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Abstract
The XLZD collaboration is developing a two-phase xenon time projection
chamber with an active mass of 60-80t capable of probing the remaining
weakly interacting massive particle-nucleon interaction parameter space down
to the so-called neutrino fog. In this work we show that, based on the per-
formance of currently operating detectors using the same technology and a
realistic reduction of radioactivity in detector materials, such an experiment
will also be able to competitively search for neutrinoless double beta decay in
136X e using a natural-abundance xenon target. XLZD can reach a 3¢ discovery
potential half-life of 5.7 x 10*'years (and a 90% CL exclusion of
1.3 x 10?® years) with 10 years of data taking, corresponding to a Majorana
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mass range of 7.3-31.3 meV (4.8-20.5 meV). XLZD will thus exclude the
inverted neutrino mass ordering parameter space and will start to probe the
normal ordering region for most of the nuclear matrix elements commonly
considered by the community.

Keywords: neutrinoless double beta decay, neutrino mass hierarchy, Xe-136,
2-phase xenon TPCs, rare event observatory

1. Introduction

The observation of neutrinoless double beta decay (Or((3) would have far-reaching con-
sequences in Particle Physics and Cosmology. Forbidden by the Standard Model (SM) of
Particle Physics, it implies the violation of lepton number as a global conservation law and
may establish the Majorana nature of the neutrino [1, 2]. If the decay is mediated by the
exchange of a light Majorana neutrino, the corresponding half-life is inversely proportional to
the square of the effective Majorana neutrino mass, <m’g/3>,

. <m ,>2
HARE gg‘GO”IMo”IZ%, )

e

where m, is the electron mass, g4 the axial-vector coupling constant, G°” the phase space
factor, and M°? the nuclear matrix element (NME) [3].

Several experimental techniques have been deployed and more are planned to search for
this rare decay in a variety of isotopes [3, 4], with the current best lower limits (at 90% CL) on
the 0v/38 decay half-life (T}/,) set in the 10°° years range, and (m;;) < (28—180) meV [5, 6].
The two-phase (liquid/gas) xenon time projection chamber (TPC) is the leading technology
in the field of direct search for dark matter in the form of weakly interacting massive particles
(WIMPs) [7-9], but it can also be used to search for Ov3(3 decay in 134X e and 1*°Xe [10-13].
Efforts are underway to scale up this technology to tens of tonnes of target mass [14, 15],
sufficient to probe the remaining WIMP-nucleon interaction parameter space down to the
‘neutrino fog’ [16—18]. The XENON-LUX-ZEPLIN-DARWIN (XLZD) collaboration was
formed to consolidate the expertise and resources of the teams using this technology with the
goal of building such a detector. The XLZD experiment will lead the dark matter direct-
detection field for years to come, but with its large mass, low background and high sensitivity
it will also be able to study many other physics channels, such as alternative dark matter
candidates and neutrino properties, serving as a rare event observatory [15, 19]. Amongst
these, XLZD will be able to competitively search for 033 in '**Xe, reaching or even
surpassing the sensitivity of current and planned dedicated experiments using this isotope
[5, 20, 21].

In this work, we present the '*°Xe 0v(( half-life sensitivity projections for XLZD using
the expected performance and background rates of the experiment based on those of the
current generation of detectors, in particular LUX-ZEPLIN (LZ) and XENONnT. We explore
the dependence of this sensitivity on the active xenon mass, muon flux at the host laboratory,
and possible '*°Xe enrichment or depletion scenarios. The paper is organized as follows: in
section 2 we describe the XLZD experiment; in section 3 we discuss the expected perfor-
mance of the detector in the most relevant parameters for this search, and the various
backgrounds which can impact it, developing two performance scenarios which are used for

7
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the sensitivity estimates; section 4 describes the metrics used for calculating the 90% CL
exclusion and 3o discovery half-life sensitivities, with the results for the half-life and
Majorana mass reach being presented in section 5; section 6 offers conclusions from
this work.

2. The XLZD experiment

The indicative design for the detector at the core of XLZD is a cylindrical, two-phase xenon
TPC with an active liquid mass of 60t of natural xenon in a 1:1 height/diameter ratio,
corresponding to approximately 3 m in both dimensions [19]. A more ambitious scenario is
also foreseen in case of a favorable xenon supply market, with an active mass of 80t in a
configuration which maintains the TPC diameter but increases its height to about 4 m. With
an abundance of 8.9% in natural xenon, this corresponds to 5.3 t and 7.1 t of **Xe isotope in
each of these mass stages.

Interactions in the active xenon volume lead to the production of a prompt scintillation
signal (termed ‘S1’) and a delayed electroluminescence signal (‘S2’) produced by the
ionization electrons drifted upwards to the surface and extracted to the thin gas layer by
electric fields defined by the anode, gate, and cathode electrode grids. In the typical con-
figuration of this type of detector, both signals will be detected by two arrays of photosensors,
at the top and bottom of the TPC. The standard choice for photosensors in liquid xenon TPCs
has been photomultiplier tubes (PMTs) optimized to detect the xenon vacuum ultraviolet
(VUV) light, although VUV-optimized Silicon Photomultipliers (SiPMs) or a hybrid con-
figuration of both technologies are also being considered for XLLZD. From these signals it is
possible to accurately reconstruct the multiplicity, location(s), energy, and recoiling species
for the interaction [22, 23]. A field cage surrounding the active volume ensures a uniform
vertical field and presents a highly reflective polytetrafluoroethylene (PTFE) [24] surface to
maximize the collection of light from the S1 scintillation signal (which drives the energy
threshold in such detectors). The entire inner TPC will be installed in a double-walled vacuum
cryostat for thermal insulation.

