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We study the prospects for detection of solar, atmospheric neutrino, and diffuse supernova neutrino
background (DSNB) fluxes at future large-scale dark matter detectors through both electron and nuclear
recoils. We specifically examine how the detection prospects change for several prospective detector
locations [Sanford Underground Research Facility (SURF), SNOlab, Gran Sasso, China Jinping Under-
ground Laboratory (CJPL), and Kamioka] and improve upon the statistical methodologies used in previous
studies. Because of its ability to measure lower neutrino energies than other locations, we find that the best
prospects for the atmospheric neutrino flux are at the SURF location, while the prospects are weakest at
CJPL because it is restricted to higher neutrino energies. On the contrary, the prospects for the DSNB
are best at CJPL, due largely to the reduced atmospheric neutrino background at this location. Including
full detector resolution and efficiency models, the CNO component of the solar flux is detectable via the

electron recoil channel with exposures of ~103 ton-yr for all locations. These results highlight the benefits
for employing two detector locations, one at high and one at low latitude.
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I. INTRODUCTION

Over the past several decades, direct dark matter detec-
tion experiments have made tremendous progress in con-
straining weak-scale particle dark matter [1-4]. Future
larger-scale detectors will be sensitive to not only particle
dark matter, but also astrophysical neutrinos and various
other rare-event phenomenology [5-8]. The most promi-
nent of the neutrino signals are from the Sun, the atmos-
phere, and the diffuse supernova neutrino background
(DSNB) [9-12]. Understanding these signals has important
implications for the future of particle dark matter searches
and also for understanding the nature of the sources and the
properties of neutrinos [13].

Various methods have been proposed to distinguish
neutrinos and a possible dark matter signal. These include
exploiting the energy distribution of nuclear recoils between
neutrinos and dark matter [14,15], the differences in arrival
directions [16], and the differences in the periodicities of the
signal [17]. New physics in the neutrino sector may also
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change the nature of the predicted neutrino signal [18,19]
and provide a method to discriminate from dark matter.

In this paper, we examine the prospects for detecting all
of these neutrino flux components at large-scale, next-
generation detectors. We consider detection through both
the electron recoil and the nuclear recoil channels. We
present a principled statistical methodology for extracting
all flux components and compare it to previous methods
that attempted to extract some of the flux components
that we consider [20,21]. We mainly focus on how the
detection prospects for all flux components depend on
detector location, considering five specific detectors loca-
tions: China Jinping Underground Laboratory (CJPL),
Kamioka, Laboratori Nazionali del Gran Sasso (LNGS),
SNOlab, and the Sanford Underground Research Facility
(SURF). The location of the detector is crucial because the
atmospheric neutrino flux is from cosmic rays interacting
with atmosphere, where the primary cosmic ray is cut off
by a geomagnetic field, which depends strongly on the
detector’s latitude and longitude [22,23]. Including this
effect is important not only for detecting the atmospheric
neutrino flux itself, but also for other subdominant com-
ponents, such as the DSNB, for which the atmospheric
neutrino component is a background.

This paper is organized as follows. In Sec. II, we describe
the nature of the signals and backgrounds that we use in our
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FIG. 1. Neutrino-electron elastic scattering spectra for xenon (left)
discernible, the shaded regions reflect the difference between the high
curves for argon are modified to account for energy smearing. For xen
as described in the text, and only the ideal spectra are shown here.

analysis. In Sec. III, we describe the simulations of detector
properties to interpret the signals. In Sec. IV, we introduce
the statistical methodologies used in our analysis and
compare to previous analysis methods. Then, in Sec. V,
we present our resulting projections and Sec. VI presents
the discussion and conclusions.

II. SIGNAL AND BACKGROUNDS

Figures 1 and 2 show the electron and nuclear recoil
spectra, respectively, for the solar, atmospheric, and DSNB
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where E, is the electron or nuclear recoil kinetic energy and
my 1is the mass of the target nucleus. Assuming pure
Standard Model interactions, under ES, g, =2sin?0,,—1/2,
g, = —1/2. We take the v, survival probability P,, = 0.553
[24], which implies that ~55.3% of the v, flux remains when
reaching the detector, which undergo both charged current
and neutral current interactions. Then ~45% of v, flux
oscillates to v, (P,,M =1-P,,), which undergoes just
neutral current interactions. So the total rate of ES is
summing over these two contributions [Eq. (1)]. The differ-

ence in number of available Feynman diagrams appears in

dﬁ(fé,rEv—)’ where v, has ¢, =g¢g,+ 1, ¢, =g, + 1, and Vyr

has ¢, = ¢g,, ¢, = g,. On the other hand, CEvNS does not

(s 0 + (e = ea (1 -

electron recoil kinetic energy E, [keV]

and argon (right) for solar and background components. Where
and low metallicity solar normalizations. The spectra with dashed
on, efficiency and smearing are handled via the NEST simulations,

spectra. We show results for both for xenon and argon
targets, which are the most likely target nuclei for large-
scale detectors with size ~10-100 ton. Physical processes
that produce each flux component are shown in Table I. The
nuclear recoil spectrum uses the neutral current coherent
elastic neutrino-nucleus scattering (CEvNS) channel, and
the electron recoil channel uses neutrino-electron elastic
scattering (ES). The differential cross section and minimum
neutrino energies are

myE,
E;

} ES.

