
Finally, all dimensions stated here, such as drift length and
readout plane pitch must be carefully optimized when
planning the real experiment—the values we choose here
are indicative only. Such optimization studies are in progress.
A first optimization of the strip and amplification region
dimensions of a Micromegas with x — y strip readout can be
found in Ref. [86].

A. Performance parametrization

The two key observables that we will base our analysis
on are the nuclear recoil energy E, and the track angle with
respect to the neutrino source direction, . To optimize our
planned detector, we construct a parametrized model that
predicts how accurately these two quantities can be
measured in terms of an energy resolution, oz, and an
angular resolution, oy.

These two resolutions both depend on the recoil energy,
because this determines both the amount of ionization
available to be measured and the length of the recoil track.
The angular resolution is also strongly affected by the gas
pressure, which modifies both the initial track length and
the diffusion of ionized electrons as they drift through the
gas volume. For a track axis to be detectable, this initial
track must be longer than the diffusion scale of electrons in
the detector, hence the performance will degrade at low
energies and high gas pressures when the track lengths
become very short.

The energy and pressure dependence of the angular
resolution, which we will write as 6y(pcg,. E,), is the
quantity that most substantially impacts the ability to
reconstruct the angular distribution of CEuvNS recoils.
Since the standard deviation of the true underlying recoil
distribution is around 13-15° (see Fig. 6), heuristically we
wish to aim for an axial angular resolution of ¢y < 30°
across the majority of the observable recoil spectrum so as
to prevent the limitations in the track axis reconstruction
from overwhelming the underlying angular distribution.

However, there is a trade-off between event statistics and
obtaining good directional performance: At higher gas
pressures, we expect more recoil events, but the angular
resolution will be worse. In what follows, we detail our
model for the energy- and pressure-dependent detector
performance, which we use to identify the gas pressure that
is a good compromise between recoil event statistics and
detector resolution.
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We assume for simplicity that all our nuclear recoil
energies are quoted as true recoil energies, or in other
words, that they have already been corrected for quenching.
Similarly, we will assume a flat event-level efficiency curve
equal to unity above the detector’s energy threshold. Both
of these simplifications are factored into the conservative
choice for our (true) nuclear recoil energy threshold of
Ey, = 10 keV,, which we take to be the energy above
which those corrections do not severely impact the rate. It is
still possible to measure events at lower energies, but their
reconstruction, particularly of their directions, will be poor.

B. Energy resolution

We assume that the reconstructed value of the recoil
energy follows a Gaussian distribution centered on the true
recoil energy with an energy-dependent spread o (E,). In
practice this means that, for a given true underlying value of
E, sampled from d’R/dE,dQ,, we draw a “measured”
recoil energy E!. from the distribution,

, 1
KE(ErvEr) =7 Xp| — 262 (E )
E\*™r

\/EO'E<Er)

We use the following simple function for the fractional
energy resolution,

= \/ (0.02)2 + (0.1)2 <ﬂ>

Lo@E,)) Y

where Q(E,) is the nuclear-recoil ionization quenching
factor, which is modeled using the Lindhard theory of
energy partition in ion-atom collisions [87]. In this frame-
work, the fraction of recoil energy transferred to electronic
channels (ionization and excitation) is written as

Q(Er) = kg(e)

1+ kgle)’ (12)

where € = 11.5E,Z77/3 is the dimensionless recoil
energy and g(e) = 3”15 +0.7¢°6 + ¢. We adopt k =
0.13322/3A-1/2 following the commonly used analytic
approximation to the Lindhard solution [88]. This semi-
empirical parametrization provides an adequate description
of the energy partition between nuclear and electronic
stopping at keV-scale recoil energies and is widely
employed to estimate ionization yields in rare-event detec-
tors. For the simulated fluorine recoils used in our analysis,
discussed further below, Eq. (12) with Z =9 and A = 19
matches the simulation to within 13%.

Equation (11) reproduces typical experimental results for
TPCs with MPGD-based charge readout, which tend to
achieve a fractional energy resolution of o;/E, of order
10-20% around the 5.9 keV energy of the 3Fe source
commonly used for calibration. The (E,Q)~'/? dependence
reflects the typical dependence of fluctuations on the mean

visible ionization, while the floor in the resolution function
of 2% is simply enforced to avoid the energy reconstruction
becoming arbitrarily good at high energies. This latter
addition has a minimal impact on our results, as the
performance is primarily driven by the low-energy depend-
ence between 10 — 50 keV, due to the exponentially fall-
ing event rate.

C. Angular resolution

The uncertainty in the nuclear recoil direction measure-
ment has three main contributions: transverse straggling,
diffusion, and detector segmentation. Straggling denotes
the scattering of the nuclear recoil, which results in an
angular spread of the deposited ionization. This mechanism
dominates at the highest recoil energies, O(200) keV,
where recoils are long compared to the ionization diffusion
scale. At low recoil energies, the recoil length becomes so
short that the direction is smeared out by the subsequent
diffusion of the ionization as it drifts in the TPC. This
mechanism limits angular resolution at low recoil energies,
O(10) keV. At intermediate recoil energies, the detector
segmentation can also contribute if it is not sufficiently
small. To reach a conclusion that depends less on the
detector specifics, we assume the detector has been
designed so that this term is subdominant and negligible.

Ignoring the detector segmentation, and assuming the
total angular resolution is small, the two remaining effects
are Gaussian and can be added in quadrature to obtain the
total Gaussian angular resolution,

oo(Ep.p) = \[RE. ) +R(E).  (13)

where o, and o, are the resolution smearing due to
diffusion and straggling. We will model these effects at
a reference pressure, po = 30 Torr of CF, (~0.04 atm) so
as to compare directly with simulations, and then scale to
other gas pressures using known gas detector scaling rules.

There are several details that must be carefully addressed
to obtain an accurate model for the two terms in Eq. (13):
the number of angles that are measured for each recoil,
whether a signed 3D vector or an axis is measured, and the
fact that our model applies to mismeasurements on a
sphere, rather than a flat geometry. We will address the
angle count and exact definition first, then build up a
Gaussian resolution model, and finally translate this model
to a spherical geometry.

First, we assume a detector that independently measures
two orthogonal angles for each recoil by combining N
measurements of three-dimensional space points to obtain a
3D recoil direction. In that limit, each of the two measured
angles will have an angle-error distribution with a standard
deviation given by

12z07(p)

2
E ) A ————
“aErP) = 205 EIN(E,)

(14)
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where o is the one-dimensional diffusion seen by each
ionized electron during drift in the TPC in the Cartesian
coordinate that determines the track angle at hand; z is the
distance over which the charge is drifted; and L is the true
recoil length (before diffusion). This equation is a back-of-
the-envelope prediction but has been validated by com-
parison with measurements of alpha particles in a TPC with
a highly segmented pixel readout [89].