In a design similar to that of LZ [25], the XLZD TPC will be surrounded by two veto
systems: the volume of xenon between the TPC field-cage and the inner cryostat wall (dubbed
the ‘xenon skin’) will be instrumented with PMTs, and an outer detector (OD) will surround
the cryostat with near 47 coverage. Several design options are being considered for the OD,
from the use of liquid scintillator tanks [25] to a water-based Cherenkov detector [26], or a
water-based liquid scintillator that would bridge the two media (see [19] for a more detailed
discussion on these options). The goal of these two veto systems is to tag neutron and ~y-ray
backgrounds of radiogenic or cosmogenic origin with high efficiency [25-27].

To shield against cosmic-ray radiation, XLZD must be operated deep underground.
Several world-renowned laboratories have indicated interest in hosting the experiment and are
being considered for the final installation: Boulby [28], Kamioka [29], LNGS [30], SNOLAB
[31] and SURF [32]. They offer varying levels of reduction of the cosmic muon flux, which in
the case of 033 search has direct impact in the '*"Xe background, as discussed in section 3.
In section 5 we discuss the impact on the Ov3 sensitivity of operating XLZD at each of these
laboratories.

The TPC and veto systems will be installed in a large water tank to shield the experiment
from environmental y-rays and neutrons mainly emitted from the walls of the laboratory due
to trace amounts of *®U and **’Th in the rock. Simulations have shown that a 4 m water
equivalent (w.e.) of shielding on all sides can make these sources of background negligible
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for both WIMP and O3 searches, resulting in a water tank with 12 m in diameter and height
[33]. Many complex ancillary systems are required to support the operation of these detectors,
but their description is beyond the scope of this work. More details on these systems can be
found in [19].

3. Detector modeling and backgrounds

At this early (pre-conceptual) stage of the design of XLZD, we assume a performance similar
to that of the currently running xenon-based experiments XENONNT and LZ. We describe
below the main assumptions regarding the detector parameters that are most relevant for the
NDBD search. These assumptions will be revisited as the design evolves.

The energy resolution of the detector at the 033 decay energy (Qpz = 2457.83 +0.37 keV
[34]) is a key parameter, as it drives the leakage of events from nearby background ~-ray lines
into the signal region (see section 3.1). Detectors based on the two-phase xenon TPC design
have demonstrated sub-1% (o) relative energy resolution in this energy region, with
XENONIT reporting 0.80% [35] and LZ 0.67% [36]. LZ attained this resolution by using
only the unsaturated S2 signal collected in the bottom PMT array and applying granular
temporal and spatial corrections to the S1 and S2 pulses, obtained from calibration and
background signals (alpha decays in the **’Rn chain, *'"Xe and ®"Kr decays, and pulses
from single extracted electrons). In this study we consider a slightly more optimistic reso-
Iution of 0.65%, which we believe is within reach for XLZD using a similar approach. We
define the Region-of-Interest (ROI) for Ov35 search as £1o around the Q4 peak, corresp-
onding to a 32 keV wide interval, (2441.8-2473.8 keV). High-energy ~-ray lines around Q 3,
from 2'"Bi and 2°®TI from trace radioactivity in the detector materials, will be used to
determine and monitor the energy scale and resolution (see section 3.1).

The ability to reject multiple interactions in the same event is also critical, as it allows to
significantly reduce the ~-ray background from external sources with energy in the Ov33 ROL:
MeV scale 7-rays are likely to produce one or more Compton scatters before being absorbed,
leading to multiple-site (MS) events. By contrast, Ov3( decays are essentially point-like to a
large degree and thus single-site (SS), with the emitted electrons having short tracks, each on
the scale of 1 mm in the dense liquid. Critically, the extremely low energy threshold of these
detectors makes this rejection very efficient. Bremsstrahlung photons emitted by the fast 0v33
electrons can nevertheless travel far enough for the decay to be viewed as a multiple inter-
action, and thus lead to some loss in signal efficiency. In this study we consider SS/MS
separation only in the vertical (z) axis, and assume that interactions 3 mm or further apart can
be rejected. This choice of threshold follows what has been considered in the literature for
two-phase xenon TPCs [11, 37], and is further supported by preliminary results from the LZ
detector, which show that a separation of 2 mm is possible throughout the full detector depth
with an applied 193 V.em ™" drift field [38]. Analysis of Monte Carlo simulations performed
for the DARWIN detector [13] using a 3 mm SS/MS discrimination resolution shows that it
should be possible to reject 90% of the y-ray background in the ROI while maintaining 85%
efficiency for signal events. Moreover, it also provides some rejection capability (23%) for
electron backgrounds in the ROI (from [ decays and solar neutrino interactions, see
section 3.2-3.4), leveraging the emission of bremsstrahlung photons by these electrons.
Additional capability to identify multiple interactions in the horizontal (xy) plane would
contribute to further improvements in the sensitivity, but we do not explore it in this work.

The additional veto systems surrounding the detector help to further extend the capability
of detecting multiple interaction events. Coincident energy depositions in the skin or the OD
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Figure 1. Simulated fraction of *°*Tl-originated interactions in the central region of the
LZ detector that pass the SS/MS and veto cuts and fall inside the Ov33 ROI, as a
function of the energy threshold in each of the veto systems, and of the threshold in the
OD for a fixed 100 keV skin threshold. The skin alone can reject close to 70% of this
background with a 100 keV threshold; adding the OD veto with the same threshold
further increases this rejection to 83.3%. The black circle shows the scenario assumed
in this study.

may be caused directly by the particle that interacts in the TPC (on its way in or out) or by
other particles emitted simultaneously. In this study we assume that events in which
>100 keV is deposited in either of the veto systems in prompt coincidence with an interaction
in the TPC can be excluded.