CEuNS,

E, + E,(E, 1 Zme)} ES,

CEVNS,

|

distinguish among flavors at tree level [Eq. (1)]. For CEvNS,
Q=N —(1-4sin?0,,)Z and sin? 0,, = 0.231 [25], where
Z is the number of protons, N is the number of neutrons,
and the mean mass number A = 131.293 for xenon, and
A = 39.948 for argon. We take F(E,) to be modeled by the
Helm form factor [26]. Defining the neutrino flux as
d¢/dE,, the rates of all flavors are then

N d¢ do(E, E,
dR E TA Z va.min dEUTE”,, O.(dEr )Pl/ ES’
M o Vpzsle ( 1 )
dE N d¢ do(E, .E,
' TA El/,min I/d_gv% CEZ/NS’
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FIG. 2. Nuclear recoil spectra for xenon (left) and argon (right) via CEvNS. Shown are the components of the solar, atmospheric
(Atm), and DSNB spectra. For the solar components, the shaded region reflects the difference between the high and low metallicity
normalizations. The atmospheric spectra are shown for the SURF detector location. The spectra with dashed curves for argon are
modified to account for energy smearing and detector efficiency. For xenon, efficiency and smearing are handled via the NEST
simulations, as described in the text, and the only ideal spectra are shown here.

with N4 /A being the number of nuclei per mass of the target
nuclei. As applied to the solar neutrino flux, pp, Be, CNO,
and pep are detected through ES, where the electron
neutrino survival probability P,, is required for calculating
the rates. On the other hand ®B, atmospheric neutrinos,
DSNB, and hep are detected through CEvNS. Since we are
only considering tree level interactions, there is no difference
for the interactions among the different v,, v, v, flavors, so
we do not need to consider the survival probability.

We use solar neutrino flux normalizations from
GS98-SFII (high metallicity) and AGSSO09-SFII (low
metallicity) [29]. The atmospheric fluxes used are the

TABLE 1. Physical processes that produce the neutrino fluxes
and backgrounds [9,27].

v flux Physical process
pp p+p—-d+et+v,+042 MeV
pep p+e +p—-d+v,+ 1442 MeV
(monoenergetic)
Be Be + e~ = Li+ v, + 0.862 MeV
(monoenergetic)
5B Be > B +7+40.137, B = ®Be* +- e + 1, +
15.04 MeV
hep He + p = “He + et + v, + 18.77 MeV
CNO BN - BC+et +u,
150_) 13N+e++ye
17F—) 17O+€++l/e
Atm at s ptty,pt et +u,+0,
T o u o, e+, +y,
2upp 136Xe — o= + 7 + 135Cs
135CS e + o+ 136]32l
85KI' SSKI. - 85Rb+ e+

222Rn [20,28] 2'8Po — 214Pb + a, 219Pb —» 2¥Bi+ e~ + D

average of the solar minimum and solar maximum flux
calculated in [23] for different locations. DSNB event rates
are obtained from [30]. For the electron recoil component,
we apply the electron binding energy correction that adds
steplike features at the lowest recoil energies [24]. Also
shown in the electron channel are the projections for the
85Kr, 222Rn, and 2v3 backgrounds [20,28]. There may be
additional backgrounds to consider, for example, low-
energy f emitters produced in cosmic muon spallation
or other radiogenic backgrounds associated with the target
medium [5]. Some of these backgrounds may vary with
cosmic ray flux and therefore depth of detector, so they may
introduce a location-dependent effect in the backgrounds.
Simulating these backgrounds are beyond the scope of our
present analysis, which is mainly focused on the varying
astrophysical backgrounds.

III. NEST SIMULATION AND DETECTOR
EFFICIENCY MODELS

To simulate the detection of the signal in xenon time-
projection chambers, we use the noble element simulation
technique (NEST) [31] code. Neutrinos (or dark matter
particles) interact with the liquid xenon or argon in the
detector, producing a scintillation signal S1 and ionization
electrons, which then drift along the electric field to produce
a signal 2. The NEST code simulates the detection of events
in the space of S1 and S2. For the NEST configuration, we
choose all enhanced parameters (Table VII), similar to
previous studies [21,32], and adopt unit [phd] in our
analysis. For the detector geometry, we take the radius to
be 1300 mm and the z position to range from 75.8 to
1536.5 mm.

For comparison to the analysis in S1/S52 space, we will
perform an analysis directly in electron and nuclear
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FIG. 3. Comparison between analytical model and recon-
structed event rate from NEST.

recoil space. With the efficiency modeled as a function of
recoil energy, the modified event rate is

1 (Er—E})?
T 22(E)

s
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where E. is the true recoil energy, E, is the detected recoil
energy, o(E.) is the resolution at the true recoil energy, and
e(E,) is the detector efficiency. The comparison between
the modified event rate obtained through the “resolution +
efficiency” analytic model and through the NEST simulation
is shown in Fig. 3. In the analytic model, the resolution is

o(E,) = (0.311/E5 + 0.0035 £) keV [20] and the effi-

ciency is the probability of binned events with valid S1 and
S2 signals out of uniformly simulated binned events.