We note that directional detectors often distinguish
between 3D axial directionality and 3D vector direction-
ality, where the latter also involves measuring the sign of
the recoil vector. Although this sign can be obtained in
TPCs from the detailed ionization distribution along the
recoil, it is not straightforward to predict the performance of
this sign measurement for all recoil energies and gas
pressures. In this analysis, we instead simply assume the
signs of all recoil vectors (including background events)
point towards a single hemisphere whose pole aligns with
the direction to the neutrino source. Then we only need be
concerned with the unsigned recoil track axis and model the
recoil distribution as a function of |cos 6] instead of cos 6.
The error model we are developing, starting from Eq. (13),
is therefore understood to be predicting the three-dimen-
sional angle error of an (unsigned) axis direction.

We furthermore assume an ideal detector, which measures
each primary electron separately, so that N = E,Q(E,)/W,
where W is the mean energy required to produce one
electron-ion pair in the gas at hand. This approximation is
the same as was previously used to model detection of
electron recoils [90]. Detecting individual electrons is not
realistic for a cost-optimized detector, but should be consid-
ered a performance limit for a costly detector. The benefit
here is that this choice provides a performance estimate that
does not depend on detailed technology choices.

Finally, we assume equal transverse and longitudinal
diffusion of ionization in the TPC, so that the modeled
angular resolution becomes isotropic. For CF,, the longi-
tudinal diffusion in the regime of interest is smaller than the
transverse diffusion, but to keep the model simple while
remaining conservative, we use the larger transverse
diffusion in our estimates below.

We use the software package Stopping and Range of
Ions in Matter (SRIM) [91] to simulate fluorine recoils in
CF, gas at py = 30 Torr to obtain the linear coefficient b
relating the mean true recoil length L to the recoil energy
E. via Lo(E,)=L(E,, py) = bE,. Then finally we
extrapolate to other gas pressures using L(E,,p) =

Lo(E,)po/p and 6; = 649/ po/ p- These two scaling laws
are commonly used in the field, and we have confirmed
their validity using SRIM and the gas simulation software
Magboltz [92].

We use the same p, = 30 Torr SRIM simulations to
obtain the straggling contribution to the angular resolution
versus energy, o2(E,). Note that using two spherical-
coordinate angles would involve the Jacobian on a sphere,

and make this angular resolution coordinate dependent. We
bypass this problem by extracting the 3D angle between the
true (unsigned) axis of each simulated recoil direction and
the (unsigned) axis of the ionization recreated by the recoil.
The simulated recoil direction is an input to the event
generator, while the ionization track axis is obtained by
applying singular value decomposition to the ionized
electrons obtained from SRIM. We obtain the following
fit for the energy-dependence of the mean 3D angle «
between the recoil axis and the track axis:

(@) 1805.23
1 deg. /26.29 + (E,/1 keV,)0?!

~307.89. (15)

The angle a—Dby construction a positive quantity—follows
a Rayleigh distribution, and its mean (a) is related to the
variance of the one-dimensional unsigned axis error dis-
tribution, ¢2 in Eq. (13), by

o, = {a)y/ 2. (16)

T

This relation has been confirmed to hold for our simulation,
and establishes a simple methodology for extracting o2 (E,)
for recoils pointing in any direction, bypassing the need for
a local coordinate system.

Combining all the above, we obtain the following
Gaussian model for the angular resolution of fluorine
recoils in pure CF, gas:

12Wza7, < p

" P0(E)E] _>+”%(E’)’ 7

o3(p. E) o

where py = 30 Torr is the reference pressure of CF,,
b = 0.00452 cmkeV,", and W = 0.034 keV. We use z =
25 cm to represent the average drift length and o) =
340 pm/+/cm for the diffusion, obtained by scanning the
electric field strength for the minimum diffusion in 30 Torr
of CF,, using Magboltz.

We plot this energy- and pressure-dependent angular
resolution in Fig. 4. The angular performance degrades
sharply at low recoil energies. For these low-energy tracks,
the direction assignment would be essentially random, and
the angular distribution would asymptote to one that was
indistinguishable from an isotropic distribution of axes. For
pressures around half an atmosphere, the sharp degradation
in the performance takes over for recoil energies below
~40 keV. Reading the upper axis in this figure, we see that
this would imply that around 60% of recoils would have
reconstructed track directions correlating at some level with
the initial (true) recoil direction, although only those above
~50 keV would correlate well enough to measure the
angular distribution of CEvNS recoils, i.e., oy < 26-30°
(twice the standard deviation of the underlying angular
distribution). We can use an argument of this kind to

072006-8



DIRECTIONAL RECOIL DETECTION FOR CEVNS ...

PHYS. REV. D 114, 072006 (2026)

Fraction of 1°F recoils > E,

=
o

o
®

Er(0p = 0" [keV,]

R

20 30 40 50 60 70 80 90100

107505 025 0.1 0.01
| 1 1 1
— 60_% = pcr, = 0.0l atm
8)0 E —— pcr, = 0.10 atm
o, 50 = pcr, = 025atm
& E —— pcr, = 0.50 atm
~ 40_: i PCF4 = 1.00 atm

= E .

o E Straggling only
c: é
% 303

) ED

[oF] E

= 207

- 3]

[¢°) E

= E

60 107

g

<

O . LA N A N N E R B T T T T T T
0 50 100 150 200

Recoil energy, E; [keV,]

FIG. 4. Angular resolution model for our conceptual detector
design as a function of nuclear recoil energy, E,, and for five
pressures of pure CF, gas. This model is expressed mathemati-
cally in Eq. (17). The pressure-independent contribution from
nuclear straggling alone is shown as a black dashed line. On the
upper horizontal axis, we also show the fraction of '°F recoils
lying above the corresponding recoil energy shown on the
bottom axis.

estimate the maximum tolerable pressure at which we still
have an acceptable level of directionality across the
majority of the CEvNS recoil spectrum.

To demonstrate this, we present in Fig. 5 the fraction of
all detected events lying above some “directionality thresh-
old” of' as a function of the pressure. If we wish the
majority of the detected CEvNS events to have good-
enough angular resolution, then this implies a choice of
CF, pressure around 0.3-0.5 atm. A lower pressure than
this would improve the directionality for more of the
detected events, but this would also reduce the total event
rate statistics, which scales linearly with pcp,. On the other
hand, we could obtain a higher event rate using a higher
pressure, but then only a minority of the detected tracks
would have reliable directionality, defeating the purpose of
this measurement. So we will settle on a pressure around
this value for this study, keeping in mind that this is a
flexible parameter that the rest of the experimental design
does not depend upon. In fact, it would be possible to run
multiple iterations of the same experiment in a high-
statistics/low-directionality mode with pressures close to
atmospheric to obtain a high-significance measurement of
the rate, as well as a low-statistics/high-directionality mode,
which sacrifices the event rate in favor of more precise

o
T

Fraction of recoils with o > off

0.4
75" = 250
0.2
3" = 20°
0.0 T T T | L L L T 17T T
0.0 0.5 1.0 1.5 2.0

CF4 pressure [atm.]

FIG. 5. Fraction of events with angular resolution better than
some “directionality threshold,” oy < atah. We show this fraction
as a function of the CF, pressure since the angular resolution
degrades for higher gas densities. We show four example choices
for 03‘. If we wish the majority of the sample of events to have
angular resolution better than o, < 26-30° (twice the standard
deviation of the true underlying recoil angle distribution), then a
gas pressure lower than 0.4-0.5 atmospheres is required.

recoil direction measurements. Our fiducial CF, pressure of
0.4 atm for this study is chosen simply to estimate the
performance that lies at a balanced midpoint between these
two possible scenarios.

