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Opportunities and challenges to study solar neutrinos
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The study of solar neutrinos presents significant opportunities in astrophysics, nuclear physics, and
particle physics. However, the low-energy nature of these neutrinos introduces considerable challenges to
isolate them from background events, requiring detectors with low-energy threshold, high spatial and
energy resolutions, and low data rate. We present the study of solar neutrinos with a kiloton-scale liquid
argon detector located underground, instrumented with a pixel readout using the Q-Pix technology. We
explore the potential of using volume fiducialization, directional topological information, light signal
coincidence, and pulse-shape discrimination to enhance solar neutrino sensitivity. We find that
discriminating neutrino signals below 5 MeV is very difficult. However, we show that these methods
are useful for the detection of solar neutrinos when external backgrounds are sufficiently understood and
when the detector is built using low-background techniques. When building a workable background model
for this study, we identify γ background from the cavern walls and from capture of α particles in radon
decay chains as both critical to solar neutrino sensitivity and significantly underconstrained by existing
measurements. Finally, we highlight that the main advantage of the use of Q-Pix for solar neutrino studies
lies in its ability to enable the continuous readout of all low-energy events with minimal data rates and
manageable storage for further off-line analyses.

DOI: 10.1103/xq7l-lv7j

I. INTRODUCTION

Solar neutrinos have historically played a fundamental
role in both particle physics and astrophysics and they
continue to attract the attention of the physics community
today. The solar neutrino flux arises from the different

nuclear fusion reaction chains occurring in the Sun’s core.
It is predicted by the Standard Solar Model (SSM) [1,2], a
framework that also describes the mechanisms of energy
production, internal structure, and evolution of the stars.
The first attempt to study the solar neutrino flux in 1968

led to the solar neutrino problem and the subsequent
discovery of neutrino oscillations [1,3–5]. As neutrinos
propagate through the dense solar medium, Mikheyev-
Smirnov-Wolfensteinmatter effects have a significant impact
on the oscillation effect [6]. This makes solar neutrinos a
powerful probe to accuratelymeasure oscillation parameters,
including mass-squared differences and mixing angles [7].
Today, the long-standing tension between solar and reactor
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measurements of Δm2

21
remains unresolved, with the

KamLAND reactor experiment reporting a best-fit value
approximately 1.5 standard deviations higher than that
inferred from solar neutrino data [8,9].
Beyond for neutrino physics, solar neutrinos provide a

rich testing ground for the SSM itself. The characterization
of the different components of the solar neutrino flux has
validated the SSM predictions and continues to offer a way
to refine our understanding of the Sun. Recent spectroscopic
measurements of the Sun’s metallicity [10,11], defined as
the fraction of the solar mass consisting of elements heavier
than helium, are in tension with earlier helioseismology
results [12] that had been consistent with the SSM. This
discrepancy, known as the solar metallicity problem, could
be resolved by precise measurements of neutrino flux from
the carbon-nitrogen-oxygen (CNO) cycle, since higher
metallicity enhances CNO neutrino production.
Despite the large flux of solar neutrinos [13], their small

interaction cross section and the resulting low-energy
signals make their detection a significant experimental
challenge. Most solar neutrinos are produced below
1 MeV, where the pp chain dominates, followed by
contributions from the CNO cycle and the monoenergetic
Be7 lines. Above 1 MeV, B8 and the not yet observed hep
neutrinos are the most abundant. With the exception of
monoenergetic pep line at ∼1.5 MeV, the flux above
1 MeV peaks around 10 MeV and fades at 20 MeV, which
is significantly lower than the typical energies of accel-
erator neutrinos (ranging from tens of MeVs to GeVs) and
even supernova neutrinos (up to 50 MeV [14]). These low-
energy signals demand detectors with very low energy-
detection thresholds, extremely low background levels, and
excellent reconstruction capabilities.
Scintillator neutrino detectors such as Borexino [15] and

SNO+ [16] have achieved very low energy-detection
thresholds, with Borexino operating above 0.2 MeV and
SNO+ expected to operate above the range [0.5,1.0] MeV.
Borexino has reported measurement of the pp flux [17], the
pep and Be7 fluxes [18], the B8 flux [19], and has provided
the first measurement of the CNO flux [20,21]. SNO+ has
already reported on the B8 flux [22], and it is expected to
provide complementary measurements of the CNO flux to
those of Borexino. The water-Cherenkov detector Super-
Kamiokande (SK) [23] has a higher energy threshold for
solar neutrino detection (in the range [3.5,4.0] MeV), but its
large fiducial mass and exposure have allowed the accu-
mulation of high-statistics solar neutrino samples. This has
enabled studies of night-day asymmetry in the neutrino
flux, the neutrino oscillation parameters, the existence of an
“upturn” in the electron neutrino survival probability, and
to perform searches of hep neutrinos [24].
Multipurpose next-generation neutrino detectors also

aim to study solar neutrinos. Hyper-Kamiokande (HK) is
not expected to lower SK’s energy threshold, but its larger
fiducial mass will allow further refinement of SK’s B8

studies and potentially the observation of hep flux after a
few decades of data taking [25]. The liquid scintillator
experiment JUNO [26], with a sub-MeV energy detection
threshold, will contribute to the precise characterization of
the CNO, pep, Be7, and B8 fluxes [27]. On the other hand,
liquid-argon time-projection chamber (LArTPC) technology
has repeatedly been identified as an ideal approach to
perform comprehensive analyses of the B8 and hep fluxes
[28,29]. This is due to its excellent energy and spatial
resolution, as well as its ability to separate different inter-
action channels, providing nondegenerate access to neutrino
oscillation parameters. Achieving this potential requires
sufficient fiducial mass, effective background control, and
enhanced detection techniques, which this study addresses
for the first time.
LArTPCs have been widely used in neutrino experi-

ments like ICARUS [30], MicroBooNE [31], and several
others [32–34], usually in an accelerator context. Their use
in low-energy searches has been limited by the intrinsic argon
radioactivity, which sets a detection threshold above 5 MeV
[35] and, in practice, demands an almost continuous readout
to ensure that rare low-energy signals are not discarded.
LArTPC historically rely on projective charge readouts,
where ionization charge is detected using consecutive layers
of wire planes bonded over Anode Plane Assemblies (APA).
The two spatial coordinates perpendicular to the charge drift
direction are reconstructed by interpolating the signals of the
wires, while the absolute position along the drift direction is
inferred from the trigger time. Projective readouts are subject
to reconstruction ambiguities for events with complex, dense
topologies [36], and thewire spacing imposes a physical limit
on both spatial and energy resolution, which is critical to
identify low-energy signals. Furthermore, the long sensing
wires introduce a capacitive load that adds noise to the
readout electronics, potentially rising the effective energy
threshold [37].
Scaling such readouts, which are mounted on large and

heavy support structures [38], to large-scale detectors implies
significant engineering complexity.Moreover, increasing the
drift distance requires longer readout windows, which along
with the intrinsic backgrounds of the argon, raises the data
rates of the experiment. Charge readout planes (CRPs) [39]
haven been proposed to mitigate some of these issues. CRPs
are modular, mechanically robust assemblies of stacked,
segmented, and perforated printed circuit boards (PCBs)
with etched electrodes, suitable for large-scale production.
While CRPs simplify construction and improve robustness,
the readout remains intrinsically projective. Therefore, the
limitations related to reconstruction ambiguities, the elec-
tronic noise and the data rates, persist.
A natural solution to these limitations comes from