For xenon and argon, we consider four models defined
by how the detector efficiency and energy resolution are
modeled. These models are defined as follows:

(1) Ideal xenon: Characterized by perfect efficiency and

energy resolution.

(2) Xenon S1/S82: Full analysis in S1/52 space for
xenon, including efficiency and energy resolution
corrections via the NEST simulations. Because of
the minimum work function in the NEST setup
(13.469 eV) to excite the atom, nuclear recoils
below this energy do not generate S1/S2 signals,
so the solar CEvNS components with neutrino
energies at this scale do not contribute to the rate
in this scenario.

(3) Ideal argon: Characterized by perfect efficiency and
energy resolution.

(4) Argon resolution + efficiency: Characterized by an
energy resolution of o(E,) = 0.1E,. The nuclear
recoil efficiency is taken from DarkSide-50 [33].
For electron recoils, we simply assume a threshold
energy of E; = 1 keV.

IV. STATISTICAL METHODS

In this section, we establish our statistical methods for
the detection of solar and atmospheric neutrinos. For
related previous analyses, see Refs. [34,35] based on the
statistical methodology in Ref. [36]. As described above,
there are two components to our analysis. The first
involves an argon-based and idealized xenon-based
analysis in the nuclear and electron recoil energy (E,)
space, and the second involves a xenon-based analysis in
the S1/S2 space.

We start with construction of the function applicable to
both E, and S1/S2 space. Let Q represent the entire domain
of interest, which can exist in one- or two-dimensional, or
ultimately event higher-dimensional space, depending on
the observable. For instance, in the analysis in recoil energy
space in argon and xenon, €2 is one dimensional, and in the
analysis of xenon in S1/S2 space, Q is two dimensional. To
detect the presence of a given neutrino flux component,
multiple nonoverlapping subdomains Q;, i =1,2,...,M
are selected from Q. Let the detector have a volume of D
and a run time of 7. In the ith subdomain Q;, let #¥ be the
mean event rate for a flux component, measured in units of
ton~! yr~!, so that the expected number of events for all
components is

Hi = DTZ’?';- (2)

Defining the observed number of events as n; at Q;, the
likelihood for the observed number of events over M
subdomains is

M n;
o eXP(—Mi)Mi'
£ o H ni! ’
i—

where the observations across the subdomains are assumed
to be independent.

A. Analysis in E, and S1/S2 space

We start with an analysis directly in E, space for the
detected electron and nucleus. We use this E, space for the
idealized xenon, idealized argon, and argon resolution +
efficiency analysis methods. In this case, the domain is
one dimensional and the ith subdomain €; corresponds
to an energy range in the one-dimensional E, space.
The event rate in the :th subdomain from the xth flux

component is
dR%
= | dE,—*,
;/]l / rdE,

where the integral is over the energy range covered by the
ith subdomain. The expected number of events is then
derived using Eq. (2).
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We then move on to a xenon analysis in S1/S52 space.
In this case, the domain Q is two dimensional and has
total Ng; S1 bins and Ng, S2 bins (in log;, space). We
construct a likelihood function in terms of the detector-
related S1/S2 variables. For the xth flux component, we
can schematically represent the event rate in the ith
subdomain €; in the two-dimensional space as

PR obR(s1 S2E).  (3)
dS1dS2 ’ "

s = / ds1ds2

In Eq. (3), PDF(S1,S2|E,) is the probability density
function for S1 and S2 for a given E,. The PDF converts
a recoil energy spectrum to S1/S2 space after the inter-
action process in the detector and is calculated from the
NEST simulations described above. To determine the PDF
for each component, 107 energy depositions are simulated
and converted to S1/52 signals. Since each component has
its own recoil spectrum, this leads to a unique event rate in
the subdomain Q; of S1/S52 space.

B. Test of significance

Our goal will be to detect the solar, atmospheric, and
DSNB flux components. To achieve this, we define
components of the flux as the background to be contained
in the null hypothesis, H,. We then add a flux component
n' on top of the background in the null to define the
alternative hypothesis, H;. As an example, if we are
attempting to detect hep neutrinos via nuclear recoils,
the null hypothesis H, includes 8B, DSNB, and atmos-
pheric neutrinos. The alternative hypothesis H includes
8B, DSNB, atmospheric, and hep neutrinos.

Now define the total number of events over all sub-
domains of interest or being selected as N = ), n;; here
index i is used to denote different subregions. Then the
expectation of the random variable N is

DT > nf

DT, (Zn’f + 717,/) under H;.

under H,

E(N) = 4)

The goal of the following exercise is to find the exposure
DT that ensures H, is rejected when H,; holds with a
desired probability while the test’s significance level is set
to a. Moreover, here we assume that 7 and 17;( are known
for all i and x. The index x is used to denote different
background components.