D. Recoil distributions

Before moving on to our sensitivity analysis, we describe
how we implement the finite angular performance in our
Monte Carlo simulation to obtain our final measured recoil
distributions. The parametrization of o, we have introduced
so far has assumed that each of the two mismeasurements it
models are small and add in quadrature. However, an
essential part of our analysis is the regime at low recoil
energies and high gas pressure, where mismeasurements
become large and angular sensitivity vanishes. The strict
Gaussian model and addition in quadrature are not valid in
this limit because the Gaussian distribution ignores the fact
that the angles exist on a sphere. However, the Gaussian
variance can be translated into the width parameter x of a
von Mises-Fisher (vMF) distribution, which can be thought
of as a (symmetric) Gaussian distribution on a sphere. We
use a Monte Carlo simulation to derive the exact relation-
ship between the two, which is approximately

1
sz. (18)
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FIG. 6. Recoil energy and angle distributions, plotted as R”/max(R") where R" = d*R/dE,dQ,, as in Eq. (8). From left to right, we
show the distributions for the three neutrino fluxes: the continuous delayed fluxes of v, and 7, and the monoenergetic prompt flux of .
The red, green, and blue contours correspond to the three nuclear species in our chosen gas mixture. The top set of panels shows the
underlying (theoretical) recoil distributions, while the bottom panels show the distributions after incorporating the finite energy and
angle reconstruction performance, parametrized using Egs. (11) and (17). The bottom set of panels (after summing over the three nuclei
and three fluxes) constitutes our signal model for our sensitivity analysis described in Sec. I'V.

We include the above effects of a finite track direction
reconstruction by first sampling initial “true” track direc-
tions § from d’R/dE,dQ, and then resampling “measured”
directions q' from the vMF distribution,

K@ B) = 5 s exp (e ). (1)

This procedure allows us to generate Monte Carlo events
with proper mismeasurements, even in the regime where
the Gaussian model tails would start to wrap around the
sphere.

We visualize the resulting recoil distributions as a
function of our two main observables in Fig. 6. The
underlying theoretical event distribution as a function of
E, and cos @ is expressed by d’R/dE,dQ,, as introduced
Sec. IIB, and is shown on the top three panels. The
“measured” distribution shown in the bottom three panels is
computed using the Monte Carlo procedure described
above, which applies the effects of the detector’s finite
ability to reconstruct the recoil energy and angle. The three
columns correspond to the different neutrino fluxes (v,, Dy

and v,) and we use three different colors in each case to
show how the distributions depend on the nucleus that is
recoiling (although we emphasize that our event rate will
always be dominated by fluorine recoils due to the ~N?
dependence of the CEvNS cross section).

The two delayed fluxes are spread over a range of
neutrino energies: E, € [0, m, /2] MeV, which means they
lead to a spread of recoils occupying the kinematically
allowed space. This varies for each nucleus because of the
dependence on my in the scattering kinematics, cf. Eq. (7).
The prompt v, flux, however, is monoenergetic at
E, ~ 30 MeV, which means events appear along a one-
dimensional subspace of the two-dimensional (E,, cos )
plane, defined by Eq. (7). Once the energy and angular
resolutions are taken into account the distributions become
much less distinct, as is expected, however the kinematic
space occupied by each nucleus’ distribution (and to some
extent each neutrino flux) are still partially separated,
which will enable the directional information to provide
additional statistical power when it comes to making
measurements of the target-dependent neutrino cross
sections or the three fluxes, when compared to an
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FIG. 7. Visualization of the event-by-event reconstruction of the neutrino energy. Left: the distribution of measured recoil energies and
cos @ angles given a fixed initial neutrino energy E, = 50 MeV. We express this distribution as a joint probability distribution,
P(E,,cos|E,). Because we assume a fixed neutrino energy, the “true” distribution sits along a one-dimensional subspace indicated by
the dashed line. We overlay five arbitrary benchmark recoil energy and angle pairs with colored symbols. Right: the distribution of
inferred E, given some pair of measured (E,, cos 0), i.e., the probability distribution P(E, |E,, cos 8), which we calculate by computing
the full distribution P(E,,cos 6, E,) over a wide range of neutrino energies and assuming the SM CEvNS cross section. We choose
(E,, cos 0) pairs marked with colored symbols in the left-hand plot, which lie along the E, = 50 MeV line. The most-probable value of
E, converges on 50 MeV only for large E,, where the energy/angular resolutions are good. We shade in gray the region where

E, < EM"(E,) for E;, = 10 keV.

equal-standing nondirectional measurement. We will quan-
tify this statement in Sec. IV.

E. Event-by-event neutrino energy measurements

One of the most attractive prospects for a direction-
sensitive neutrino recoil detector is the ability to reconstruct
the initial neutrino energy spectrum, without relying on a
model for it. The reason this is possible is because the
neutrino source is pointlike and so the kinematic expression
Eq. (7) implies a one-to-one relationship between a pair of
(E,, cos 0) and the neutrino energy E, responsible for them.
This makes possible, in principle at least, event-by-event
neutrino energy reconstruction.

The situation is made slightly more difficult by the
fact that we cannot measure E, and cos@ to arbitrary
precision. This means the reconstruction will not be perfect,
but it will still be possible to some extent, which we will
now show. In Fig. 7 we show an example that illustrates
how the neutrino energy reconstruction may work in
practice. The left-hand plot shows a probability distribution
of recoils (similar to the bottom panels of Fig. 6) that we
express as P(E,,cosf|E,), i.e., it is the distribution of
measured recoil energies and angles given a fixed value for
E,, assumed here to be 50 MeV. On the right, we show the
inverted conditional probability P(E,|E,,cos#), i.e., how
probable is the neutrino energy E, for some measured pair
of (E,,cos®) given the SM neutrino cross section.

We have chosen the benchmark values of (E,, cos8) to
lie along the correct kinematic line on the left-hand plot for

E, =50 MeV. If the measurement of E, and cosé were
perfect (i.e., 69 = o = 0), then the probability distribu-
tions on the right-hand side would all be delta functions
centered at E, = 50 MeV. However, we see that the
distributions are broadened and also skewed due to mis-
measurement of the recoil energy and angle. The non-
Gaussianity in this probability distribution originates
because of the combined energy dependence of both the
angular and energy resolution functions, as well as the
kinematic constraint—namely, certain values of E, will not
be returned by Eq. (7) for a given (E,, cos ) if they are not
permitted by energy and momentum conservation.