pixelated readouts, which maintain mechanical robustness
while providing fine spatial and energy resolution, as
well as unambiguous event reconstruction in three dimen-
sions. These capabilities are particularly relevant for solar
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neutrino studies: the reconstructed event direction with
respect to the Sun can be used to suppress backgrounds and
to separate neutrino interaction channels, while improved
energy resolution enables the separation of B8 and hep
contributions to the solar neutrino spectrum. However,
instrumenting a kilotonne-scale LArTPC with a pixelated
readout requires Oð108Þ channels, which again implies
major challenges in terms of data rate and power con-
sumption. Research collaborations worldwide, such as
LArPix [40,41], SoLAr [42], and Q-Pix [43], have been
working to enable large-scale LArTPCs equipped with
fully pixelated, low-power charge readout, opening the path
toward high-precision solar neutrino measurements.
The Q-Pix technology offers several advantages. Its

continuous readout architecture [43] naturally solves the
continuous readout necessity and, at the same time,
suppresses data volumes by recording only charge arrival
times, resulting in a substantially lower data rate compared
to traditional projective readouts. This enables the storage
of a much larger fraction of low-energy events for off-line
analysis which, ultimately, makes it possible to push the
detection threshold below that of projective readouts and
even lower than water-Cherenkov detectors such as HK.
This work provides the first comprehensive study of the

capabilities of an underground large-scale pixelatedLArTPC
detector to study solar neutrinos, particularly the B8 and hep
chains, with the most comprehensive review of the back-
ground sources.We address this question under two detector
scenarios: a multi-kt LArTPC module not optimized for low
background (high-background scenario) and a module
specifically designed to reduce backgrounds as outlined in
the SLoMo detector proposal [44] (low-background sce-

nario). The Q-Pix readout is used in both cases.

II. EXPERIMENTAL DESIGN ASSUMPTIONS

We outline here our assumptions regarding the exper-
imental setup under study, the detector characteristics, and
the host cavern.

A. Detector

High-background scenario. In the high-background sce-
nario, we consider a state-of-the-art 17.5 kiloton LArTPC
with 10 kiloton fiducial volume filled with atmospheric
liquid argon hosted in a cryostat akin to [38] with no
dedicated backgroundmitigation arrangements. The dimen-
sions of the fiducial volume are ð14.0 × 12.0 × 58.2Þ m3,
divided into four 3.5 m long drift volumes, as presented in
Fig. 1. The clearances between the detector and the cryostat
are 0.5 m in the drift direction, 1 m in the vertical axis, and
1.9 m in the longitudinal axis (respectively left-right, up-
down and into–out-of page in Fig. 1). The electric field
applied to the drift volumes is 500 V=cm. The collection
planes are readout by contiguous Q-Pix pixels, supported by

a lightweight mechanical structure. This design ensures
minimal engineered structure and materials.
In order to study the impact of light detection, we assume

that the entire anode plane is sensitive to photons, which
corresponds to a geometric coverage of 37% and we
assume a 15% quantum efficiency to reflect the efficiency
of currently available commercial solutions for photon
detection at 128 nm [45]. This approach is in line with
an innovative solution for light readouts that could offer
high detection coverage if the pixels were sensitive to both
charge and light [46,47]. Given that traditional photon
coverage in LArTPCs is typically 3%–15% [38,39], this
scenario is admittedly ambitious. The product of optical
coverage and detection efficiency is 5 times larger than
other proposals [48]. Nevertheless, this optimistic
assumption serves as a benchmark to understand how
photon detection could enhance solar neutrino detection
in LArTPCs.
Low-background scenario. For the low-background

scenario, we follow the SLoMo design [44]. The detector
is akin to the high-background scenario, i.e., same readout
systems and active volume but, in this case, filled with
underground argon (UAr). An additional neutron absorber
(either a water shield or a borated cryostat) is assumed to
reduce the neutron contributions by 4 orders of magnitude
and the radon background is suppressed by 3 orders of
magnitude with dedicated argon recirculation and purifi-
cation systems. These assumptions, although very opti-
mistic, have been demonstrated by simulations and
achieved by other experiments, as it will be described in
the following sections.

B. Cavern

Neutrino detectors need to be located underground to be
significantly shielded from backgrounds resulting from
cosmic rays. Despite the suppressed cosmic-ray rates

FIG. 1. Schematic cross-section view of the detector model
with four drift volumes of 3.5 m each. The innermost Q-Pix
anode plane consists of two pixel planes. The Z axis runs parallel
to the planes, one facing each drift volume (not to scale).
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underground, several backgrounds remain and depend on
the characteristics of the cavern where the detector is
located, such as the rock composition. For both the high-
and low-background scenarios, we consider a cavern where
the average composition of the rock is taken from Ref. [29].

III. THE Q-PIX READOUT, ITS SIMULATION,

AND RECONSTRUCTION

The Q-Pix scheme employs zero suppression, self-
triggering pixels, and dynamically established data net-
works to capture ionization signals in kiloton underground
LArTPCs. A comprehensive review of the system can be
found in Ref. [43]. Pixels remain in a low-power quiescent
state until a predefined charge threshold ΔQ is reached,
resetting the pixel and providing an 8-bits timestamp. The
time difference between resets Δt is used to reconstruct
the ionization charge deposited by charged particles in the
detector, as presented in Ref. [49], ultimately enabling full
event reconstruction. This approach ensures high-precision
sampling of low-energy depositions while minimizing heat
dissipation and data rates.
The response of the Q-Pix readout is simulated with two

main packages:
(1) QPixG4: a Geant4 v4.11 [50] application with the

FTFP_BERT_HP physics library, combined with
the low energy generator MARLEY [51] and the
neutrino interaction generator GENIE [52].

(2) QPixRTD: a stand-alone code that transforms the Geant4
output into Q-Pix resets, simulating the response of
an anode plane fully tiled in ð4 × 4Þ mm2 contiguous
pixels.

Background events are produced with custom-made
generators, and solar neutrino events are generated by
MARLEY [51]. The events are then run with the QPixG4

package, which produces energy deposits in space and time
(hits). For simplicity, only 1=150 of the volume of the
detector is simulated, as the events are spatially small. Hits
are then passed to QPixRTD, which simulates charge trans-
port and converts collected charge into pixel resets. The
optimization of this procedure is described in Ref. [53]. In
practice, if the accumulated charge in a pixel does not reach
the reset threshold, no reset occurs and the collected charge
remains until a new charge deposition reaches the thresh-
old. However, this effect is expected to be small and thus
not considered in this work.
The event reconstruction is done by applying the

density-based spatial clustering (DBSCAN) algorithm
[54] over the reset spatial and temporal distribution,
allowing to identify events of interest. It determines clusters
depending on a predefined minimum number of resets,
denoted as cluster threshold (CT), and a maximum sepa-
ration ϵ between clusters. Considering the different nature
of the x and y coordinates and the temporal coordinate,
resets are first clustered on the pixel plane, where they are
required to be contiguous, and afterwards along the

temporal coordinate. Through this study, ϵ is fixed at
3 μs, equivalent to 5 mm, as this value was found optimal
for depositions in the MeVenergy range [53]. The value of
CT will be determined in the following sections.
The collected charge can be reconstructed from the

number N of resets produced, i.e., Qrec ¼ N × ΔQ.
However, since ΔQ is not infinitesimally small, some
deposited charge may be lost when Qdep is not an integer
multiple of ΔQ. That is, Qdep ≥ N × ΔQ and, therefore,
Qdep ≥ Qrec, resulting in Qrec being not entirely linear with
N and Qdep. While nontriggered quanta could degrade the
charge collection, their impact can be mitigated by energy
calibration and by the optimization of the reset threshold
ΔQ. For low-energy neutrinos of the order of a few MeV,
ΔQ ¼ 1fC (6250 electrons) was found optimal [53].
Considering the argon W value of 23.6 eV [55], this is
equivalent to 0.14 MeV, which constitutes the energy floor
of the detector.