The level or the significance level a denotes the proba-
bility of type-I error, and type-I error signifies rejection of H,,
when H holds. In the context of this problem, the type-I
error signifies the situation where, based on the data and
statistical test, we declare the presence of a particular
neutrino signal 7%, but in reality there were no such signals
other than the background noise. On the other hand, the
probability of a type-II error denoted by S signifies the
probability of failing to reject H, when H; holds. In
the context of this problem, the type-II error signifies the
situation where, based on the data and statistical test, we
failed to find the presence of a neutrino signal 77, but in
reality, it was present along with the background noise. The
power of the test is one minus the probability of type-II error
(i.e., power = 1 — f3). The probabilities of a type-I error and
a type-II error are in inverse relation.

Given that rﬁ > 0 for all i, the most powerful test for
testing the simple null against the simple alternative as
given in Eq. (4) at level a is to reject Hy if N > N, =
N,(DT), the smallest integer of the set

{a:pr{N > where N ~Poisson <DTZZ:7’,»‘> } Sa] .

This form of the test is obtained by using the Neyman-
Pearson lemma and the monotone likelihood ratio property
of the Poisson distribution ([37], pp. 388, 391). Note that
there is no closed form analytical expression for N, in terms
of DT ;> . n¥, so it must be computed numerically.
However, there is no need to do a simulation to compute N,,.
Moreover, this test is uniformly the most powerful test
for testing the null Hy: E(N) =DT > ;> . nf against
the alternative H;: E(N)>D7 ) ;>  nf. For a
minimum power of 1—/ for the alternative E(N) =
DT > .(>-uf + 1)), the desired DT is

inf [D’Z': pr{N > N, where N ~ Poisson (DTZ <Zr/’f + n’,’))} > (1 —ﬂ)}

To find this exposure D7, we first fix a and (1 — f), then
for a grid of values of D7, find N,. For each D7 and the
corresponding N,, we compute

pr{N > N, where N ~Poisson <DTZ <Zn’; +;7;()) }

|

and check if the above probability is at least (1 — /). The
infimum of the set of D7 that yields the above probability
to be at least (1 — f) is the desired exposure.

C. Choice of the subdomain

Given the nature of the distribution of the events in the
subdomains, the null and alternative hypotheses may be
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TABLE 1II. Flux components #* that are included in the null
hypothesis, listed in the x column, when considering the detection
of the CNO and pep fluxes in the electron scattering channel.
This considers xenon as the nuclear target and a full analysis in
the S1/S2 space. The two rows of the second column indicate
whether the background includes only 2uff or all of 2uf8, 8K,
and ?*Rn. The “exclude” in the third column indicates the
components that have been removed from &y 51 /52

Y Detector backgrounds  Background components (k)

CNO 2upp Kas1/s2 exclude (7.% Kr,”?? Rn)
All Kall,Sl/SZ exclude Y

pep 2upp Kas1/s2 exclude (7% Kr,”?? Rn)
All Kan,s1/52 €xclude y

difficult to distinguish, especially when a large portion or
almost all of the domain with a very small signal is on top
of a relatively large background. This is especially true for
the CEvNS channel since the atmospheric, #ep, and DSNB
event rates are low. It is less of a concern for the ES channel
due to the relatively large event rates. For both cases,
we wish to choose a set of subdomains that maximize the
ability of the test to differentiate H, and H,. With this
motivation, we now discuss choices of subdomain for
each of the analysis methods. One recommended principle
for selecting subdomains is to enhance the signal-to-
background noise ratio within the chosen subdomains
when compared to using the entire domain without any
selection, while keeping sufficient exposure. In order to
characterize the background components included in the
analysis, we introduce the following notation:

(1) kais1/s20 = (pp, 'Be 861, Be 384, pep, CNO,

20BB(foupp)s 8Kr, 22?Rn, ®B, hep, DSNB, Atm),
(2) karer = ('Be 861, CNO, pep),
(3) kaing = (Atm, ®B, hep, DSNB).

1. Choice of two-dimensional subdomain
in S1/S2 space for ES xenon

For the detection of the CNO and pep components via
elastic scattering in xenon, we divide into 30 equally spaced
S1 bins within the range [2 — 12000] and 30 equally spaced
log;(S2 bins in the range [2 —6.9]. We do not select a
subdomain since the event rates of CNO and pep are

TABLE III.

~0(10). The null hypothesis includes flux components 7",
when considering the detection of the CNO and pep fluxes
in the electron scattering channel (y = CNO or pep). This
considers xenon as the nuclear target and a full analysis in
the S1/S2 space (Table II).

2. Choice of two-dimensional subdomain
in S1/82 space for CEvNS xenon

For the detection of atmospheric, hep, and DSNB
components through the nuclear recoil channel, we take
additional steps to define the optimal set of subdomains in
S1/S82 space. This is because the backgrounds contained
in the null hypothesis can be significant and care must be
taken to identify the signal.

We start by dividing S1/52 space into a large number of
small regions, and then combine the small regions into a
subdomain. More specifically, for a fixed S1, we combine
the consecutive log;yS2 regions in which the signal is
greater than the background into one rectangular log;q S2
subdomain. When scanning over the entire S1/S2 space, we
keep only the subdomains with similar event rates so that the
total rate summed over all subdomains is nearly uniform. We
do not include bins with a very small event rate, correspond-
ing to a threshold of signal > 10~ ton~! yr~!.