The most striking observation in the right-hand panel of
Fig. 8 is the fact that the most probable neutrino energy
does not align with E, = 50 MeV for low values of the
measured recoil energy. To understand this, consider the
fact that to compute P(E,|E,,cos ) we assumed the SM
CEvNS cross section, which decreases linearly with
increasing recoil energy for a fixed neutrino energy, i.e.,
do/dE, « (1 — myE,/2E?). This means that for a given
measured E,, if one has no prior knowledge of E,, it is
more likely that the neutrino energy is at lower energies
than higher energies due to this dependence in the cross
section. The independent measurement of cos € is supposed
to resolve this degeneracy, but at very low recoil energies,
the angular resolution is very large, and so we have almost
no ability to measure cos @. This can be seen in the left-
hand side of Fig. 7, where the recoil distribution is spread
across the full domain from cosfd = -1 to 1 at low
energies.
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FIG. 8. Two complementary methods for reconstructing the neutrino energy spectrum and flux. Left: we show the expected (median)
Lo uncertainty bounds around each neutrino flux component obtained from our profile-likelihood ratio analysis (Sec. IV B). The case for
1 and 10 m® experiments are shown by the lighter and darker transparency bands respectively. For the v, line, the wider error bar
corresponds to the 1 m? case and the shorter one corresponds to the 10 m>. The true fluxes are shown by solid lines. Right: expected
“model-independent” reconstruction of the flux from the event-by-event neutrino energy reconstruction method described in Sec. IIT E.
The error bars show the result obtained by a randomly generated set of data in 10 m?, while the shaded bands give the 68 and 95%
containment around all possible hypothetical experiments. The true underlying flux (the sum of the three fluxes in this case, since there
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E, < EM"(Ey,) which is shown by the gray region.

Each measured pair of recoil energy and recoil angle
allows one to unfold the two-dimensional distribution to
obtain a probability distribution for the corresponding
neutrino energy. We can then combine these together for a
larger sample of recoil events to reconstruct the original
distribution of neutrino energies. We will use this approach in
the next section to illustrate how a directional detector could
make a “model-independent” reconstruction of the flux.

IV. STANDARD MODEL MEASUREMENTS

We will now describe our statistical formalism for deriving
sensitivity projections for several potential measurements of
interest, assuming, for the time being, no additional neutrino-
nucleus interactions beyond the Standard Model.

A. Background model

Although our goal in this study is not to perform a
detailed background assessment, the level of backgrounds,
especially nuclear recoils induced by neutrons, will be an
important factor influencing our sensitivity. So we aim
here to adopt a conservative model by assuming our
background rate of events is comparable to the rate of
neutrino events within each pulse (i.e., a signal purity
of R,/(R, + Rpg) = 0.5).

The differential recoil spectrum for our background
model is set to the following simplified form,

2
d Rbg _ Rbg e_Er/Ebg' (20)
dE,dQ,  4nEy, (e Fn/Ere — e=Emu/Eue)

This model is isotropic in angle and exponentially falling in
energy, with E,, = 67 keV, which is essentially a worst-
case scenario because the spectrum then overlaps with most
of the expected CEUNS recoil spectrum and returns the
same mean recoil energy. Although we do anticipate the
background to be exponentially falling, the spectral shape
would require measurements to determine, which could be
performed if the time profile of neutron events was distinct
from the neutrinos. The background’s angular distribution
is also unlikely to be perfectly isotropic, as there will be a
source of neutrons originating from the same direction as
the neutrinos, in addition to cosmics, which would emerge
from overhead. However, the large amount of shielding
anticipated for this experiment would cause much of
the neutron background to isotropize. Moreover, the
assumption of isotropy can be considered a conservative
choice, as any variation in the angular distribution that was
distinct from the neutrino distribution would aid in dis-
tinguishing them. As a final step, we will pessimistically
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float the background model as a free parameter in our
likelihood function described below, as this will allow us to
demonstrate that the addition of directional information
provides another major advantage in the form of excellent
background rejection.

B. Likelihood framework

Our likelihood is based on two-dimensional binned
pseudodata, with bins running over the space (E,, |cos 6]).
Given an observed number of events in each bin N = and
an expected number N (8), the likelihood is a function of
some set of model parameters, @. It is constructed from the
product of the Poisson probabilities (P) for the expected
number of events in each energy and angle bin

HP (NKLINKL(0)). (21)

The expected number of events in bin k/ is

‘ cos 9|A+1 /EHI dthot
| cos 4] g |dE d|cos €|

x d|cos O|dE,, (22)

kl
N, exp

where T is the total running time of the experiment, and the
total rate is found by summing over each neutrino flux and
each target:

dthOt(e) :fbgM dszg
dE,d|cos 6| dE.d| cos )|
R, j 23
+nyfr N dEdeoss 2

where M T, is the mass of the detector composed of target
species jand M = > j M. For the purposes of introduc-

ing our framework, we choose the free parameters of this
model to be a series of normalization constants applying
to each neutrino flux and the cross section for each
nucleus, ie., @ ={f,.fr, fo,} where f, ={f,.f5,.f.,}
and fr = {fue, fc, fr}. To generate our pseudodata, we
assume the “true” set of these values is V € = 1. We then
construct a statistical test to determine the precision with
which these parameters can be measured. We introduce this
in general terms here, however in most of our examples, we
will not float all of the parameters in @ at the same time, but
rather fix some and let others vary depending on which
result we wish to show. We will also introduce new free
parameters in Sec. V when we introduce BSM interactions
and sterile neutrinos.

Using the likelihood written above, we can construct a
hypothesis test statistic (TS) out of a likelihood ratio, which
compares the maximized likelihood values between two
points in the parameter space. The interesting case for us

will be to test for the presence of the neutrino signal and
exclude the null hypothesis that one or more of the
normalization constants describing the signal are equal
to zero. With that in mind, we write down the standard
profile likelihood ratio test statistic used in the context of a
discovery, i.e., quantifying the evidence in favor of a
positive signal against the null hypothesis of there being
no signal [93]. We will compute values of TS as a function
of both one and two parameters, so to express this we
imagine separating out some arbitrary number of param-
eters from the full set, i.e., @ = {6,,0,} where 0, are the
parameter values of interest, and @, are the rest of the
parameters that will be profiled over. The TS is then
TS(0,) = 2A1In £ = 2(In £(0,.0,) —In £(0.8,)),
where 91 are the maximum likelihood estimators (MLEs)
when all parameters in @ are fixed to zero in the likelihood,

whereas 0, are MLEs when 6, are fixed to the particular
chosen values at which TS is being evaluated. We will
assume that Wilks’ theorem holds, which states that the
distribution of TS asymptotically follows a y2 distribution
where n is the number of parameters in 6,, and so the
significance of a particular value of TS can be computed
from the y2 inverse cumulative distribution function.

In practice, the distribution of TS should be calculated
using a Monte Carlo procedure to validate (or otherwise) the
use of Wilks’ theorem. For instance, it is likely to be slightly
inaccurate for our 1 m? case due to the small event numbers.
However, since we simply wish to estimate sensitivities for
the purposes of optimizing the parameters of our experi-
mental setup, conducting the full procedure for finding the
correct distribution of TS is an unnecessary complication. So
to simplify our approach, we will adopt the commonly used
Asimov dataset technique, which allows us to estimate the
median (expected) sensitivity at minimal computational cost
[93]. This is a hypothetical dataset in which the observation
exactly matches the expectation for a given model, i.e.,
N¥ = N&, for all k and /. It can be shown that the test
statistic computed assuming this dataset asymptotes towards
the median of the model’s TS distribution as the number of
observations increases [93].