IV. SOLAR NEUTRINO PREDICTION

In this study, we target the detection of solar neutrinos
produced either by the boron-8 (B8) process or the proton-
proton IV (hep) process interacting in the detector via either
charged current (CC) interaction or elastic scattering (ES)

TABLE I. Expected total number of electron-neutrino inter-
actions from the B8 and hep processes for charged-current (CC)
and electron elastic scattering (ES) in 10 kiloton LAr active
volume per year.

Interaction channel Events=ð10 kton × yearÞ
B8 CC (νe þ 40Ar → e− þ 40K�) 14,380
B8 ES (νe þ e− → νe þ e−) 9160
hep CC (νe þ 40Ar → e− þ 40K�) 86
hep ES (νe þ e− → νe þ e−) 23
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FIG. 2. Energy spectra of the total expected B8 and hep electron
neutrinos from CC and ES interactions in a 10 kiloton LAr active
volume per year.
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interaction. These two specific solar neutrino processes
were selected as the B8 process has the highest flux at
energies above 2 MeV and the hep process produces the
highest neutrino energies. Hep neutrinos have never been
observed, but upper limits on their flux have been reported
[19,56]. Table I and Fig. 2 show the expected solar neutrino
events in a 10 kiloton-year exposure for all four interaction
categories (B8CC, B8ES, hepCC, and hepES). These
predictions result from the solar neutrino flux from
Ref. [57] and the cross section of neutrino interactions
in argon [51].

V. BACKGROUND PREDICTIONS

Past solar experiments such as SNO [22] and Borexino
[21] have shown that with a good control and under-
standing of backgrounds, detailed physics analyses can be
performed on solar neutrinos.
In this study, we construct a conservative background

model representing a generic underground cavern environ-
ment. Our approach emphasizes worst-case scenarios by
including all potential background sources that could
compromise solar neutrino sensitivity below 20 MeV.
While the model is not tailored to a specific site, it is
designed to capture a full range of rare backgrounds that
could impact future measurements. We emphasize that the
feasibility of solar neutrino detection is highly dependent
on site-specific environmental conditions—including but
not limited to rock composition, shielding design, and
detector construction. Any experiment-specific implemen-
tation is beyond the scope of this work. Finally, we note that
dominant backgrounds in the high energy tail (above
11 MeV) are severely underconstrained by current data.
A central conclusion of this work is the urgent need for
dedicated and site-specific essays to enable robust solar
neutrino analyses in future large-scale detectors.
We classify backgrounds in two categories according to

their origin. Internal backgrounds are those originating in
the fiducial volume of the detector, either from radioactive
decays in the liquid argon itself (referred to as “bulk argon
radioactivity”) or from radioactive isotopes contained in
detector components. External backgrounds are those that
originate outside of the detector and propagate into the
fiducial volume, and are generated from decays in the
cavern walls (including the rock concrete and shotcrete)
and in the cryostat. External backgrounds are mainly
neutrons and γ rays. The mean-free path of α and β

particles is too short to reach the liquid argon. The details
of the backgrounds considered here are summarized in
Table II. Unless it is mentioned otherwise in the following
subsections, all backgrounds are simulated using QPixG4.

A. Internal backgrounds

In this section we describe the internal backgrounds that
originate in the argon bulk or in the detector components.

1. Argon radioactivity

Commercially available argon commonly used in
LArTPCs is obtained by liquefying argon from the atmos-
phere. In its natural isotopic composition, atmospheric
argon consists of the stable 40Ar isotope and trace amounts
of the radioactive isotopes 37Ar (T1=2 ¼ 35 d, Qβ ¼
0.813 MeV), 39Ar (T1=2 ¼ 268 y, Qβ ¼ 0.565 MeV),
and 42Ar (T1=2 ¼ 32.9 y, Qβ ¼ 0.599 MeV). Here, T1=2

and Qβ refer to the half-life and the energy decay
components of the corresponding isotope, respectively.
While 37Ar decays via electron capture, 39Ar and 42Ar
decay via β emission producing an electron propagating in
the detector. If their energy lies between 0.5 and 18.5 MeV,
these β electrons can mimic the signature of the solar
neutrino events that also produce an electron. We do not
consider the decay of 37Ar, since it has a short lifetime
(35 days) and we assume that all related activity will be
negligible by the time of data taking. Activity of 39Ar
and 42Ar in atmospheric LAr has been measured by
the WARP [58], GERDA [59], DEAP-600 [60], and
DBA [61] experiments to be approximately 1 Bq=kg
and 50–100 μBq=kg, respectively. In this study we use
1 Bq=kg for 39Ar, and 100 μBq=kg for 42Ar. We also
consider 85Kr (T1=2 ¼ 10.7 y, Qβ ¼ 0.687 MeV), which
decays via β emission. While the exact 85Kr activity highly
depends on the quality of the LAr batch and can vary
by up to a factor 3, here we assume an activity of
0.1 Bq=kg [58,62].
The 39Ar and 85Kr daughters are stable. However, 42Ar

decays to 42K, which is unstable. 42K β decays to the ground
state of 42Ca (T1=2 ¼ 12 h, Qβ ¼ 3.525 MeV) with 82%
branching ratio, and the remaining 18% to an excited state
of 42Ca, emitting an additional 1.524 MeV γ ray. If the 42K
daughter remains positively charged, this background chain
could potentially be reduced if the 42Kþ drifts to the
cathode before it decays. However, there are no measure-
ments of ion survival probability for 42Kþ in LAr.
Furthermore, at these energies, the enormous background
rate would be negligibly impacted by a potential reduction
through ion drift. Thus, we make the conservative
assumption that the activity of any nucleus daughter is
the same as its parent.
The use of underground argon in the low-background

scenario significantly reduces internal backgrounds, as dis-
cussed in the SLoMo proposal [44]. UAr is significantly
more expensive and challenging to obtain than atmospheric
argon, but there are large scale experiments such asDarkSide
that have already incorporated it into its design [88]. Since
UAr is less activated by cosmic-ray interactions, the radio-
active isotopes inUAr are suppressed. The assumed 39Ar and
85Kr activities in UAr are 0.73 and 2 mBq=kg, respectively,
asmeasured byDarkSide [63,64]—a reduction of 3 orders of
magnitude inboth cases.There arenodirectmeasurements of
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TABLE II. Summary of all of the background processes considered for the study discussed in Sec. V. All radioactive chains are
separated by a solid line and they stop when a stable daughter is reached. The number of expected events for each decay of the chain is
computed considering secular equilibrium, where the rate of the daughter is the product of the parent decay rate, its branching ratio, and
its decay probability within a one-year time window.