As an example of this procedure, consider the detection
of the atmospheric neutrino signal. In this case, the null
hypothesis is given by the background components in
Table III. We simulate 107 S1/S2 events using NEST for
each CEvVNS and ES component. We then divide the events
into many equally spaced small S1/S2 grids, where number
of the grids and the S1/S2 range are specifically shown in
Table III. This example of atmospheric neutrinos highlights
the motivation for starting with small regions in log;,S2
space, which in this case is to avoid a significant contami-
nation of events from leakage due to ES of pp solar
neutrinos. The resulting set of subdomains for the atmos-
pheric signal is shown in Fig. 4 at each detector location.

For the hep and DSNB components, we slightly adjust
our method for determining the set of subdomains. This is
because, to detect the DSNB (4ep) signal, the atmospheric
background (®B) is nearly entirely overlapping the regions
where these signals are located, and the event rate of the
DSNB (hep) is smaller than the atmospheric (®B) back-
ground. There is no region in the S1/S52 space over which

Flux components #* that are included in the null hypothesis, listed in the x column, when considering the detection of the

atmospheric, hep, and DSNB fluxes in the CEUNS channel at detector locations CJPL, Kamioka, LNGS, SURF, SNOIab. The “exclude”
in the second column indicates the components that have been removed from k51 /5, Xenon is the nuclear target, and the analysis is in
S1/82 space. The last two columns indicate the S1/S2 range used to generate the grid and the number of grids.

4 Background components (k) Number of equally spaced grid S1 range Number of equally spaced grid log;,S2 range
Atm 100 [1-401] 100 [2-4.7]
hep Kan,s1/s2 €xclude y 10 [1-25] 10 [1.9-4]
DSNB 90 [1-361] 80 [1.9-4.6]
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FIG. 4. Heat map of the atmospheric neutrino event rate from CEvNS and contours of constant pp event rate from elastic scattering
(dashed contours) in the S1/S52 plane. The event rates are in units of ton™! yr~!. The figures show the five different detector locations
that we consider. Black rectangles indicate the bins used in the analysis for each of the locations.

these components are larger than the background compo-
nents. Therefore, in choosing the set of subdomains to
search for the DSNB signal, we follow the same steps as

above, except that we exclude the atmospheric signal.
Note that, in the full analysis for the DSNB, we do
include the atmospheric component; we only exclude it to
define the subdomains.

For hep, we follow a similar strategy as for the DSNB,
in this case excluding the more dominant ®B signal over
that region. Then for the full analysis, we include the B
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component. The full background models considered for
DSNB and hep are shown in Table III. The results for the
subdomains are shown in Fig. 5.

3. Choice of one-dimensional subdomain
in recoil energy space for ES and CEvNS

For the analyses in recoil energy space, for ES, the

background components used for the detection of CNO and
pep neutrinos are shown in Table IV. This table may be
compared to k in Sec. IV C 1 which shows the background

DSNB_, 105 —ilwgﬂ.'exw5
___________ 3.5x10>
e ] B
s J”— 4’, ,_"’
y g 2.5%10
vy |\ -, L 5
[ A 2%10°5 2.4%10
1
I/, 5
s 1.5x10°
- 8x10°°
1x10°
-6
DSNB 5x10 1x10°6
1x10°°
1x10°8 1x10°8
0 5 10 15 20 25
S1

Left: heat map of the hep event rate and contours of constant ®B event rate (dashed). Right: heat map of the DSNB event rate
and contours of constant atmospheric event rate (dashed). The event rates are in units of ton~! yr~!. The atmospheric event rate is for the
SURF location. Black rectangles indicate the bins used in the analysis.
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TABLE IV. Flux components that are included in the null hypothesis, listed in the x column, when considering the
detection of CNO and pep fluxes in the electron scattering channel, with the observable being the electron recoil
energy. The “~" sign in the last column indicates the components that have been removed from « gg, and the “+”
sign indicates the components that have been added to x,;; gr. The second column gives the nuclear target, xenon or
argon. The third column indicates whether efficiency and resolution are included. The energy threshold is the end

PHYS. REV. D 109, 043055 (2024)

point of pp, which removes two background components, pp and "Be 384, so we use Ky gg-

y Nucleon Analysis method E, threshold (keV) Background components (k)
CNO Xe Ideal 291 _
Ar Ideal 284 Kl ER — ¥
Resolution + Efficiency 414 Katgr — ¥ + 2*Rn
pep Xe Ideal 291 _
Ar Ideal 284 Kai,ER — Y
Resolution + Efficiency 414 Kalgr — 7 + 2*°Rn

components used to detect CNO and pep neutrinos in the
S1/82 Xe analysis.

For CEvNS, similar to the S1/S2 analysis described
above, the event rate is low in E, space. Upon optimiz-
ing the E, range as above, Fig. 6 shows the E, range
used for the SURF detector location. Similarly, the
criteria for selection of the E, ranges for all detector
locations are shown in Table V. The criteria for selecting
the subdomain is obtained from testing several choices

to select the subdomain and find the criteria that give the
minimum exposure.