3.1. External v-rays

The most important backgrounds in the search for 0033 in '**Xe arise from high-energy ~-
rays emitted in the decay of 2'*Bi (2448 keV) and “°*T1 (2615 keV), which are part of the
decay chains of **®U and ***Th, respectively. These long-lived isotopes are present in trace
amounts in the materials used to build the detector and in the surrounding environment—most
notably in the laboratory rock. We assume that the water tank used for XLZD will be large
enough to efficiently shield it against high-energy ~-rays from the rock, rendering this
particular source of background negligible.

The 2448 keV *'*Bi line is the most problematic, as it is less than 10 keV away from 03
At 2615keV the °*T1 SS peak is some 9o away from the ROI, only adding a small
contribution from the continuum created by the +-rays that lose a fraction of their energy by
Compton scattering before entering the TPC. A relative contribution of 65% and 35% from
these two lines in the 033 ROI has been estimated for DARWIN [13].

The use of a xenon skin and an OD veto surrounding the TPC can significantly reduce the
2981 contribution, by detecting ~-rays emitted in coincidence with the 2615 keV line (par-
ticularly the 583 keV ~-ray with 85% relative intensity) and/or low energy Compton scatters
produced by the 2615 keV ~-rays themselves in those veto systems before entering the active
region of the TPC. In the case of LZ, simulations show that the *°®TI line contributes only on
the order of 10% to the ~-ray background from detector materials in the OvG3 ROI for an
energy threshold of 100 keV in both the skin and the OD [11]. Figure 1 shows the effect of the
thresholds of both veto detectors on the population of °*T1 SS events in the central volume of
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Figure 2. Example distribution of single scatter events in the Ov33 ROI caused by
interactions of 2448 keV ~-rays emitted by the decay of 2'*Bi in detector materials for
the XLZD baseline design of 60 t. The effect of xenon self-shielding is clearly visible,
with the rate decreasing several orders of magnitude in the central region compared to
the surfaces. A higher rate at the top compared to the bottom reflects the additional
shielding provided by the xenon in the reverse field region between the cathode and the
lower array of photosensors. Also shown (black dashed contour) are the limits of the
11t optimal fiducial volume for the 3o-significance discovery potential in the
optimistic scenario (see discussion in section 4).

LZ and for the O35 ROI defined in this work, obtained from the full background model of
the LZ experiment [27, 39]. The skin is clearly more powerful for rejecting these events, with
the simultaneous use of the OD further reducing this population to approximately 17% of its
initial rate. Consequently, we assume that the (already subdominant) °*T1 contribution can be
efficiently mitigated by the veto systems and focus our attention on the *'*Bi line.

Large detectors such as XLZD greatly benefit from xenon self-shielding. At the 2**Bi line
energy the photoelectric mean interaction length is around 4 m, which is comparable to the
dimensions of the TPC. However, y-rays must survive many Compton interaction lengths
(~10 cm) without scattering in order to create single-site photoabsorption interactions in the
central region. Since such Compton scatters can be detected down to keV energies, this
background affects mostly the outer regions of the TPC, creating a highly non-uniform
distribution as a result. Simulating this background in the central region of these large
volumes with detailed Monte Carlo simulations is extremely challenging computationally.
Moreover, it would be impractical to generate detailed simulations of the 7-ray radiation for
all the geometries and scenarios discussed in this work at this early stage of the XLZD
project. Instead, we use a semi-empirical model of the attenuation of >'*Bi ~-rays, emitted
from sources uniformly distributed on the surfaces of the TPC, to estimate the relative spatial
distributions of this background in the two XLZD mass stages, which are then normalized
using the LZ background model [40]. This model allows for a fast estimation of the 7-ray
background under different scenarios and has been validated against the -ray background
profiles of both LZ and DARWIN [40]. An example of the spatial distribution of SS events in
the Ov33 ROI assuming the 60 t detector design as predicted by the semi-empirical model is
shown in figure 2.
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Table 1. Simulated background of single scatter events from 2'*Bi 2448 keV ~-rays
originating from the decay of ***U in detector materials in the LZ experiment. Listed
are the highest contributors to the 0v33 search, with the corresponding expected
number of events in the 10 ROI (assuming 1.0% energy resolution) and in the 967 kg
inner fiducial volume of LZ, for a 1000 live days run [11]. Smaller contributors
grouped under ‘Other components’ are listed in the text. The third column shows the
expected number of events after application of the mitigation strategies described in the
text, resulting in an overall radioactivity reduction of approximately 75%. The fourth
column shows the projected events in the 8.2 t fiducial volume of a 60 t XLZD (see
section 4) in 10 years under this scenario.

214py:
Bi events

LZ

XLZD
(967ke x 1000d) g5 ¢« 10years)

Component Nominal Reduced Projected
TPC PMTs 2.95 0.98 0.61
PMT structures 2.75 0.54 0.33
Field-cage resistors 2.46 0 0
Internal sensors 1.81 0.22 0.14
PMT bases 1.52 0.39 0.24
Cryostat 1.26 0.82 0.51
PMT cables 1.01 0.16 0.10
Field-cage rings 0.97 0.40 0.25
OD tank supports 0.73 0 0
OD foam 0.71 0 0
Skin PMTs 0.69 0.06 0.04
Other skin parts 0.68 0.05 0.03
Other components 3.56 1.42 0.88
Total 21.10 5.05 3.15

To determine the ~-ray rate normalization, we assume that the geometrical configuration
and construction materials will be similar to those used in LZ. The normalization factor is
calculated by multiplying the simulated rate from SS *'*Bi ~-rays in LZ by the ratio of the
internal surface areas of XLZD and LZ. The second column in table 1 shows the detector
components with the highest contributions to the LZ Ov3( background [11].