Isotope Half-life (s) Decay Q (MeV) Daughter BR (%) Rate (Bq=kg)

Expected rate for 10 kt · yr

Reference
High

background
Low

background

39Ar 8.5 × 109 β 0.565 39K 100 1.1 ∼1014 ∼1011 [44,58–62] [63–65]
42Ar 1.0 × 109 β 0.599 42K 100 1.0 × 10−4 ∼1010 ∼107

42K 4.5 × 104 β 3.525 42Ca 100 1.0 × 10−4 ∼1010 ∼107

85Kr 3.9 × 104 β 0.687 85Rb 100 1.0 × 10−1 ∼1013 ∼1010

219Rn 4.0 α 6.946 215Po 100 7.0 × 10−6 ∼109 ∼106 [29,44,66–73]
215Po 1.8 × 10−3 α 7.526 211Pb 99.99977 7.0 × 10−6 ∼109 ∼106

215Po 1.8 × 10−3 β 0.721 215At 0.00023 1.6 × 10−11 ∼103 ∼100

211Pb 0.6 β 1.367 211Bi 100 7.0 × 10−6 ∼109 ∼106

215At 1 × 10−4 α 8.178 211Bi 100 1.6 × 10−11 ∼103 ∼100

211Bi 3.6 × 10−2 α 6.750 207Tl 99.72 7.0 × 10−6 ∼109 ∼106

211Bi 3.6 × 10−2 β 0.574 211Po 0.28 2.0 × 10−8 ∼106 ∼103

207Tl 7.9 × 10−2 β 1.418 207Pb 100 7.0 × 10−6 ∼109 ∼106

211Po 0.5 α 7.594 207Pb 100 2.0 × 10−8 ∼106 ∼103

220Rn 55.6 α 6.404 216Po 100 5 × 10−3 ∼1012 ∼109

216Po 0.1 α 6.906 212Pb 100 5 × 10−3 ∼1012 ∼109

212Pb 3.8 × 104 β 0.569 212Bi 100 5 × 10−3 ∼1012 ∼109

212Bi 3.6 × 103 β 2.251 212Po 64 3.2 × 10−3 ∼1012 ∼109

212Bi 3.6 × 103 α 6.207 208Tl 36 1.8 × 10−3 ∼1011 ∼108

208Tl 1.8 × 102 β 4.999 208Pb 100 3.2 × 10−3 ∼1011 ∼108

212Po 3.0 × 10−7 α 8.954 208Pb 100 1.8 × 10−3 ∼1012 ∼109

222Rn 3.3 × 105 α 5.590 218Po 100 1.0 × 10−3 ∼1011 ∼108

218Po 1.9 × 102 α 6.114 214Pb 99.98 1.0 × 10−3 ∼1011 ∼108

218Po 1.9 × 102 β 0.259 218At 0.02 2.0 × 10−7 ∼107 ∼104

214Pb 1.6 × 103 β 1.018 214Bi 100 1.0 × 10−3 ∼1011 ∼108

218At 1.3 α 6.874 214Bi 99.9 2.0 × 10−7 ∼107 ∼104

218At 1.3 β 2.881 218Rn 0.1 2.0 × 10−10 ∼104 ∼101

218Rn 2.1 × 103 α 7.262 214Po 100 2.0 × 10−10 ∼104 ∼101

214Bi 1.2 × 103 β 3.269 214Po 99.97 1.0 × 10−3 ∼1011 ∼108

214Bi 1.2 × 103 α 5.621 210Tl 0.021 2.1 × 10−7 ∼107 ∼104

214Bi 1.2 × 103 α=β 3.270 210Pb 0.003 3.0 × 10−8 ∼106 ∼103

214Po 1.6 × 10−4 α 7.883 210Pb 100 1.0 × 10−3 ∼1011 ∼108

210Tl 78.0 β 5.483 210Pb 99.991 2.1 × 10−7 ∼107 ∼104

210Tl 78.0 β=n 0.294 209Pb 0.009 1.9 × 10−11 ∼103 ∼100

209Pb 1.2 × 104 β 0.644 209Bi 100 1.9 × 10−11 ∼103 ∼100

209Bi 6.3 × 1026 α 3.137 205Tl 100 0.0 ∼100 ∼100

210Pb 7.0 × 108 β 0.063 210Bi 99.999998 3.1 × 10−5 ∼109 ∼106

210Pb 7.0 × 108 α 3.792 206Hg 0.000002 5.8 × 10−13 ∼102 ∼10−1

206Hg 4.9 × 102 β 1.308 206Tl 100 5.8 × 10−13 ∼102 ∼10−1

210Bi 4.3 × 105 α 5.036 206Tl 0.0001 3.1 × 10−11 ∼103 ∼100

210Bi 4.3 × 105 β 1.162 210Po 99.9999 3.1 × 10−5 ∼109 ∼106

206Tl 2.5 × 102 β 1.532 206Pb 100 5.8 × 10−13 ∼102 ∼10−1

210Po 1.2 × 107 α 5.407 206Pb 100 2.6 × 10−5 ∼109 ∼106

α capture ∼106 ∼103 [74,75]
n inelastic ∼106 ∼102 [29,44,76]
n capture ∼107 ∼103 [77–82]
Cavern γ ∼1011 ∼1011 [23,83–87]
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42Ar activity in UAr, and even though its activity is expected
to be reduced more significantly than that of 39Ar and 85Kr
[44,65], we assume a reduction of 3 orders of magnitude for
the low-background scenario in line with the other two
isotopes [44,65].

2. Radon decay chains

Radon emanates from any material that contains uranium
and thorium isotopes, such as detector components and
surrounding materials like rocks, concrete, and shotcrete,
and can diffuse inside the detector. Here, we treat radon
isotopes and their daughters as an internal background
since their activity will primarily occur inside the detector.
In line with Ref. [44], we assume an activity of 1 mBq=kg
for 222Rn originating from the 238U chain. Since the
measured 238Th abundance is 1.5 to 5 times higher than
238U [29,66–68] and 220Rn is a daughter of 238Th, we
assume a conservative 220Rn activity of 5 mBq=kg, 5 times
larger than 222Rn. Finally, for 219Rn, which originates from
235U, we estimate an activity of 7μ Bq=kg [69] based on the
relative abundance of uranium isotopes. Each of the above
radon isotopes generates a radioactive decay chain that
includes α and β decays with different energies. The decays
used in this study are presented in Table II. The number of
expected events for each decay of the chain is computed
considering secular equilibrium, where the rate of the
daughter is the parent decay rate multiplied by its branching
ratio and by its decay probability in a one-year time
window. For long-lived isotopes, such as 210Pb, an accu-
mulation and thus an activity increase is expected over
time. However, as will be seen later, the results presented
here are independent of these particular decays and any
subsequent decay.
As previously mentioned, β emitters and solar neutrinos

both generate one primary electron propagating in the
detector. Even though most of the background β electrons
have a maximum energy below 2–3 MeV, thallium isotopes
208Tl and 210Tl have a higher Qβ of 5 and 5.4 MeV,
respectively. The electrons can carry up to 2.38 MeV for
208Tl decays, with the remaining energy emitted as γ rays,
and up to 4.4 MeV for 210Tl decays. We estimate ∼107 210Tl
decays per 10 kton-year exposure, which is 2 orders of
magnitude more than the total number of expected solar
neutrino events with energies < 4.4 MeV, making this a
significant source of background.
While ionizing α particles from α emitters can be

discriminated from solar neutrinos via their different ion-
ization profiles,α particles can be captured by 36Ar, 38Ar, and
40Ar in “giant resonances” that deexcite and emit γ rays with
energies between 1 and 17 MeV [74]. These γ rays are an
important background for solar neutrino detection, since—
just like solar neutrinos—they can produce electrons in the
active volume by Compton scattering or pair production.
The α-capture processes are not yet measured with good