V. RESULTS

We start by presenting the results for the analysis in the
electron recoil channel, focusing on the CNO and pep
neutrino fluxes. Figure 7 shows the detector exposure that
satisfies = 0.001, 0.01, 0.1 and g = 0.1, as a function of

mm 8B hep mm DSNB EEE Atm SURF
Xenon ideal Argon ideal Argon resolution+efficiency
i JAtm i i Atm
1 1 1 1
1 1 ]
1 1 1
1 1
] 1 ]
1 1
1 1
1 1 1
1 1
1 1
10—6_ 1 1
3 5 10 2030 50 100 10 50 100 1000 10 50 100 1000
r,'<_' Xenon ideal Argon ideal Argon resolution+efficiency
3 H H hep i 1 hep H hep
v 1 1 1 1 1
TL 10_2 : : A i E i
z T\ AN i
s 107 N\ ™N /
g 1 1 1 1 1
\ I 1 1 1
|y 1078 1 1 1 1
S 3 4 5 6 8 10 5 8 10 15 20 30 5 8 10 15 20 30
Xenon ideal Argon ideal _Argon resolution+efficiency
; 1 __DSNB i DSNB i DSNB
1073 i i i
1 11
1074 i i :
: : ] 1\
-5
10 i il il
10—6 : : : :
3 4 56 8 10 15 20 10 20 30 50 100 10 20 30 50 100
E, [keV] E, [keV] E, [keV]

FIG. 6. Event rate spectrum and energy bin ranges used for the analysis for atmospheric (top row), hep (middle row), and DSNB
(bottom row) versus recoil energy. The atmospheric neutrino spectrum is for the SURF location. The first column is for ideal xenon, the
second column is for ideal argon, and the third column is for argon resolution and efficiency correction. Blue shaded regions show the
binning regions in recoil energy space according to the selection criteria outlined in the text and Table V, which are determined based on

the simulations.
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TABLE V. Flux components that are included in the null hypothesis, listed in the x column, when considering the
detection of the atmospheric, iep, and DSNB fluxes in the CEvNS channel in nuclear recoil space. The “—"" sign in
the second column indicates the components that have been removed from x,; ng. The third column gives the
nuclear target, xenon or argon. The fourth column indicates whether efficiency and resolution are included in the
electron recoil energy space. The last column indicates how the energy range is selected. We use k,;ng as

denoted before.

y K Nucleon Analysis method Condition for the subdomain selection
Atm Xe Ideal
Ar Ideal 0>k
Resolution + Efficiency
KaNR — 7
hep Xe iggg} Remove all 3B from PDF simulations
Ar Resolution + Efficiency Keep all hep
DSNB Xe Ideal
Ideal ’/Izy > ZK:hep.gB ’7); and ’7{ > 1/4’7?tm
Ar Resolution + Efficiency

Saupp- For fo,55 = 1, we have a full contribution from the
2upp background, while f5,z; = 0 corresponds to a com-
plete reduction of this background. Prospects for depleting
136X e are discussed in [5]. We do not consider the effect on

(e}
z
o
N
<
Ry
©

exposure D7 [ton-yr] exposure D7 [ton-yr]

exposure DT [ton-yr]

1044
1034
102

104

1044
1034
1024

101

1044
1034
10?4

101 1

pep 2vBB CNO all

Xe S1/S2, @=0.001, =0.1

the xenon mass number when depleting one of its isotopes.
Shown are the results using the likelihood in the S1/S52
space and also in the recoil electron energy space, for
both argon and xenon. The exposure to detect a single

CNO pep

Xe ideal Arideal Ar o+¢(E/)

0.01 0.001
f2uB

Xe S1/S2, @=0.01, B=0.1

Xe ideal Arideal Ar o+&(E;)

0.01 0.001
foupp

Xe S1/S2, a=0.1, f=0.1

Xe ideal Arideal Ar o+&(E;)

1 0.1

0.01
favpp

0.001

FIG.7. The three figures with the curves show the prospects for detection of the CNO and pep fluxes in the elastic scattering channel
for a given exposure as a function of the 2uf fraction, f5, 44, for xenon, in the S1/52 space. The bands are for high and low metallicities.
The three different rows are for different values of type-I error rate « in the text. The three figures stacked on the right show the exposures
for the ideal xenon, argon, and argon resolution and efficiency models, for high metallicity.
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component is reduced due to the conversion from ideal E,
space to S1/82 space. As a increases, the test becomes less
stringent; consequently, the desired exposure D7 tends to
decrease. For the ideal case with a perfect energy resolution
and f5,55 = 0, we find that both the pep and CNO signals
may be extracted for exposures <100 ton-yr. For a full
analysis in the S1/82 space and with f5,55 =0, the
exposures for signal identification reach >10° ton-yr.
Note that in all cases, relative to other components of
the solar flux, the CNO detection significance is more
sensitive to the assumed metallicity due to the differences
between the high and low metallicity models.

We now move on to the nuclear recoil channel. Figure 8
shows the detection significances for the e p, DSNB, and
atmospheric neutrino components for the five detector
locations under a = 0.001, 0.01, 0.1 and p = 0.1, corre-
sponding to 90% power. For all locations, we compare the
ideal cases with no background and perfect efficiency to
those in which detector efficiency and backgrounds are
modeled.