Thorough material selection and cleanliness protocols have always been a concern for
direct dark matter search experiments (see, e.g. [41-43]), but these detectors were optimized
for the low-energy region, where the xenon self-shielding effect is even more powerful,
making the external v-ray background subdominant. The material radioactivity requirements
for a Ov33 decay search must be even more stringent.

Analyzing the case of LZ, the y-ray background in the Or(3( region could realistically be
reduced through a combination of stricter selection of material batches and alternative design
choices: for instance, using purpose-built field-shaping resistors (similarly to those described
in [44]); using even lower radioactivity capacitors in the PMT bases, such as those identified
in [42]; ensuring PMT cables are assembled from low background copper batches under strict
cleanliness protocols; avoiding the reuse of higher radioactivity PMTs from LUX and using
instead only the cleaner Hamamatsu R8520 1” PMTs in the skin region [41]; avoiding dead
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regions in the OD very close to the cryostat. The contributions from most subsystems could
also be significantly reduced if all the parts were fabricated from the cleanest batches of
PTFE, stainless steel, copper, Kovar, and Kapton identified during the LZ and XENON assay
campaigns [41, 42].

For the particular case of the dominant contribution from the TPC PMTs, Hamamatsu has
been working on the development of a lower radioactivity variant of the same model. Pro-
totypes of these new lower radioactivity PMTs have recently been assayed by the XLZD
groups, showing a reduction of 2/3 in 226Ra compared to the original R11410-22 model, and
even lower radioactivity PMTs are now becoming available [45]. The use of lower radio-
activity devices such as SiPMs in the top array (alone or in an hybrid configuration including
PMTs in the periphery) could provide an additional reduction.

The third column of table 1 shows the impact these changes would have in the projected
LZ *'“Bi background. Smaller contributors, grouped under ‘Other components’, include the
OD acrylic tanks and scintillator, cryostat seals and super-insulation, grid holders and the
inner TPC PTFE. Of these we highlight that the mass of stainless steel in the grid rings is
minimized by using woven grids, and that clean cryostat super-insulating materials have been
identified by other experiments (e.g. GERDA). Overall, we consider that a reduction of
approximately 75% of the *'*Bi ~-ray background can be achieved with confidence based
entirely on public assay data from the LZ and XENON campaigns and published literature.
Moreover, we also assume a similar reduction in the subdominant 2**TI contribution.

For the projections presented in this work we use the realistic 75% reduction for the
normalization of the ~-ray model in our nominal scenario. We also consider a more optimistic
scenario with a 90% reduction of the materials background compared to LZ, which we
believe would be possible with a lengthier material selection campaign and more targeted
design approaches.

3.2. Irreducible backgrounds

Neutrinos interact with electrons in the xenon target via charged and neutral currents, pro-
ducing an irreducible background [16, 46]. The only neutrinos with sufficient energy to
produce interactions near Qg and a high enough flux to constitute a relevant background for
0v(33 decay are those originating in ®B decay in the solar proton—proton (pp) cycle [46],
which have a 16MeV end-point. We consider an overall flux of ®B neutrinos of
5.25 x 10° / (cm2 s) [47], as recommended in [48], and an electron neutrino survival prob-
ability of P,, = 0.543, resulting in a O3 ROI rate of 1.76 x 10°* evt/(t year keV) before
SS/MS discrimination, which is lowered by the 3 mm MS rejection cut as described in
section 3.

Another source of irreducible background comes from the standard '*°Xe two-neutrino
double-beta decay (2v30) events, with energies near the Qs peak. Some of these events will
leak into the O35 ROI due to the finite energy resolution of the detector. In XLZD this
background is expected to be subdominant given the excellent energy resolution and the
narrow width of the 036 ROL For a 2133 half-life of 2.17 x 10! years [49] and the spectral
shape provided in [50], the estimated rate in the 033 ROl is 5.04 x 10 ®evt/(t year keV).

3.3. Radon

Radon-222 is produced in the decay chain of ***U and these atoms emanate from detector and
gas-system surfaces and mix with the xenon target. Meticulous material selection is crucial to
minimize radon emanation, along with active radon reduction techniques during detector
operation. XENONNT has achieved a **’Rn background level of <1uBqkg ', in part by
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using a high-flow cryogenic distillation column for radon removal capable of turning over the
full xenon payload on a time scale comparable to the **?Rn half-life [51]. A larger system will
be developed for XLZD which, together with cryogenic material screening and additional
surface treatments to provide radon barriers (e.g. copper electroplating) already being
developed will allow a decrease of the *’Rn activity by at least one order of magnitude, to
0.1 uBqkg ' [19].

One of the decay products of **?Rn is 2'*Bi, which decays via beta emission: 19.7% of
these decays proceed to the ground state of 2'*Po with a beta end-point energy of 3270 keV,
and have no accompanying de-excitation y-rays (a so-called ‘naked’ beta) [52]. This >"Bi
decay channel produces single-site events with an energy spectrum that overlaps with the
0v(6 ROL The daughter isotope, >'*Po, has a relatively short half-life of 162.3 jis before it
undergoes alpha emission, producing a clear and distinctive signal in the detector. Obser-
vation of the delayed coincidence between the 5 and « interactions (known as ‘BiPo tagging”)
will be highly efficient in the long event waveforms of XLZD: a minimum of 2 ms,
corresponding to a 290 Vem ™! drift field in the 60t (3m height) configuration [19],
encompassing 99.98% of the BiPo decays. A lower drift field or a taller (80 t) detector will
lead to an even higher tagging efficiency. Other 2'*Bi decay channels include the emission of
~-rays from the nuclear de-excitation of *'*Po in coincidence with the beta. In the xenon bulk
these decays lead to multi-site events which can be excluded with high efficiency. Con-
servatively assuming a BiPo tagging efficiency of 99.95% and a SS/MS vertical dis-
crimination of 3 mm results in a total ROI rate of 9.5 x 107> evt/(t year keV) from all 2l4pj
decays in the bulk, making it subdominant to the irreducible ®B background.