precision (currently there is a 30% uncertainty on cross-
section measurements [74]). Nevertheless, we attempt to
estimate the rates of this additional γ background, given its
potential impact on the study of solar neutrinos. The
α-capture differential cross section in argon is reported
in [74] for α energies between 5.5 and 15 MeV, at 90° with
respect to the beam direction. They are also reported to
happen down to 3 MeVof α energies in [89]. Starting from
those values and considering the isotropy of our use case, we
calculate the interaction probability for the different α

energies under the assumption of continuous slowing down
approximation down to 3MeV, integrating over the full solid
angle. We obtain an α-capture rate of almost ∼104 per
10 kiloton per year. We also simulate this process in QPixG4

by generating α particles isotropically inside the detector
with the energies and relative frequencies presented in
Table II, obtaining a rate of ∼106 α captures per 10 kiloton
per year, which seems to overestimate the measurements
presented in Ref. [74]. The obtained γ spectrum is presented
in Fig. 3. Given the profound impact of α-capture back-
grounds on the study of solar neutrinos, the large uncer-
tainties on the measured process [74], and the potential
inaccuracy of simulations relying onminimal data available,
we conservatively assume the rate predicted by Geant4 with
the caveat that new measurements of α capture are of
paramount importance to draw any final conclusion on
the observability of hep neutrinos and the study of solar
neutrinos in general.
α particles can also interact with argon nuclei via

40Arðα; nγÞ43Ca [90], emitting neutrons and γ rays in the
final state. Based on the simulation, we expect ∼107 of
these reactions per year. The simulation of this process
shows that the γ has an energy range of [0.3,6.2] MeV,
similar to what is reported in Ref. [75], while neutron
energy can reach 3.6 MeV. As these energies are below the
energies of external neutrons and γ rays presented in the
following sections, and their rate is significantly lower, we
neglect their contributions.
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In addition to the α particles produced by radon decay
chains, one Rn daughter, 210Tl, can also undergo β-delayed
neutron emission. Whenever the β decay populates excited
states in the daughter nucleus above the neutron separation
energy, neutron emission becomes energetically allowed.
This neutron carries the excess energy of 5.189 MeV. As in
the previous case, the rate of this particular decay is very
low compared to that of external neutrons, and we therefore
do not include it in our background model.
The summary of all of the decays coming from radon

isotopes, with their respective activities and half-lives, is
presented in Table II. As previously mentioned, some
nuclei resulting from radioactive decays may remain
positively charged, thus drifting towards the cathode and
potentially being removed if their half-lives are larger than
the drift time. EXO-200 [70] reports the ion survival
probability of 218Poþ (result of an α decay) and 214Biþ

(result of a β decay) in liquid xenon to be approximately
50% and 75%, respectively, and DarkSide [71] reports the
ion survival probability of 218Poþ in LAr to be 37%—

significantly lower than in LXe. The survival probability
ultimately depends on the recombination effect, which
depends on the electric field applied in the active volume,
but it also depends on the LAr purity (as ions can
recombine with electrons from impurities) and LAr flow
dynamics, as ion drift velocity is of the same order of
magnitude as LAr flow velocity. While this effect could
reduce backgrounds, we conservatively assume that the
activity of any nucleus daughter is the same as its parent
given that the potential reduction is small compared to the
difference in expected signal and background. For example,
it takes four decays to produce 208Tl (220Rn →
216Po → 212Pb → 212Bi → 208Tl). Assuming a 50% ion
survival probability, and assuming that all surviving ions
are collected before decaying, the 208Tl rate would be
reduced from 1012 to ∼1010, still 5 orders of magnitude
more than the number of expected solar neutrino events.
In the low-background scenario, the use of a dedicated

radon purification system combined with careful fabrica-
tion and installation procedures can reduce the radon
activity in the detector by 3 orders of magnitude [44].
Such reduction has already been demonstrated in dark
matter experiments such as DarkSide, with a radon con-
centration of 2 μBq=kg [72], and even improved by DEAP-
600 [73], with a concentration of 0.2 μBq=kg. Therefore,
when considering the low-background scenario, we reduce
all decays associated with Rn activity by 3 orders of
magnitude.

3. Radioactivity from detector components

The last sources of internal background we consider are
the detector components. The different detector parts
contain radiocontaminants such as 238U, 235U, 238Th, 60Co,
or 40K that can produce background events. However, since

it is expected that the support structures needed for a Q-Pix
readout will be simple and lightweight, we neglect the
potential radioactive decays from the detector components.
Finally, while 238U, 235U, and 238Th lead to the aforemen-
tioned radon chains, 60Co and 40K are low-energy β emitters
(< 1.5 MeV) that do not affect the conclusions presented at
the end of this study.

B. External backgrounds

In this section we describe the backgrounds that origi-
nate outside the cryostat.

1. Neutrons

Neutrons are emitted in fission processes and ðα; nÞ
reactions created by α decays resulting from the 238Th and
238U chains. To estimate the neutron energy spectrum from
the cavern, we use the material compositions in Ref. [29].
The ðα; nÞ components of the neutron spectrum used in this
study are generated via the NeuCBOT [76] software. The
uranium spontaneous fission component of the neutron
spectrum is calculated using the Watt spectrum, with a
neutron yield of two neutrons per decay, similar to
Ref. [29]. The neutron flux in the cavern is assumed to
be 1 × 10−5 n=cm2=s, in line with Ref. [44], which
corresponds to neutrons penetrating the LAr surface with
a frequency of 12 Hz. This assumption is consistent with
the values reported by SK [23] and in the YangYang cavern
[91], and 1 order of magnitude above the flux measured in
Gran Sasso [83]. The total simulated neutron energy
spectrum is shown in Fig. 4. Neutrons are then propagated
in LAr using the QPixG4 package.
In argon, neutrons with energy above 1.46 MeV can

undergo inelastic scattering [77,78]. This can generate γ

cascades with energies reported in the range of [1.46,
11.77] MeV [77]; however, the γ rates decrease rapidly
with energy. These γ rays are an important background, as
they can generate electrons by Compton scattering or pair
production mimicking solar neutrino signals. Combining
the measured neutron-argon inelastic cross section [78], the
assumed neutron flux, and our QPixG4 simulation, we
estimate a neutron inelastic scattering frequency of
0.2 Hz per 10 kiloton.
Below 1.46 MeV, neutrons undergo elastic scattering

with high rates in the keV energy region until they
thermalize. Since this is far below our energy range of
interest in the MeV, we neglect this contribution. Finally,
thermal neutrons can be captured by argon nuclei. Neutron
captures on 40Ar and 36Ar generate γ cascades up to 6.1 and
8.8 MeV, respectively [79,80]. Neutron captures on impu-
rities as 14N can reach higher energies [81], but given the
expected purity levels of LAr [92], we consider these
contributions negligible. The rate of neutron captures in
the active volume of the detector is found to be 1 Hz
per 10 kton. To correctly simulate the γ cascades, we
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reweighted the QPixG4 output for the γ cascade process to
match the measured data in Ref. [82].
In the low-background scenario, we assume the use of

water shield of 50 cm in combination with a borated
cryostat to reduce the neutron flux reaching the active
volume of the detector. Water has been used as a passive
shield in numerous low-energy experiments such as LZ
[93], XENON1nT [94], DEAP-3600 [95], PandaX [96],
Borexino [15], and GERDA [97], where several meters of
water reduce the impact of radiogenic neutrons to negli-
gible [98,99]. Simulations have shown that 50 cm of water,
the installation of which could be accomplished
with the use of water bricks, can reduce the neutron flux
in our range of interest between 3 and 4 orders of
magnitude [29,100], and therefore we reduce the simulated
neutron rates shown in Fig. 4 by 104 for the low-back-
ground scenario.