There are several interesting points to be noted in Fig. 8,
in particular, how the detection prospects change as a
function of detector location. For atmospheric neutrinos,
the top panel in Fig. 8 shows how the optimal exposure
(the exposure determined by fixing a and f) changes
across the detectors’ location; the best detection prospects
come from SURF because the flux is the largest at this
location, while the most pessimistic detection prospects
are from CJPL because of a relatively lower flux.

Depending on detector location, background model,
and the criteria of a and f, the atmospheric flux will
be detectable with anywhere from ~200-2000 ton-yr of
exposure. The hep flux is detectable with =103 ton-yr
exposure, while in all cases the DSNB requires larger
exposures, >10* ton-yr. Interestingly, the prospect for
detecting the DSNB at CJPL are slightly better than other
locations, since the atmospheric flux is the lowest at these
locations. Then to detect hep, DARWIN with 40 ton
active liquid xenon would take =25 yr, and ARGO with
300 ton fiducial mass of argon would take 230 yr under
current resolution and argon detector efficiency [38].
For fixed confidence level «, different values for the
power are shown in Table VI.

The above results show that the most drastic decrease in
power occurs when including backgrounds and resolution
is for the hep and atmospheric components. This can be
seen specifically by comparing the Xe ideal to the Xe
S1/52 model, and the Ar ideal to the Ar resolution -+
efficiency model. The hep component is significantly
affected by the energy smearing from the 8B component.
On the other hand, the atmospheric significance is strongly
affected by leakage from the electron recoil band, due to
scattering events from pp neutrinos and from the 2vfp
background. Since the DSNB signal in S1/S2 space is
concentrated at lower values than the atmospheric neutrino
signal [21], the DSNB is less affected by the pp leakage
than the atmospheric neutrino is. Because of DSNB’s low
event rate and its overlapping with atmospheric neutrino,

I CJPL Hl Kamioka BN LNGS I SURF SNOlab
- Xe ideal Xe 51/S2 Ar ideal Ar resolution+efficiency
>
5
£10°3
= m
e —_—
= — I
3102 - ————
3 Atm Atm Atm Atm
v 0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1
- Xe ideal Xe S1/S2 Ar ideal Ar resolution+efficiency
>
A )
g1 —— ———
) —
<
>
w
§_ hep hep
¢ 0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1 0.001 0.01 0.1
- Xe ideal Xe S1/S2 Ar ideal Ar resolution+efficiency
> .
% | | \\
S105 & \\ \
}\ \ \
5 %\k
o
5104 &
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X
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FIG. 8. Prospects for detection of atmospheric neutrinos (top row), ke p neutrinos (middle row), and the DSNB (bottom row) in the
nuclear recoil channel at several detector locations, for high metallicity, for the given experimental exposures as a function of «, as
defined in the text. The first column shows xenon ideal, second column shows xenon S1/S2 analysis, third column shows argon ideal,

and fourth column shows argon resolution plus efficiency model.
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TABLE VI.

Exposure (ton-yr) for multiple # under fixed a for xenon results and argon results. In the second column, the “— and “+”

signs in the second column indicate the components that have been removed from and added to kyy 51/52> KaiER> O Kai NR-

Xenon S1/52 space f5,45 = 1, high metallicity

a = 0.001 a=0.01 a=0.1
14 Background p=02 p=01 p=005 =02 p=01 p=005 =02 p=01 p=0.05
CNO  kys51/50 —7 — ¥Kr —?*Rn 8742 10813 12651 5666 7349 8913 2548 3717 4838
Kail,s1/52 — ¥ 8903 11007 12908 5760 7498 9090 2598 3779 4923
pep Kaisizs2 —y — Kr—22Rn 31351 38792 45493 20404 26455 32054 9134 13301 17423
Kaisi/s2 =7 31996 39552 46386 20774 26944 32638 9330 13597 17743
Atm 718 910 1097 514 642 766 249 361 475
hep Kaii,s1/52 = ¥ 5448 6741 7907 3535 4589 5567 1586 2321 3030
DSNB 23960 30270 35203 15629 20502 24858 7072 10660 13879
Argon E, space resolution + efficiency, high metallicity
a = 0.001 a=0.01 a=0.1
14 Background p=02 p=01 p=005 p=02 p=01 p=005 p=02 p=01 p=0.05
CNO mp 21 26 31 14 18 22 6 9 12
pep  KalEr Ty 7URD 29 36 4 19 25 30 9 12 16
Atm 233 334 428 190 228 316 132 172 213
hep KallNR — ¥ 33714 41976 50811 21861 28986 35435 9943 14649 19133
DSNB 303435 376133 443940 195696 259076 316675 90155 136656 173342

the main background affecting detection of DSNB is the
overlapped atmospheric neutrino on it.