C. Neutrino fluxes and spectra

For our first application of the statistical formalisms we
have introduced, we ask the following question: assuming
the Standard Model cross section, to what precision can we
measure the neutrino flux? Answering this question allows
us to assess the extent to which the directionality aids in
both the rejection of the background and the ability to
separate out the different fluxes using the available kin-
ematic information. Recall that the SM cross section is
flavor blind, so the only way to access flavor information is
through the differing energy spectra of the three fluxes.
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In Fig. 7 we show two potential flux reconstructions that
we label “model dependent” and “model independent.” In
the former, we use the profile likelihood ratio test statistic
and set@ = {f,, f1,} to be our free parameters, keeping the
cross-section normalizations f; fixed at one. For the model-
independent approach, we use the technique described in
Sec. IITE in which we unfold the probability distributions
P(E,|E,,cos@) for each event and then combine them to
reconstruct the flux without relying on any prior knowledge
of the original neutrino energy distribution. Naturally, we
expect the precision of the measurement for the model-
dependent case to be better, as one must supply more prior
knowledge about the neutrino signal.

To construct the left-hand plot in Fig. 7, we compute the
median lo uncertainty bands around each of the best-fit
fluxes (which are exactly equal to the true fluxes due to the
assumption of Asimov data) for a 1 m? and 10 m? detector
and assuming equal numbers of signal and background
events. For the right-hand plot, however, since our model-
independent approach uses unbinned rather than binned
data, we cannot construct the Asimov dataset. So instead, to
visualize the expected precision of the reconstruction, we
show one example of the flux reconstruction using a single
set of randomly generated data (points with error bars),
while the blue bands contain 68% and 95% of 10,000
simulated experiments. The binning used to construct
this plot is arbitrary—we have chosen a suitable binning
by eye that minimizes the Poisson noise present in the
reconstruction while still revealing the general expected
shape of the spectrum.

Starting first with the model-dependent case, we see that
all three fluxes are inconsistent with zero for the 10 m?
volume at more than 16, however, for the 1 m? case, only
two of the fluxes could be measured, while the v, flux is
consistent with zero. The reason for this will be made
clearer by the next plot—it is due to a degeneracy between
the v, and 7, recoil distributions that persists even when
directional information is included.

For the model-independent reconstruction, we only show
the 10 m? case because there are not enough events expected
ina 1 m? experiment to provide a very meaningful constraint
on the shape of the flux (i.e., we would have to construct the
flux out of very few neutrino energy bins). The expected
precision of the measurement, encapsulated in the teal
bands, gets noticeably poor at small neutrino energies,
which we understand to be a consequence of the worsening
energy and angular resolutions at low recoil energies. We
also notice that nonzero values of the flux are reconstructed
atenergies larger than any of the true neutrino energies in the
simulated data (E, 2 50 MeV), which again is due to the
limitations in the energy reconstruction due to the energy/
angular resolutions.

Next, in Fig. 9, we show how a joint measurement of the
three fluxes could be achieved using this approach. We
show one- and two-dimensional profile likelihood ratios for
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FIG. 9. One and two-dimensional Asimov profile likelihood
ratios for the reconstruction of the three normalized flux
parameters f, = ®, /®;". Blue is used for the 1 cubic meter
detector, while orange is used for the 10 cubic meter detector. In
the two-parameter panels, the two contours are for 1 and 2¢
significance, while we use horizontal lines for the significance
values in the one-parameter panels.

w
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1 m? and 10 m? experiments. In the 10 m? case, we find
that a >36 measurement of the 7, and a >2¢ measurement
of the v, flux is possible, but only ~Ilc significance
measurement is possible for the v, flux. This is due to
the slightly lower event rate for this latter flux and the fact
that it is degenerate with the other fluxes. Similarly, the
reason why the v, flux is reconstructed better than the other
two is primarily thanks to its highly distinct recoil energy-
angle distribution (cf. Fig. 6). Although the degeneracy
between the fluxes is strong, it is already clear in the 10 m3
case that a joint measurement of all three fluxes would be
possible with slightly more statistics because the orange
contours are already visibly beginning to close. We reiterate
again that we are taking a pessimistic approach by floating
the three flux normalizations (as well as the background
rate) as fully free parameters in our likelihood—we do this
to showcase what could be achieved with this kind of data
alone. In practice, applying a ~10-20% Gaussian con-
straint to the total normalization would be a very reasonable
option given current knowledge of the SNS neutrino flux,
and this would understandably improve all of our sensi-
tivities beyond what we present here.

To understand the impact our particular gas mixture has
on the sensitivity to the flux normalizations, we now
collapse the information presented in the previous two
figures down to just the median lo band around the
model-dependent measurement of each flux, which allows

072006-14



DIRECTIONAL RECOIL DETECTION FOR CEVNS ...

PHYS. REV. D 114, 072006 (2026)

3.0
] CYGnuS @ SNS
] V =10m?
2.5 L=12m
<] T = 3 years
S ] PHe = latm. — pcg,
'c 2.0
= 1
-+ i
5 \
= i
5 o 7
= ] B "B Ve
&) ]
— i
0.0 . . . .
0.2 0.4 0.6 0.8 1.0

CF, pressure, pcg, [atm.]

FIG. 10. We show the median 1o measurement uncertainty
from our profile likelihood ratio test for each flux normalization
as a function of the CF, pressure. Recall that the fotal pressure is
always kept to one atmosphere, and so the pressure in helium
is pye = 1 atm — pcg,.

us to then plot this uncertainty as a function of the CF,
pressure. We show this result in Fig. 10. Recall that when we
change pcg,, we are adjusting the helium fraction to bring the
total gas pressure up to one atmosphere (see the discussion in
Sec. III about the advantages of using helium to retain
atmospheric pressure operation). We observe that the sensi-
tivity to all three fluxes worsens with decreasing pcg,, which
can be understood straightforwardly as a result of lower
statistics, since fluorine recoils dominate the signal. That
said, the scaling of the upper limit in the uncertainty bands is
slightly weaker than what we would expect from statistics
alone, ie., 1/ /DCF,» which shows that the worsening
directionality at higher gas densities is playing a role in
degrading the sensitivity. The conclusion here is that a higher
gas pressure of CF, is preferable in general in the context of
this statistics-limited measurement, although increasing it
beyond 0.4 atm does not significantly improve the precision
because CF, pressures around a full atmosphere would lead
to an almost total sacrifice of all recoil directionality across
most of the spectrum. The specific value of pcp, = 0.4 atm
that we have adopted for our fiducial gas mixture will be
further motivated in the next section, where another trade-off
presents itself.

D. CEVNS cross section

We now perform a variant of the analysis presented in the
previous section, but instead of fixing the SM cross section
and reconstructing the flavor-dependent fluxes, we instead
float the flux-averaged values of the target-dependent cross
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FIG. 11. One and two-dimensional Asimov profile likelihood
ratios for the reconstruction of the three flux-normalized CEvNS
cross sections, fr = o7/0'", where o'f*° is the flux-normalized
cross section under the SM. Blue is used for the 1 m® volume
detector and the right for 10 m?. In the two-dimensional panels,
the two contours are for 1 and 20 significance, while we use
horizontal lines to label the significance values in the one-
dimensional panels.

sections to determine how precisely the CEvNS process
itself can be measured, and its N2 dependence confirmed.