2. γ rays

The interactions of γ rays in the liquid argon are an
irreducible background as they result in the production of
single electrons via Compton scattering or pair production.
It is therefore crucial to estimate the rates of γ rays
produced in the detector surroundings, referred to here
as “external γ rays.” The γ rays from radioactive decays can
reach energies of approximately 3 MeV. Neutrons produced
from fission or (α; n) reactions can be captured in the
cavern, in the concrete or shotcrete of the cavern walls, and
in the cryostat, generating more energetic γ rays, with
energies up to 11.5 MeV [101]. Finally, α particles
generated in the aforementioned radioactive chains and
fission reactions can interact or be captured by nuclei in the
cavern and the shotcrete, generating even more energetic γ
rays. For example, α captures in magnesium and silicon
lead to deexcitation energies of more than 17 MeV [102].
The effects of γ rays are minimally mitigated by the cryostat
material and they are expected to propagate of the order of
10–100 cm in liquid argon.

To quantify the impact of external γ rays on our
conclusions, we perform a detailed review of γ-ray rates
as measured in existing experiments to validate simula-
tions. Even though the composition of the cavern rocks and
building materials (e.g., shotcrete) affects the exact γ flux of
all underground laboratories, the observed similarities in
the relative frequencies of the γ-ray energies build con-
fidence in the spectrum considered in this work. As our
starting point, we use the γ-ray spectrum measured up to
3 MeV by the LZ Collaboration in the Davis cavern [84].
They report a total γ-ray flux of 1.9 γ=cm2=s, which we
take as normalization. This value is similar to the one
reported by SK [23] and slightly above those reported in
Gran Sasso [83] and the SNO cavity [85], and implies that γ
rays enter the liquid-argon surface with a rate of 4 MHz. To
expand this spectrum to higher γ energies, we leverage the
measurements performed in other underground facilities
such as Gran Sasso [83], SNOLAB [85], YangYang [86],
Jinping [87], and Kamiokande [23]. We generate a
weighted average spectrum that is added to the one reported
by the LZ Collaboration. This new spectrum reaches to
energies of ≈11 MeV, consistent with the γ rays result of
neutron captures. As discussed previously, physical proc-
esses can occur in the cavern that generate even more
energetic photons. To account for these, which are sub-
dominant to those originated from neutron interactions, we
arbitrarily choose to extrapolate the averaged spectrum up
to 20 MeV exponentially. This choice, although very
conservative, is used to account for the potential back-
ground events observed in the high energy region of the
solar neutrino spectrum by other experiments [19,24]. The
resulting spectrum is presented in Fig. 5. In the spectra
reported in underground facilities around the world, the
fraction of γ rays above 5 MeV covers a wide range of
10−8 − 10−5. This variability in the estimate of the high
energy component is relevant as high rates of γ back-
grounds above 5 MeV can dominate in the solar neutrino
signal region for B8 and hep neutrinos. Hence, dedicated
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measurements of the external γ spectrum, especially at
energies above 5 MeV, will be crucial to estimate sensi-
tivities to solar neutrinos.
External γ background is not considered in the SLoMo

proposal [44]. We therefore do not assume further reduction
strategies for the γ background in our low-background
scenario and use the predicted rates discussed in this
section.

VI. RESULTS

In this section, we present the results obtained from our
simulations of solar neutrinos and backgrounds using the
assumptions described in Secs. IV and V. We investigate
several potential background reduction strategies and we
report the data rates expected in the Q-Pix data acquisition
that would allow for a continuous readout, essential to
study solar neutrinos.
Figure 6 (top) shows the spectra of deposited energy for

all the backgrounds considered (see Sec. V) in the high-
background scenario. Even in the low-background sce-
nario, the spectrum of solar neutrinos is at least 3 orders of
magnitude lower than the background when no background
rejection strategy is applied. Studying solar neutrinos
below 8 MeV is virtually impossible, as the background
rates from radioactive decays, which are the ones predicted
with the highest confidence in this study, are between 8 and
11 orders of magnitude above the solar neutrino signal.
Above an energy of 8 MeV, the γ-ray backgrounds (both
from external γ rays and from α captures) are the dominant
ones. In the 8–12 MeV window, the detection of solar
neutrinos appears possible, but will strongly rely on
experimentally constraining the background precisely.
Figure 6 (bottom) shows the same deposited energy

spectra for the low-background detector scenario. While
many backgrounds are significantly reduced, the cavern γ

rays (which are not reduced in this scenario) and the γ rays
resulting from α capture remain the main challenge—
highlighting the importance of in situ measurements of
these backgrounds.
In the next section, we investigate the potential to

reduce these backgrounds at the reconstruction level
(Sec. VI A) and with additional tools such as fiducialization
(Sec. VI B), directionality (Sec. VI C), or light detection
(Sec. VI D).

A. Background rejection with Q-Pix clustering

The first step to discriminate signal and background
events is to use the clustering tools described in Sec. III,
since different particle types may have specific topological
signatures and energies. Only α interactions present sig-
nificant topological differences, whereas β, γ (via Compton
scattering or pair production), and neutron interactions (via
capture or inelastic scattering, producing γ rays) all result in
the production of single electrons that have identical

topology to solar neutrino interactions. Neutrons and γ

rays can leave additional “blips” (isolated energy deposi-
tions) in the event that could be used to veto. Given the very
high event rates of all of the other backgrounds, the
topological identification of multiple blips for neutron
and γ rejection grants in detail consideration and is beyond
the scope of this paper. We investigated the impact of the
clustering threshold (CT) on background suppression.
The α particles, which will have a short very small range

in LAr, will leave a very different signature compared to
that of single electrons. In our study, we found that α

particles get clustered with a maximum of four resets,
which is equivalent to the number of resets that a ∼1 MeV
electron would deposit in our readout. It is also possible to
further use this reset threshold to remove areas of the event
spectrum shown in Fig. 6 where the signal is completely
buried under background, which is around 3 MeV. For the
remaining of the paper, we apply a reset threshold cut of 12,
which corresponds to an equivalent deposited energy of
3 MeV, removing all events below this energy. This value
sets the energy threshold for the detection of solar neutrinos
of this study.