As discussed above, our statistical methodology intro-
duced in Sec. IV is different than previous studies [21,32,39],
so it is interesting to compare methodologies where possible.
These previous studies provided a test statistic and expected
significance for atmospheric neutrino signals under different
parameters and exposures. For comparison, we also calcu-
lated this significance under our optimally determined
detector exposures for each of the different solar, atmos-
pheric, and DSNB flux components that we consider. To
compute this significance, we first calculated the test statistic
defined in Newstead et al. [21] as the ratio of the likelihoods

under the null and alternative hypothesis. Then we calculated
the square root of the test statistic, and the average of this
square root over 10,000 simulated datasets is referred to as
the expected significance. Before the square root calculation,
we replaced the negative value of the test statistic by a zero.
The results for each of the fluxes are shown in Fig. 9. For
atmospheric neutrinos, the expected significance generally
increases for the high latitude detector locations such as
SUREF, which implies better prospects for detecting atmos-
pheric neutrinos, and decreases for lower latitude detector
locations such as CJPL, which implies worse detection
prospects. On the other hand, for the DSNB the expected
significance is larger for CJPL than for SURF, implying

mm CJPL mm LNGS SNOlab Bl a=0.01, power =0.9
I Kamioka Il SURF ® a=0.001, power =0.9 Q a = 0.1, power = 0.9
[}
o
<5 Atm 2 hep DSNB
kS
c
o4
1]
©
Q
© 3
@ &
o
x
Y2
103 10 103 10% 103 10%

exposure DT [ton-yr]

exposure DT [ton-yr]

exposure DT [ton-yr]

FIG.9. Xenon detector in S1/S2 space. Expected significances, as defined in [21], as a function of exposure for atmospheric, he p, and
DSNB neutrinos. The different point types show the optimal exposures as determined in Fig. 8 for the type-I error rate « = 0.001, 0.01,

0.1 and power = 0.9.
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TABLE VIIL

Detector parameters used for the NEST simulations for this work are shown in the first row.

For comparison, we show the detector parameters used in previous LZ experimental analyses and for simulated

G3 experiments.

Detector gl (phd/y) g2 (phd/e)  Drift field (V/cm)  Electron lifetime (us) — Pgpne
All enhanced (this work) 0.3 96.922 1000 5000 0.22
Lz 0.113569 47.067 192 6500 0.214
G3° 0.118735 76.147 180 850 0.2

*https://github.com/NESTCollaboration/nest/blob/master/include/Detectors/LZ_SR1.hh.
Phttps://github.com/NESTCollaboration/nest/blob/master/include/Detectors/Detector_G3.hh.

better detection prospects for the former location. This is the
same trend as shown in our primary analysis method.

In addition to the statistical methodology, for comparison
to previous studies we show the NEST detector parameters
that we use in Table VIL

VI. CONCLUSIONS

In this paper, we have studied the prospects for detecting
solar and atmospheric neutrinos in future large-scale xenon
and argon dark matter detectors. We have, in particular,
focused on how the prospects change as a function of
detector location. This is an important consideration that
has not been specifically addressed in previous studies,
especially because the low-energy atmospheric neutrino
flux depends strongly on the detector location. Moreover,
we have employed a principled statistical methodology that
allows calculating the detector exposures as a function of
the type-1I and type-II error rates.

Our analysis shows that the best prospects for the
detection of the atmospheric neutrino flux are at the SURF
location, while the least pessimistic chances are at CJPL.
In addition to the atmospheric neutrino flux, we examine
the prospects for detection of the diffuse supernova
neutrino background and all components of the solar
neutrino flux. For the DSNB, we find that the prospects
are best at CJPL, due largely to the reduced atmospheric
neutrino background at this location. Since the atmos-
pheric neutrino becomes a major background to detect
DSNB in S1/52 space, the required exposure to detect
DSNB is lower where the atmospheric neutrino flux is
lower. The characteristic exposure for significant detec-
tion for different combinations of a, f is around ~10* ton-
yr, which is approximately an order of magnitude larger
than characteristic exposures discussed in [5]. We find that
the CNO component of the solar flux is detectable via the
electron recoil channel with exposures of ~10° ton-yr for
all locations.

For the solar components of our analysis, the uncertain-
ties on the fluxes are well quantified. However, for the
atmospheric and DSNB, the uncertainties are not as well
known. For the atmospheric flux, additional systematic
uncertainties in addition to the location-dependent uncer-
tainties that we consider arise from the uncertainty on the
primary cosmic ray flux and the structure of the Earth-
magnetic field. For the DSNB, uncertainties in the flux
prediction arise from the SNII rate, and the SN (supernova
neutrino) spectrum for the different neutrino flavors.
However, since this flux is not yet detected, it is difficult
at this time to gauge systematic uncertainties.

Dark matter detectors provide a unique way to measure
the neutrino fluxes that we have discussed. The measure-
ments would be complementary to those at future large-
scale neutrino detectors. For example, a precise charac-
terization of the solar neutrino flux would allow for novel
methods to measure properties of the Sun [40] and neutrino
mass matrix parameters via dark matter detectors [41]
and at future detectors such as DUNE, JUNO, and Hyper-
Kamiokande [42]. In addition, DUNE [43,44] and JUNO
[45,46] will be sensitive to primarily charged current
channels and different neutrino energy ranges for low-
energy atmospheric neutrinos. Because of the relatively low
event rates for atmospheric neutrinos, even for the large-
scale detector that we consider here, a measurement of the
event rates at different detectors through different channels
would provide an important calibration in order to better
understand the systematics in the measurement of the
low-energy flux. This is important for the potential extrac-
tion of neutrino parameters and new physics from these
data [47,48].
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