Decays of 2'*Bi in the xenon outside the active region of the TPC can also contribute to the
background if they occur in a non-instrumented detector region and the 3 is accompanied by a
coincident 2448 keV ~-ray (1.6% probability) that reaches the inner TPC. The instrumenta-
tion of the lateral and dome regions of the skin in XLZD is expected to minimize this
background source, but some small contribution is still expected from the fraction of these
decays in which the (3 is below the skin threshold (e.g. 22% below 100 ke V) or occur in small
volume pockets with poor light collection. Nevertheless, these y-rays are external to the TPC
and their rate in the central region will be suppressed by several orders of magnitude by the
xenon self-shielding effect, as discussed above.

Another potential source of background comes from positively charged **?Rn daughters in
the liquid bulk that can drift from their production sites and attach to the walls or the cathode
grid. Evidence for this effect has been observed in EXO-200, with the >'*Bi activity in the
bulk being 88.4% lower than the **Rn activity [53], and to a smaller extent (44.6%) in LZ
[39]. In a significant fraction (25%) of the 214g; decays in the cathode or the walls both the
initial beta and the subsequent alpha from *'*Po are absorbed in the solid surfaces and can
lead to single-site 2448 keV ~-ray events in the active region. Two-phase xenon TPCs have
low thresholds, of the order of keV, and thus XLZD will be able to reject a significant fraction
of these events by observing the '°Pb nucleus recoiling into the liquid in those cases where
the « particle enters the solid material.

These latter two 2*’Rn induced background topologies will be studied in more detail as the
detector design and simulation evolve.

3.4. Cosmogenic backgrounds

Despite the protection offered by the rock overburden, muons can reach the detector
underground—with a flux that depends on the specific host laboratory, see table 2—and
produce backgrounds for O30 search. They produce energetic neutrons directly by muon
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Table 2. Underground laboratory depth, muon flux, and projected rates of '*’Xe pro-
duction [55] and of subsequent decays leading to SS-like events in the Ov33 ROI
(considering the nominal scenario, see section 3.5) for the different sites being con-
sidered for installing XLZD (listed in order of increasing SS ROI rate). Production rates
for Boulby and Kamioka are scaled from LNGS using the respective muon flux ratios.
The water equivalent depth and muon flux for Boulby refer to a new proposed
laboratory at 1300 m and are interpolated from measurements at the existing 1100 m
laboratory and the projections for a 1400 m laboratory studied in [56].

ﬂ o flux 37X e rate SS ROI rate
Site (m) (mwe) (/(m*>d) (/(tyear)) (evt/(t year keV))
SNOLAB 2070 5890 <0.3 0.007 129 x 107°
SURF 1490 4300 4.6 0.142 2.72 x 107
Boulby 1300 3330 14.6 0.404 773 x 107°
LNGS 1400 3800 29.7 0.822 1.57 x 107*
Kamioka 1000 2700 128 3.54 6.78 x 107*

spallation or in spallation-induced electromagnetic or hadronic cascades in the detector or
surrounding materials, that can be captured by 136X leading to the production of 137Xe. This
isotope undergoes beta decay with a half-life of 3.82 min, with the energy of the electron
extending up to 4173 keV [54]. In 67% of '*"Xe decays there is no accompanying nuclear de-
excitation 7-ray, and a small fraction of these fall in the narrow ROI for Ov33 search (1.1%
assuming a 0.65% energy resolution).

Muon-induced "*”Xe production is subdominant to other mechanisms such as capture of
natural radioactivity neutrons on the xenon circulating in the purification and radon removal
systems outside of the water tank. Here we assume that this component can be made neg-
ligible through careful local shielding (e.g. using high-density polyethylene or dedicated
water tanks) and/or installation of xenon buffer volumes (‘decay tanks’) inside the main
water tank, allowing the '*’Xe activity to subside before entering the TPC.

EX0-200, installed at WIPP, measured a '*"Xe production rate of 2.5 atoms yr~' per kg of
136X e with an 80.6% '**Xe-enriched target [54]. XLZD will use natural abundance xenon,
which has a '*®Xe abundance of only 8.9%:; moreover, '**Xe has the lowest neutron capture
cross section amongst all naturally occurring isotopes [55], which results in a much smaller
137Xe production as the other isotopes effectively shield the '*°Xe. In this study we use the
recently estimated production rates for DARWIN at LNGS, SURF and SNOLAB [55], while
the rates for Kamioka and a proposed new facility at 1300 m depth at Boulby are estimated by
scaling the LNGS projections by the relative muon fluxes. These production rates are sum-
marized in table 2, along with the rates of SS-like events in the O30 ROI estimated with a
simulation of '*7Xe decays. We note that the new '*’Xe production rate estimate for
DARWIN at LNGS, and used here, is a factor of approximately 8 smaller compared to that
used in the DARWIN 0v(0 sensitivity study [13, 15], as noted in [55, 57], with direct impact
on the sensitivity.

The rate of this background could be further reduced by vetoing events for a given number
of '#7Xe half-lives following the passage of a muon, or using a delayed coincidence between
the muon and the "*®Xe(n, 7)'*"Xe process (which produces a -ray cascade adding up to
4025 keV [58]) to minimize the false-vetoing rate and consequently the detector dead time in
laboratories with higher muon flux. [55] reports that 95% of the '**Xe captures are with
neutrons produced by muons crossing the TPC itself, with the neutron capture occurring
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Table 3. Summary of the background assumptions and detector performance para-
meters used in the two scenarios considered for the sensitivity projections in this study.
Irreducible backgrounds from 8B neutrinos and '**Xe 2133 are constant.