0 5 10 15 20
Deposited Energy [MeV]

110

210

5
10

8
10

1110

1410

 y
e

a
r)

E
v
e

n
ts

 /
 (

k
to

n
 

Argon

Rn219

Rn220

Rn222

External Neutrons

External Gammas

(Conservative)

Extraprolated Gammas

(Conservative G4 only)

-Captureα

Q-Pix simulation High Background, no bkg rejection

0 5 10 15 20
Deposited Energy [MeV]

110

210

5
10

8
10

1110

1410

 y
e

a
r)

E
v
e

n
ts

 /
 (

k
to

n
 

Argon

Rn219

Rn220

Rn222

External Neutrons

External Gammas

(Conservative)

Extraprolated Gammas

(Conservative G4 only)

-Captureα

Q-Pix simulation Low Background, no bkg rejection
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B. Fiducialization

Since one of the major backgrounds consists of radiation
produced outside the detector, we explore the obvious
option of fiducializing the argon volume to reduce the
impact of cavern γ rays and neutron inelastic scattering.
Figure 7 shows the external γ survival probability as a
function of the initial γ energy and the distance from the
cryostat walls. As expected, γ events are suppressed
exponentially as a function of the fiducializing distance,
while the isotropic nature of the solar neutrino interactions
makes the reduction in signal only linear.
We provide here an example of the use of the fiduci-

alization tool alone. By considering the straightforward
(but aggressive) strategy of using 4 m of argon as passive
shielding, the active volume is reduced to the two inner-
most TPC volumes (see Fig. 1) of which only 6 m of height
and 54 m of length remain usable (here we consider 0.5, 1,
and 1.9 m of clearances between the detector and the
cryostat in the drift, vertical and horizontal axis). This
allows the retention of about 20% of the total argon active
mass (≈2.3 kt). The event rejection on the vertical and
longitudinal axis can be accomplished precisely by Q-Pix,
as the pixels’ 4 mm pitch provides enough spatial reso-
lution for this task. This fiducialization scheme results in
the retention of ∼Oð104Þ solar neutrino events, ∼Oð104Þ γ
rays, and Oð1Þ neutron inelastic scattering events per year.
As can be seen in Fig. 8, the stringent fiducialization allows
to see much more of the solar neutrino signal over a larger
range of energies. The hep signal also becomes visible.
However, the capability to observe the hep neutrinos will
depend on the detailed understanding of the γ rays from the
α capture on argon and of the external γ rays above 11MeV.
It will also require a sufficient energy resolution in order to
identify the hep signal in the ∼15–18 MeV range. These
simple fiducialization strategy can be used as guidance for
any study of solar neutrinos, but specific optimizations will
be necessary in any dedicated analyses where multiple

background rejection strategies are applied in conjunction,
and are thus beyond the scope of this paper.

C. Background rejection with directionality

One key difference between solar neutrino interactions
and backgrounds is that neutrinos originate from a known
direction: the Sun. While neutrino CC interactions do not
retain any directional information from the incoming
neutrino, ES events do. A previous study of the detect-
ability of neutrinos from supernovae [53] showed that
Q-Pix enables the reconstruction of the direction of electrons
from low-energy ES neutrino interactions. Thus, we explore
the possibility of using directionality as a background
discrimination tool in the case of solar neutrinos.
In this study, we assume that the Q-Pix clustering

threshold is set to 12 resets, enough to suppress all events
depositing less than 3 MeV of energy. We reconstruct the
directionality of the primary electrons from ES events
following the procedure in our previous supernova study
with Q-Pix [53]. We define θ as the angle between the true
neutrino direction from the simulation and the recon-
structed electron direction. In our study, signal events
are generated following the reconstructed angular distri-
bution of the ES reaction, later converted to the cos θ space.
At first approximation, background events follow an
isotropic distribution in cos θ. The angular distributions
of signal (ES) events and uniform background events are
presented in Fig. 9. We study the signal sensitivity via a
likelihood ratio test. The signal and background joint
distribution is fitted under the H0 (only background) and
theH1 (signal plus background) hypothesis, from which h0
and h1 likelihoods are respectively obtained. The statistic
−2 ln ðh0=h1Þ of the joint distribution is then compared to
that of the background-only distribution and the median
sensitivity to the signal is extracted.
While in the case of supernova neutrinos directionality

was proved to be a powerful tool to point back to the
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supernova event, we find that its discrimination power in
the case of solar neutrinos is severely hampered by the high
level of backgrounds. If we combine directionality and a
stringent fiducialization (4 m) in the low-background
scenario, we find that we can expand sensitivity to solar
neutrinos in the 6 to 12 MeV region. Without fiducializa-
tion or in our high-background scenario, the high level of
backgrounds completely disallows the identification of the
solar neutrino population on the directionality plot.

D. Background rejection with light detection

Light detection in a LArTPC provides additional event
information, such as timing, position, and energy sensi-
tivity. In this section, we identify areas and tools where a
powerful light collection system can confer additional
benefits compared to the measurement of charge alone.
The results are obtained via a Geant4 toy simulation of the

full detector geometry where the light production and
propagation are simulated in full, but no photosensitive
element is explicitly defined. Instead, we assume a photon
detection system that provides 100% light coverage at the
pixel planes, in linewith a proposed innovative solution for a
dual charge-light readout using Q-Pix [46], and correspond-
ing to 37% light coverage for the full detector. We assume a
conservative 15% photon detection efficiency, similar to
current performances of commercial photosensors [45], and
a timing resolution better than 10 ns. From these assump-
tionswe estimate the associated background rejection factor.
We highlight two specific techniques leveraging light

detection, namely pulse-shape discrimination between
signal and background γ rays from α-capture events, and
delayed light emission from the excited 40K� produced in
CC interactions:

νe þ 40Ar → 40K� þ e−: ð1Þ

1. Pulse-shape discrimination

Figure 6 highlights the background contributions from
the poorly constrained α-capture process reaching up to
17 MeV in energy and thus interfering with the major
portions of 8B and hep solar neutrino spectra.
The γ rays produced by ionizing α particles capturing on

argon present a different scintillation light profile compared
to electrons or regular γ rays in LAr. When the α particle
ionizes the medium before being captured, the initial
ionization by the α skews the scintillation distribution
for α captures [103], allowing to use pulse-shape discrimi-
nation (PSD) techniques to differentiate α-capture γ events
from solar neutrino events. By comparing the ratio of fast
and slow scintillation light, rejection of α-capture events is
achievable. Figure 10 shows the distribution of the PSD
parameter for both signal (electrons) and background
(γ rays from α capture) events. This parameter represents
the ratio between the fast and slow component of the light,
where the integration window for the fast component is set
at 50 ns.
By selecting events with a PSD < 0.4, the study shows

that 99% of electron events can be retained while rejecting
99% of events from α-capture events where the α ionizes.
While this result is encouraging, our study uncovered
limitations in the simulation of the α transport in the range
from 1.1 to 8.9 MeV in Geant4. In particular, we find
that Geant4 reports zero ionization for more than 60% of
α-capture events. To understand the exact amount of
ionization produced by α particles before they capture as
a function of energy, a dedicated measurement of α-capture
processes in liquid argon will be needed to draw solid
conclusions about this harmful background.

2. Light coincidence from solar neutrino

CC interactions

Charge current interactions from solar neutrinos on
argon (1) could be isolated from background via the

FIG. 9. Signal (red), background (blue), and total event (black)
histograms for the events with reconstructed energy between 6
and 12 MeV in 10 kT for a period of five years. θ is the angle
between the direction of the sun and the reconstructed primary
electron’s direction. The low-background scenario and a 4 m
fiducialization strategy are assumed here.