In Fig. 11, we show a comparable plot to Fig. 9 but now
for the three flux-averaged cross sections: (e, 6¢, 0F). As
before, we fix the pressure ratio to 60:40 He:CF, and show
two results for a 1 and 10 m? experiment running for three
years and assuming equal numbers of signal and back-
ground events.

We emphasize that we are not assuming any individual
recoil species identification based on the tracks themselves;
the discrimination between the three target nuclei here is
made possible purely due to the kinematics, i.e., the
differing recoil energy and angle distributions shown in
Fig. 6. We note in passing that it may be possible to identify
the recoiling nucleus species at the level of individual
events from measurable quantities such as the track length
and the ionization profile along the track (dE/dx).
Including this information would further improve our flux
and cross-section measurements, but modeling it accurately
would require much more detailed gas simulations.

As we would naively expect, only the '°F cross section is
measured at high significance in a 1 m® experiment
because the event rates due to the other two nuclei are
low. The value of o can be measured at >4¢ in both 1 m?
and 10 m>. The other two cross sections are also just
detectable at 3¢ significance when we go to a 10 m?
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FIG. 12. Median lo uncertainty on the reconstructed target-
dependent flux-normalized cross sections as a function of the
CF, gas pressure, assuming that the helium pressure is always
Pre = | atm — pcg, so that the total operating pressure remains
at one atmosphere. The optimal CF, pressure for measuring all
three cross sections is between 0.3 and 0.4 atm.

experiment. We emphasize that this is not achievable
without directional information due to the strong degen-
eracy between the three cross sections driven by the
similarities in their dR/dE, profiles. This degeneracy
can be almost entirely relaxed when we add the cosé
information, as can be understood by comparing their recoil
distributions in Fig. 6.

In a similar way to the neutrino fluxes in Fig. 10, we can
also collapse this information down to plot the median 1o
measurement band on each cross section as a function of
the CF, pressure. We show this result in Fig. 12. As before,
the sensitivity is still driven by a mixture of statistics (which
improve towards higher pcg,) and good directionality
(which improves towards lower pcg,). Here, however,
the trade-off has an additional factor because the meas-
urement of the helium cross section is of course impossible
if pge = 0. So a balanced trade-off for optimizing all three
measurements occurs around pcg, ~ 0.4 atm. This result
provides further motivation (beyond the discussion in
previous sections) for a relatively low pressure of CF,
gas despite the sacrifice in overall event statistics that
comes with using a low-density target medium.

To finish this discussion, we summarize our three
proposed cross-section measurements in Fig. 13. This plot
is inspired by similar ones shown by COHERENT in, e.g.,
Ref. [5], although we caution that information about the
uncertain nuclear form factor and the differing energy
thresholds of different experiments is implicitly folded

10737
COHERENT

Csl

10738

Proposed
10 m

0%

Flux-averaged cross section [cm?]

10742 AR RN RN LR RN RN RN R RN R RN ERRR RN RN RERRRR RN
0 10 20 30 40 50 60 70 80

Number of neutrons

FIG. 13. Projected median 16 measurements of the total cross
section for each target nucleus assuming our fiducial 60:40
He:CF, gas mixture, three years of operation and equal numbers
of signal and background events. The dark-red error bars are for a
10 m? experiment and the light-red error bars for 1 m®. We point
out that the median He cross-section measurement is consistent
with zero at 1o in the 1 m? case due to the low expected event
numbers. We overlay existing measurements from COHERENT
at SNS [2,6-8] and solar ®B measurements by LZ [9] (see also
XENONNT [10] and PandaX [11]).

in—the plot should be taken as primarily illustrative, and a
consistency check on the expected ~N? scaling. We show
the three measurements for both 1 and 10 m® scale
experiments (light and dark red respectively), comparing
them with the existing measurements from COHERENT at
SNS; and liquid-xenon detectors measuring B solar
neutrinos. The dependence of the flux-averaged cross
section on the neutrino’s energy spectrum is the reason
why the solar 8B measurements lie along a different line to
the measurements taking place at the SNS. This plot
highlights the complementary nature of our proposal in
the context of the global CEvNS program.

E. The Migdal effect

The final SM physics case that could be of interest to this
type of experiment is a measurement of the neutrino-
induced Migdal effect. This effect occurs when the sudden
displacement of a nucleus leads to the emission of one or
more atomic electrons [94,95]. The Migdal effect has
picked up interest recently because it provides another
channel for recoil-based searches for dark matter to observe
signal events, because the emitted electron could be seen
even when the nuclear recoil energy falls below threshold,
thereby potentially extending the sensitivity of experiments
to the sub-GeV mass range [96,97]. The use of the Migdal
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effect as a signature for neutrinos has also been proposed as
a novel way to probe the CEvNS signal [62,96,98,99].

Despite this resurgence in interest, the Migdal effect
remains to be definitively calibrated in the low-energy
recoil regime. A measurement of this effect in neutron-
induced nuclear recoils is also being pursued by several
collaborations [100], including MIGDAL [101-103], who
employ similar detector technology as we are proposing
here. Although a recent direct observation was reported
using high-energy D-D neutrons [104], experimental val-
idation in the kinematic regime relevant for dark matter is
lacking. Previous work studied the prospects of measuring
the effect using the neutrino flux at the SNS [105], but the
setup was found to be untenable, primarily due to the
difficulty of separating the signal from the background of
nuclear recoils in liquid-phase detectors. However, the use
of direction-sensitive gaseous detectors offers the added
advantage of topological identification and reconstruction
of the simultaneous nuclear and electron recoil tracks [106].

The signal of a Migdal event would therefore be a
nuclear recoil track and a low-energy electron recoil track
whose heads would be connected by a common vertex. To
assess the viability of seeing this effect at the SNS, we
calculate the rate of Migdal events using the formalism of
[96] and the more accurate ionization probabilities from
[107]. We compute the number of single ionization events,
where a single electron is ejected from the recoiling atom.
Assuming our fiducial gas mixture, and a nuclear recoil
threshold of 10 keV,., we find the total rate of Migdal events
to be 6.1 events/m?/year, with the vast majority (>87%)
occurring due to scattering on fluorine. Such events are not
an additional contribution to the CEvNS rate, instead they
constitute a modified CEvNS signal morphology (i.e., ~6
of the ~37 CEUNS events per year in an m> experiment
would be Migdal events).

We note that this treatment uses the isolated atom
approximation and thus neglects molecular effects, which
could alter transition probabilities and induce an anisotropy
[108]. However, the nuclear energies considered here are
much greater than the molecular binding energies, meaning
we can approximately treat the atoms as free. A detailed
treatment of the molecular effects is beyond the scope of the
present work, but may provide interesting modifications to
the angular distribution of Migdal events.