Scenario
Parameter Nominal  Optimistic
222Rn concentration [pBq kg™'] 0.1
BiPo tagging efficiency [%] 99.95 99.99
External y-ray [% LZ] 25 10
Installation site LNGS SURF
Energy resolution [%] 0.65 0.60
SS/MS vert. separation [mm] 3 2

shortly after the passage of the muon (up to microseconds). The deposition of hundreds of
MeV by a high-energy muon in an ultra-sensitive detector such as a LXe-TPC, optimized for
keV-scale interactions, is an extremely disruptive event which can affect the optical readout of
the detector for an extended period lasting up to seconds. This implies that the use of a
delayed coincidence will not be efficient for most of the '*”Xe production. On the other hand,
vetoing the detector after each muon has a large impact on the experiment live-time for the
shallower laboratories: e.g. vetoing for one '*’Xe half-life (3.82 min) at Boulby would result
in a 76% live-time fraction. Given that '*’Xe is not dominant except in Kamioka, we con-
servatively assume that no veto will be applied to reduce this background.

Cosmic-ray muons reaching the underground laboratory also lead to the production of
lighter radioisotopes by nuclear spallation, i.e. the fragmentation of xenon nuclei to create
radioactive nuclei. Some of these radioisotopes decay with a total energy in the Ov33 decay
ROI, and may have long half-lives of several hours or even days. KamLAND-Zen [59]
reported a xenon spallation rate of isotopes decaying in their wider [2350-2700] keV ROI of
(3.5+0.6) x 1073 /(t d) at the Kamioka laboratory (which has a muon flux of 128 / (m2 d),
the highest amongst the candidate laboratories for hosting XLZD). Most of the isotopes
observed by KamLAND decay with the emission of a positron and additional ~-rays, leading
to multi-interaction events which will be easily tagged in XLZD and its vetoes. Those
isotopes that undergo 3~ decay (around 15%) could in principle be more challenging, but the
emitted electron is always accompanied by one or more ~y-rays, which will also result in a
very high tagging efficiency in XLZD. Given the much narrower (one-tenth) Ov33 decay ROI
of XLZD and its excellent capability to identify multi-site events with high efficiency, we
expect this background to be negligible. Installation of XLZD in a laboratory other than
Kamioka would result in a further reduction of at least a factor of 4. KamLLAND-Zen uses
xenon enriched in '**Xe (91%) and "**Xe (9%), but recent simulations for DARWIN show
that the production rates for the isotopes observed in KamLLAND-Zen are similar in natural
xenon [55]. Nevertheless, spallation in natural xenon will result in a wider set of radio-
isotopes; further simulations are underway to more accurately estimate this background.

3.5. Performance scenarios

We consider two scenarios with different detector performance and background considera-
tions for the sensitivity projections presented in this work, which are summarized in table 3.
The nominal scenario is based on the performance already achieved by currently running
detectors, installation at LNGS and a realistic reduction of the y-ray background from detector
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Figure 3. Energy spectra of SS events from signal and relevant backgrounds for 0v3(3
decay in the inner region of XLZD considering the nominal scenario (see table 3). The
black (gray) line shows the external v-ray background from detector materials after
(before) excluding events with coincident signals in the vetoes; their contribution in the
0v303 ROI (vertical yellow band, defined as Qs + 1o with 0.65% ener%X resolution) is
clearly dominated by the 2448 keV ~-ray from the decay of 2*Bi in the ***U chain. The
irreducible background from ®B solar neutrinos (shown in purple) dominates the
internal backgrounds relatively to '*’Xe at the various XLZD candidate host sites
(shown by the red dotted lines) except at Kamioka and LNGS (where it is at the same
level). *’Rn (green line) is subdominant even in the nominal scenario, while the
contamination from 233 decay (light blue) in the ROI is negligible given the excellent
energy resolution achieved by LXe-TPCs. Also shown is a hypothetical Ov33 signal
with a half-life of 5 x 10?7 years (orange line).

materials (as discussed in section 3.1). We also consider a more optimistic scenario, with
slight improvements in detector performance, installation at SURF, and a more ambitious
reduction of the external y-ray background. We believe such a scenario is achievable with a
very thorough material screening campaign, design and engineering innovations, and further
improvements to photosensor radioactivity—aided by new analysis techniques such as the
use of track topology information (e.g. S2 pulse shape deconvolution). The two active mass
configurations (60t and 80t) being considered by XLZD are studied under both of these
scenarios, resulting in a total of four configurations.

Figure 3 shows the background energy spectra of SS events in the inner region of a 60t
XLZD, considering the nominal scenario. 8B solar neutrinos dominate the internal back-
grounds for all possible installation sites except Kamioka (at LNGS the '*"Xe contribution is
at the same level of ®B); the effect of **’Rn is negligible even with the conservative 99.95%
BiPo efficiency considered in this scenario; the power of the excellent energy resolution in
minimizing the contamination from 25 in the ROl is evident. Moreover, this figure clearly
shows the impact that the use of external vetoes has on the 2**TI Compton plateau in the 0v33
ROL Vetoed *°®TI events can nevertheless be used to determine and monitor the energy
resolution of the detector, as is done in LZ [36], with close to 10° SS events expected in the
20871 peak in the active volume of the 60 t stage of XLZD over 10 years of data taking in the
nominal scenario (10% in the inner 30 t).
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4. Sensitivity calculation

We calculate the '**Xe 0v33 decay half-life (Tl%) sensitivity using two common metrics:
exclusion at 90% confidence level (CL) and 3o-significance discovery potential (defined as
the minimum Tl% required to exclude the null hypothesis with a significance of 99.7% CL).