FIG. 10. Distribution of the ratio of fast and slow scintillation
light (PSD parameter) for electrons (orange) and α-capture
γ rays (blue).
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detection of a delayed light flash emitted by the deexci-
tation of the 40K� [104]. Figure 11 shows the fraction of CC
interactions for which the final-state 40K� atom can
deexcite by emitting a 1.64 MeV γ with half-life of
336 ns [77]. While 336 ns is too short a time to produce
distinguishable charge signals, it is long enough to resolve
via light detection.
Figure 12 shows the number of detected photons arriving

at our assumed light detection system placed on the anode
plane for 1.64 MeV γ rays isotropically distributed inside
the detector. Even for delayed flashes emitted 3.5 meters
away from the anode, which is the drift distance in our
detector geometry, the number of photons detected is of the
order of thousands, building confidence in the feasibility of
this technique. We define a time window of 1500 ns to
determine a signal coincidence, since such time frame
contains more than 99% of the delayed γ flashes.
Given the enormous rate of background events, and

under the assumption that all background events will
produce scintillation light, the viability of this tool depends
on the expected number of false positives produced by
random background coincidences. For every background

source considered in Table II, the expected number of
events μbkg;i in a time window of 1500 ns is computed.
Pðμbkg;i; 0Þ ¼ e−μbkg;i represents the Poissonian probability
of zero events happening in that time window. The
probability of zero random background coincidences after
an initial event is computed as the product of the individual
probabilities, Pð0Þ ¼

Q

i Pðμbkg;i; 0Þ. Here, we consider all
different sources of signal and background to be indepen-
dent, and we neglect contributions between different drift
volumes. Under our high-background scenario and con-
sidering the full 10 kton active mass, the probability of a
random coincidence is approximately 99%. However,
in the low-background scenario, the probability of a
random coincidence is only 33%. Further considering
4 m of liquid argon used as passive shielding, the random
coincidence probability drops to 87% and 0.1%, respec-
tively, for the high-background and low-background sce-
narios. Following the same strategy that was presented in
the directionality studies, the Q-Pix clustering algorithm
can be used as a preselection tool. We set a clustering
threshold of 12 resets to select events with energy higher
than 3 MeV, allowing the light detection system to be used
afterwards to identify a potential delayed γ pulse. The
number of signal events is computed as the number of CC
events passing the CT cut, multiplied by the fraction of
events generating a delayed γ. The background coinciden-
ces are computed as events passing the CT cut (namely,
background electrons with energy above ∼3 MeV) fol-
lowed by a light flash produced by any other event.
Figure 13 shows the sensitivity improvement to solar
neutrinos (hep and 8B CC channels) when utilizing the
fiducialization and the coincidence technique for the
different detector scenarios. One can see that applying
the fiducialization strategy does not work in the high-
background scenario, as the background coincidences
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FIG. 11. Fraction of CC events generating a delayed γ as a
function of the energy of the incoming solar neutrino.
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FIG. 12. Photon yield for the delayed γ as a function of the
distance to the pixel plane.
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mimicking the delayed flash are dominated by internal
backgrounds. However, when both of these tools are
applied in the case of the low-background, fiducialized
scenario, sensitivity to solar neutrinos is boosted by more
than a factor 100 from 3.5 MeV to the higher end of the
solar neutrino spectrum in terms of reconstructed energy,
despite the rather low total number of solar neutrino events
per year.

E. Expected data rates

Figure 14 shows the expected Q-Pix data rates estimated
for the solar neutrino events and the leading background
sources for the high-background and the low-background
scenarios after a preselection of a minimum of 12 resets
(∼3 MeV) per event. Data rates in Q-Pix are calculated by
counting the number of resets in the events and considering
that each reset occupies 8 bytes of memory. The total data
rate to store all energy depositions above 3MeV, needed for
an off-line solar neutrino analysis, is estimated to be ∼1 TB
per year. If recording data below 3 MeV is desired, Q-Pix
can store all events with a minimum of one reset (i.e.,
events with deposited energy ≳0.15 MeV), leading to a
total data rate of ∼1 PB per year, still a manageable amount.
In comparison, the expected data size for an event

readout from a wire or CRP-based LArTPC is much larger.
Reading out a full wire-based 10-kton DUNE module
occupies about 6.5 GB if waveforms are recorded for

5.4 ms [105] and 8 GB if data from a CRP readout is
recorded for 4.25 ms [39]. We estimate that the rate of
events worth recording for a solar analysis—signals and
backgrounds that deposit 3 MeV or more—is around
300 Hz. Such a high rate implies that at least one potential
solar event is present in each drift time of a wire- or CRP-
based detector. Continuously reading out such detectors for
a year would generate of the order of 105 PB of data. If
advanced trigger techniques can allow to record informa-
tion of a single APA or CRP instead of the full detector, the
data rate could be reduced by 2 orders of magnitude—still
significantly higher than the expected rates generated by
the Q-Pix continuous readout.

VII. CONCLUSIONS

We have studied the feasibility of solar neutrino detec-
tion using a LArTPC equipped with Q-Pix technology. Our
study outlines the main challenges in detecting solar
neutrinos that must be addressed by future large-scale
noble element detectors, such as DUNE [106], SOLAIRE
[107], and—with the due caveats pertaining to the change
of target nucleus—XLZD [108].
Our analysis includes an extensive evaluation of poten-

tial background sources that could affect solar neutrino
detection in an underground LArTPC detector. Despite the
high rates of background events, the continuous and low-
data rate Q-Pix readout allows to set an energy threshold for
this study of 3 MeV, similar to that of SK and HK, and
above those of JUNO, SNO+, and Borexino. Internal
radioactive backgrounds originating from bulk argon and
radon decays make it difficult to detect solar neutrinos
below a deposited energy of 5 MeV, as background rates
exceed signal rates by nearly 10 orders of magnitude.
Beta decays and γ rays from radioactive processes—

including rare decay—create an irreducible background that
exceeds the solar neutrino signal by 5 to 11 orders of
magnitude, depending on the energy range. This conclusion
remains unchanged even when accounting for unmodeled
mitigation effects such as ion drift or including additional
sources of radioactivity from detector components like
readout support structures. Although a low-background
scenario significantly reduces internal background rates,
they still remain too high to enable the study of solar
neutrinos below 5 MeVunless a powerful photon detection
system is assumed.
Above 5 MeV, the dominant background sources are

photons originating externally to the detector—which can
only be mitigated through fiducial volume cuts—and
photons generated by α-capture processes in argon.
These α particles arise from radon decay chains and could
be reduced in a low-background detector scenario, with
further suppression possible using techniques like pulse
shape discrimination.
However, the two primary background processes above

5 MeVare poorly constrained due to the limited availability

FIG. 14. Expected data rates with Q-Pix readout per kt · yr for
solar neutrino signal events and background processes in the
high-background scenario (full bar length) and low-background
scenario (removing the hatched region) for a CT of 12 resets.
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of measurements of γ fluxes in the detector cavern and
α-capture cross sections on argon. We explored the
possibility of isolating hep neutrinos and obtaining a
high-statistics sample of 8B neutrinos in a low-background
scenario, provided that strict fiducialization and flash-
coincidence techniques are employed to identify solar
events. These allow to identify neutrino signals in the
range [3.5–16.0] MeV of deposited energy. Nonetheless,
any definitive conclusion regarding hep neutrino discovery
or detailed 8B neutrino studies depends critically on
precise measurements of cavern γ-ray emission and the
α-capture process.
If future measurements confirm that γ rates and α-capture

processes fall within the assumed order of magnitude, we
have shown that off-line analysis tools can significantly
enhance the potential for solar neutrino studies in a
LArTPC equipped with a pixelated continuous readout
and an effective light detection system.
Finally, we emphasize the necessity of a continuous

readout system for solar neutrino detection. As demon-
strated throughout this study, the background rates—
despite caveats in some assumptions—are so high that
traditional triggering approaches in LArTPCs are unlikely
to be viable. Q-Pix technology, which enables significantly

reduced data rates, emerges as a strong candidate to support
continuous readout capabilities essential for these studies.
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