This event rate is potentially observable with a 10 m?
detector; however, experimental identification is unfortu-
nately complicated by the fact that most emitted electrons
have very small energies (<50 eV) and thus are unlikely to
leave easily discernible tracks. Nevertheless, as the scat-
tered ion is frequently left in an excited state (if the electron
is ejected from an inner shell), there is a possibility of
identifying events via the accompanying signal from Auger
electrons and/or fluorescence photons. We defer a more
detailed analysis of the complete morphology of the Migdal
signal and its identification to a future study.

V. BEYOND-STANDARD-MODEL
MEASUREMENTS

Having determined our expected sensitivity to measure-
ments in the context of the SM and used them to optimize a
gas mixture, we will now explore the potential to probe
interactions of neutrinos beyond the SM. We will focus on
two main science cases which are popular in the CEVNS
literature, namely testing beyond-SM mediators participat-
ing in the neutrino-nucleus interaction, as well as the
existence of a light sterile neutrino.

A. New mediators

We consider the existence of a new lepton-flavor-
conserving U(1) vector gauge boson Z' coupled to neu-
trinos and quarks. The Lagrangian describing this new
interaction can be written as [77,109-111]:

L Cgy (ZQ?’DaLyﬂyaL + ZerJ_c}’”f) Z,, (24)
a f

where Q;",’ and Qf;, denote the individual model-dependent
vector charges of the neutrino flavor state o and fermion f;
and g, is a dimensionless coupling constant. To ensure the
theory remains anomaly-free when the U(1) symmetry is
gauged, only certain combinations of charges are permitted.
Some example models discussed in the literature are listed
in Table I along with their corresponding quark and lepton
charges. Assuming for concreteness that the vector cou-
pling is the same for both u and d quarks, the nucleus’
vector charge, gy, in the CEUNS cross section [Eq. (3)] is
modified in the following way:

36%00,0%(Z+N
P 95,0504 ( 2)
\/EGF(szEr + mzr)

, (25)

where m, is the mass of the Z’. Because this additional
term can take a positive or a negative sign, there is the
possibility for the new interaction to lead to both con-
structive and destructive interference with the SM contri-
bution at the level of the event rate.

An alternative model choice could be to consider a scalar
mediator ¢, with the Lagrangian [30,77,110,112]

Lc (gﬁv + Z gq?m> b,

q=u.d

(26)

where g, is the coupling of the scalar to neutrinos, and g, is
the scalar coupling to quarks. The cross section in this case
is modified in the following way:

d d c, 2E
6—) O--f— ¢ oAV mNzr , (27)
dE, dE, 2z(2myE,+my)* \ 2E7
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TABLE I.  Vector charges for quarks and leptons within several
anomaly-free models where various combinations of baryon and
lepton-number symmetries are gauged. We also list a universally
coupled model for comparison.

Model Q¢ o oy oy
B-L -1 -1 -1 1/3
B-3L, -3 0 0 1/3
B-3L, 0 -3 0 1/3
B-2L,-L, -2 -1 0 1/3
B-2L,-L, -2 0 -1 1/3
B-2L,-L, -1 -2 0 1/3
Universal 1 1 1 1

where my, is the scalar’s mass. Considering the case of
universal coupling where the mediators couple to neutrinos
and quarks with the same strength, we can write the
resulting cross section in terms of one coupling parameter
g3 = 9,94~ Then, C in Eq. (27) is given by

=g (ZZ %fé’ +NY %fﬁ) (28)

q=u,d" 4 q=u,d "4

where m, and m,, are the masses of the proton and neutron;
¢ are the quark masses; and f’ I and [ are the scalar form
factors in protons and neutrons. Unlike the vector case,
there is no interference in the cross section for this model,
so the new interaction simply enhances the rate at low

m
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energies. This makes the scalar mediator somewhat less
interesting for the purposes of this study, given that we
merely wish to highlight nonstandard neutrino interactions
as a potential physics case, as opposed to exhaustively
forecasting sensitivity to every iteration of this type of
model. For this reason, we will show results only for the
vector case and leave a full exploration of this detector’s
ability to test nonstandard neutrino interactions for a future
study, once more experimental details have been decided.

We show the recoil energy and recoil angle distributions
for a set of light vector mediator models in Fig. 14,
assuming a benchmark mediator mass of my =1 MeV.
These models modify the recoil spectrum and generally
lead to an enhancement in the rate towards low energies.
There is also a corresponding shift in the angular spectrum
towards larger scattering angles because of this same
enhancement at low E,. Qualitatively, the effect of adding
these new interactions is similar across all models, so we
will show only the sensitivity to the B — L model, as this is
the example that demonstrates the best complementarity
with COHERENT. We have checked that the forecasted
sensitivities to all models are comparable.

Assuming that the measured rate is consistent with the
Standard Model, we can deploy the same likelihood
formalism to project 95% CL upper limits on the value
of g given a fixed value of m . Following the convention
for these kinds of constraints, we then project the mass-
dependent limit by repeating the test over a range of fixed
my values. The one-sided 95% CL exclusion limit on |g |
is then drawn when 2A In £ = —2.71. Figure 15 shows the
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FIG. 14. Left: total event rates summed over all three neutrino fluxes and the three target nuclei in our fiducial gas mixture (60:40
He:CF,), for various low-mass vector mediator models. We show all anomaly-free models listed in Table I as well as the case of a
universally coupled Z'. The SM case is shown by a solid black line for comparison. The mediator mass and coupling are fixed to
my =1 MeV and g, = 10~ in all cases so that the effects of the additional interactions on the rate are visible. Right: angular
distributions for the same set of models, obtained by integrating the event rate over the energy window E, € [10, 1500] keV.
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FIG. 15. Projected median 95% CL upper limits on a vector

B — L model for 1 m? (blue) and 10 m? (orange) experiment. For
comparison, the dashed lines show the limit obtained when we
repeat the same analysis while ignoring all directionality and only
incorporating recoil energy information. These projections are to
be compared with existing constraints estimated from COHER-
ENT (CsI 4 LAr data combined) and liquid-xenon dark matter
detectors (XENON, PandaX, and LZ data combined) presented in
Refs. [109,113]. There are comparable constraints on this model
from cosmology, stellar cooling, and other neutrino oscillation/
scattering measurements; see, e.g., Ref. [109].

projected limit for 1 and 10 m? volumes, assuming three
years of operation and equal numbers of background and
signal events.

To illustrate the fact that the directionality provides
additional statistical power here (in terms of both back-
ground rejection and in discriminating the SM and BSM
recoil distributions), we repeat the analysis while ignoring
the |cos 8| observable—i.e., a “nondirectional” experiment
that otherwise sees an identical event rate.” We forecast a
sensitivity that is competitive with the existing COHERENT
and liquid-xenon-based experimental bounds. The use of light
target nuclei here gives these constraints a slightly different
shape than COHERENT’s bound, noticeable most in the small
window around m, ~ 20 MeV, where the projected limits
extend into a region not excluded by that experiment.

B. Sterile neutrinos

We finally come to the case of extending the SM to
include a sterile neutrino with > eV-scale mass. The
existence of a new noninteracting neutrino flavor state is
expected to affect the spectrum of the three interacting

’In practice, this simply amounts to summing the rate over the
cos @ bins before calculating the likelihood.

flavors of neutrinos arriving at the detector, which would
then be imprinted on the recoil distribution.