Following [60] we apply a figure-of-merit estimator as a straightforward and easily
comparable metric for sensitivity calculations. This approach uses a heuristic counting
experiment model to determine the signal expectation S(B) required to pass the statistical test
in the given metric, assuming a background count B. This is converted to the half-life
sensitivity using:

No&

T% — In2—4~ |
12 Mx.S(B)

)
where & is the sensitive exposure of '*°Xe (i.e. the product of the '**Xe mass in the fiducial
volume, the measurement time, and the signal detection efficiency), Ny is Avogadro’s
constant, and My, is the molar mass of 136Xe. For the exclusion sensitivity
Sooscr, = 1.64+/B, while for the 3¢ discovery potential Ss, is constructed using Poisson
statistics as detailed in [60]. Independently of the applied metric, the background B and the
sensitive exposure & depend on the choice of fiducial volume and energy ROI, both of which
can be optimized.

We find the optimal fiducial volume by gradually adding contiguous detector regions with
lowest background index until the sensitivity is maximized. We find optimal "*Xe masses of
8.2t (11.0t) and 13.6t (17.2t) for the 3o-significance discovery potential in the nominal
(optimistic) scenario for the 60t and 80t configurations, respectively. After this point, B
grows faster than & and the sensitivity decreases gradually. The precise optimum volume
depends on the underlying sensitivity metric, with 30 discovery potential generally leading to
larger fiducial masses compared to the 90% CL exclusion sensitivity in all studied detector
configurations. The external background is dominant in more than 75% of the active mass,
and accordingly the optimized fiducial mass contains less than a quarter of the available
target.

The choice of the optimal ROI depends on the spectral shape of the background: on a flat
background dominated by the internal background sources, S/~/B optimizes in a symmetric
+1.40 ROI, yielding a 4% relative increase in T,”% sensitivity compared to a +10 ROI; in a
background setting dominated by the external *'“Bi 4-ray peak, an asymmetric ROI is more
favorable, with the optimal lower bound depending on the energy resolution. For 0.65%
energy resolution this increase in sensitivity can be as high as 11% compared to the sym-
metric +10. For simplicity and the benefit of a straightforward comparison between different
scenarios, we keep the energy ROI fixed at +1o.

A study of the possible sensitivity gains to be realized with more sophisticated analysis
methods such as a profile likelihood ratio (PLR) test, which would allow to exploit a larger
fraction of the active mass and a wider energy range, is beyond the scope of this work. In the
LZ sensitivity study the use of a PLR-based approach resulted in an improvement of 40% to
Tlo/l’z compared to a counting analysis in an optimized fiducial volume [11].

5. Results and discussion

The XLZD 0vf3[3 decay sensitivity projections as a function of exposure time are shown in
figure 4 for both metrics and the two mass configurations being considered. For each of these
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Figure 4. Sensitivity of XLZD to the 0v88 decay of '*®Xe in the two metrics
considered in this work: 90% CL exclusion (top) and 3¢ discovery potential (bottom).
The projections for the two mass configurations in the two detector performance
scenarios considered are shown by the colored bands, with the nominal scenario setting
the lower band limits and the optimistic scenario the upper limits. Also shown are the
projections from other running or planned experiments: PandaX-xT [61], KamLAND2-
Zen [3, 62], NEXT-HD [63] and nEXO [20]. Note that the nEXO projections were
obtained using a profile likelihood ratio test while those for XLZD use the figure-of-
merit estimator. The right axis shows the projected sensitivity to the effective Majorana
neutrino mass, mgg, considering a maximum (minimum) Mg'g,(e of 477 (1.11)
(see text).

stages the lower bound of the band corresponds to the nominal scenario and the upper bound
to the optimistic scenario. In the 80 t configuration, and if the optimistic scenario is realized,
XLZD can exclude Ov3(3 decay half-lives up to 1.3 x 10*® years at 90% CL with 10 years of
data. The corresponding 30 discovery potential is 5.7 x 10%’ years. These projections show
that XLZD can surpass currently running and planned experiments using '*°Xe, such as
PandaX-xT [61], KamLAND2-Zen [62], NEXT-HD [63], and nEXO [20], while using a
target of natural abundance xenon which brings a much broader science program.

The sensitivity is primarily driven by the target mass, with the external y-ray background
rate having the largest impact within each mass. For instance, a y-ray background at 25% the
level of LZ while maintaining the remaining optimistic scenario assumptions decreases the 3o
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Figure 5. Sensitivity of XLZD to the effective Majorana neutrino mass as a function of
the lightest neutrino mass for the 80 t configuration in the optimistic scenario with 10
years of data. The two metrics considered in this work are shown: 30 discovery
potential (yellow band) and 90% CL exclusion (green band). The width of the bands is
caused by the uncertainty in the nuclear matrix element models (see main text, also for
the expected sensitivity using the most recent nuclear matrix elements). The current
best experimental limits from KamLAND-Zen, also from 0v88 decay in '**Xe and
assuming the same range of NMEs, are shown in gray [S]. The allowed regions (+30)
for the effective Majorana neutrino mass in the inverted (I0) and normal (NO) neutrino
mass ordering scenarios are also shown [64, 65].

sensitivity by 15.5%; installation at LNGS instead of SURF has an 11% impact; switching the
BiPo efficiency, SS/MS discrimination, and energy resolution from the optimistic to the
nominal scenario reduces the sensitivity in 6%, 4.3%, and 2.5%, respectively. In fact, a poorer
energy resolution of 1% or a pessimistic BiPo efficiency of 99.9% both have impacts of
only 12%.