In the short-baseline limit, the transition to different
flavors is suppressed if Am?L/4E, < 1. As a result, in the
standard three-flavor framework, where Am? < 1073 eV2,
no flavor oscillations are observable on scales below
~100 m for neutrinos with E, > 1 MeV. However, the
possible existence of a light sterile neutrino modifies the
3 x 3 leptonic mixing matrix (U) into a 4 x 4 matrix, and
adds a new mass-squared difference, Am3,. For large
values of Am3, 2 1 eV2, oscillations can occur on short,
1-10 m scales. For this scenario, the transition probabilities
are given by

o (Am3 L
PulE,) = 40 PIUPsin (705

14

Am: L
= sin® 20,4 cos? 6, cos? O, sin’ Mk
4E,

o (Am3 L
Pu(E,) = AUV s (27 )

14

Am2, L
= COS4 9]4 Sin2 2624 COS2 934 Sin2 ﬂ .
4E,

To incorporate the sterile neutrino into our rate calculation,
we simply multiply each neutrino flux by its corresponding
survival probability, i.e., (1 — P,;) for the electron neutrino
flux and (1 —P,,) for the muon and antimuon neutrino
fluxes.

While this scenario is constrained by a variety of
oscillation experiments [114-116], CEvNS experiments
provide a unique and complementary probe [117-119].
Unfortunately, since CEvNS experiments currently only
measure nuclear recoil energies, they are only indirectly
sensitive to the neutrino-energy-dependent survival prob-
abilities. Because each neutrino energy generates a broad
distribution of recoil energies, the effect of a sterile neutrino
on dR/dE, is almost indistinguishable from a small
reduction in the overall rate. In contrast, the inclusion of
directional information on each recoil gives us a way to
access the neutrino energy spectrum, and thus access to the
energy-dependent survival probabilities, P,; ,;(E, ), despite
there not being any flavor information present at the level of
individual recoils. This effect can be seen in the right-hand
panel of Fig. 16, where the sterile oscillations show up in
the isorate contours of the recoil energy versus recoil angle
distribution. If we integrated these distributions over either
cos @ or E, the effect would largely disappear, emphasizing
the importance of measuring both quantities.

To illustrate the possible sensitivity to this kind of model,
we project median 90% CL exclusion limits on sin?(26,4)
as a function of Amj, for 1 and 10 m* volume TPCs
operating for three years with equal numbers of signal and
background events. The case for sin?(26,,) is qualitatively
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FIG. 16. Normalized recoil energy and angle distributions for 7, neutrinos scattering on '’F. The left-hand plot shows the Standard

u

Model recoil distribution for comparison, while the right-hand plot shows the case when a sterile neutrino is present, taking the excluded
values sin® 20,4 = 0.5 and Am?, = 30 eV? solely for illustrative purposes. The black line shows the maximum recoil energy for a given

scattering angle allowed by the kinematic constraint.

similar to what we present here, but the projections are
significantly weaker because of the lower event rate due
to electron neutrinos. To cast these limits, we have
adopted the same likelihood-ratio test statistic as we
used to project exclusion limits for g, as a function of
myz in the previous section. Since these are exclusion
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FIG. 17. Projected median 90% CL exclusion limits for a 1 and
10 m* experiment, on the sterile neutrino mass difference and
mixing angles, showing just the 6,4 case for illustrative purposes.
As in previous figures, the blue lines are for a 1 m? experiment,
while the orange lines are for a 10 m* experiment. We also
highlight the role played by the directional information by
repeating the analysis while ignoring the cos @ observable and

only using E,—these results are shown by dashed lines.

limits, we are assuming the Asimov data is described by
the SM and fix 2AIn £ = —1.64 for a one-sided 90% CL
upper limit. The result of this exercise is shown in
Fig. 17. Although the projections are relatively modest
compared to existing bounds, this result is the most
striking demonstration of the power of directionality
(comparing the solid and dashed lines of the same color
in Fig. 17). Because of the reasons explained above, we
find that the inclusion of directional information would
improve the limit by up to a factor of ~4 when compared
to a recoil-energy-only CEvNS experiment, which would
struggle to differentiate the presence of a sterile neutrino
from a shift in the overall event rate.

VI. CONCLUSIONS

We have proposed a new class of detector that could be
installed at the Spallation Neutron Source, which has the
promise to complement the ongoing program of CEvNS
measurements being made by COHERENT Collaboration.
Our study aligns with previous studies of the physics case
of MPGD-based low-energy recoil detectors for neutrino
physics in Refs. [66,67,77]—namely that the ability to
simultaneously reconstruct recoil track directions as well as
recoil energies enables novel approaches to various physics
measurements thanks to the added signal information and
background rejection that comes via directionality. We have
illustrated this in the context of the purely Standard Model
measurements (Sec. [V) and have explored several options
for searching for new physics beyond the Standard
Model (Sec. V).

We have forecasted the sensitivity for two sizes of
experiment: a 1 m® path-finding experiment that is large
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enough to make an initial measurement, and a full-scale
10 m*> volume TPC, which would have high-enough
statistics for physics. We believe both experiments are
feasible at the SNS site and could be positioned at a
relatively nearby distance to source of L = 12 m while
accommodating all necessary shielding. Our main results
are shown in Figs. 9 and 11 for measurements within the
SM, namely the measurement of the flavor-dependent
neutrino fluxes, and the flux-averaged cross sections for
different target nuclei. As well as providing directionality,
our proposal is novel with respect to existing experiments
in that it would incorporate the lightest target nuclei used to
date for measuring CEvNS.

Our key result for testing beyond-SM interactions is
shown in Fig. 15, and for testing the presence of a
O(10 eV)-mass sterile neutrino in Fig. 17. We obtain a
competitive level of sensitivity despite the sacrifice in the
total event rate due to the gas-based target medium and the
use of light nuclei. This again is thanks to the fact that a
direction-sensitive experiment has superior signal charac-
terization and background rejection capabilities, and comes
with an intrinsic ability to access the original neutrino
energy at the event level, which is impossible in all current
CEvNS experiments. This is made possible here because
the independent measurements of the neutrino-induced
recoil energy and scattering angle provide complete kin-
ematic information, enabling the reconstruction of individ-
ual neutrino energies. If background conditions prove
favorable in a real experiment, it may also be possible to
empirically measure the neutrino flux event by event, as
illustrated in Fig. 8. A full assessment of the background
conditions and shielding requirements for a gas-based TPC

situated around 12 meters from the neutrino source will be
conducted in the near future.

We have estimated the energy and angular resolutions of
our envisioned detector using limited gas-simulation
results. Using these results, we have found that a 60:40
ratio mixture of helium and CF, is a balanced option where
we neither give up on event statistics nor directional
sensitivity, which scale in opposite directions with
increased gas density. However, our results remain to be
validated by a full engineering study and Monte Carlo
simulations of nuclear recoils in the gas mixture we propose
here. Nonetheless, our results suggest a promising future
for this technology at a neutrino source.
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