It is foreseen that an interim XLZD configuration with 40t at the same TPC diameter but
reduced height will be used for initial technical performance verification and early science
[19]. Considering a short run of only 3 years for this interim stage and the reduced self-
shielding capability resulting from the shallower aspect ratio, XLZD can nevertheless reach a
30 sensitivity of 1.0 x 10’ years (2.5 x 10’ years 90% CL exclusion) during this initial run
in the optimistic scenario, in line with the DARWIN projections for a detector of similar
size [13, 57].

The right-side axes of the figures in figure 4 show the XLZD sensitivity to the effective
Majorana neutrino mass, mgg, linked to the Ov33 decay half-life by equation (1). The large
uncertainty is dominated by the nuclear matrix element (M %y.). We adopted the parameter
values of g4 = 1.27, G°” from [50] and a M%x. € [1.11, 4.77] range which covers the
predictions from the most commonly used phenomenological models for direct comparison
with other experiments [66—78]. In particular, the minimum value assumes the deformed-
QRPA [66] model and the maximum the NREDF [78] model. Figure 5 shows the allowed
(mgs) parameter space as a function of the lightest neutrino mass for the inverted and the
normal neutrino mass ordering scenarios, along with the XLZD 90% CL and 3o (mgg)
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Figure 6. Projected 90% confidence level (CL) exclusion limits of XLZD to the Ov33
decay of '**Xe as a function of muon flux (which drives the '*”Xe background) after 10
years of data. The colored bands show the projections for the two mass configurations,
bounded by the nominal (lower limit) and optimistic (upper limit) scenarios (see
table 3). The vertical dashed lines indicate the fluxes corresponding to each of the
possible hosting laboratories, along with their corresponding water equivalent depth.

sensitivities for the 80t configuration in the optimistic scenario after 10 years of data,
represented by the yellow (4.8-20.5 meV) and green band (7.3-31.3 meV), respectively.
XLZD will exclude the inverted neutrino mass ordering—except for the deformed-QRPA
model—and probe a significant fraction of the normal ordering scenario. Similarly, if the
neutrino masses follow the inverted ordering, XLZD will confirm that hypothesis at the 30
level for most of the considered NMEs.

Recent developments in nuclear models include a quenching effect in g4 (required for
agreement with experimental data) [79] and the addition of a previously neglected short-range
term [80, 81]. Considering recent NME models which include these two modifications, the
90% CL lower limits on (mgg) of XLZD with 10 years of data in the 80 t configuration and in
the optimistic scenario are 7.4-23.5 meV, 4.2-10.2 meV, and 12.1-21.3 meV for the shell
model [82—-84], QRPA [83, 84], and ab initio calculation [85], respectively. The corresp-
onding 3¢ discovery potential ranges are 11.2-35.5 meV, 6.3-15.4 meV, and 18.3-32.2 meV,
respectively.

We also studied the effect of the '*’Xe production rate on the sensitivity, as this back-
ground will depend on the choice of underground laboratory. The results for the exclusion
sensitivity are shown in figure 6. The bands for each mass stage represent the range between
the detector performance scenarios, dominated by the external y-ray background. Installation
at SNOLAB, with a significantly lower muon rate compared to SURF (optimistic scenario),
has only a modest effect in the sensitivity (which increases to 1.4 x 10°® years for the 80t
mass configuration). It is clear that when the cosmogenic '*’Xe rate is sub-dominant
(SNOLAB, SUREF, Boulby) or at the same level (LNGS) as the B background, the impact on
the sensitivity is much smaller than that of varying the external ~-ray rate between the two
scenarios considered. This is not the case for the Kamioka site, for which the effect on the
projected sensitivity is significant.

XLZD will nominally use natural abundance xenon for its target, but scenarios with
different '**Xe concentration may be warranted at a later stage to investigate a putative signal
(in XLZD or in another experiment). Figure 7 shows the effect of varying the '*°Xe
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Figure 7. Dependence of the Ov(3( 30 discovery potential of XL.ZD with the abundance
of 13®Xe in the target with 10 years of data. The colored bands show the projections for
the two mass configurations, and are limited by the nominal (lower limit) and optimistic
(upper limit) scenarios (see table 3). Also shown are the projections from NEXT-HD
[63] and nEXO[20].

concentration on the 3¢ discovery potential for the two mass stages and two detector per-
formance scenarios considered. *"Xe production was estimated for LNGS [86] (nominal
performance) for the various enrichment scenarios and scaled for SURF (optimistic) using the
production ratio for natural xenon in these two laboratories (table 2). If XLLZD or nEXO were
to report an observation which is in tension with their background model but falling short of a
discovery, XLZD will be able to confirm it at the 30 level in 10 years with less than 20%
enrichment in the 80t stage, or even in the 60t stage with 25% enrichment. Conversely, a
signal observation in XLZD can also be tested by running the experiment with some depletion
level, which would not impact the background expectation significantly while reducing the
signal rate—a strategy already being explored by NEXT [87].

6. Conclusions

The XLZD collaboration is designing an experiment based on two-phase xenon TPC tech-
nology capable of completely probing the spin-independent WIMP-nucleon scattering para-
meter space down to the neutrino fog. With a target mass of up to 80t and an extremely low
background, this experiment will be able to study other well-motivated physics channels. In
this work we presented the initial sensitivity projections of XLZD in the search for Ov3s3
decay in '*®Xe, a process which can be used to search for new physics, probe the Majorana
nature of the neutrino, and determine the neutrino mass ordering.

The large target volume is very effective at shielding the inner region of the detector from
external high-energy ~-rays that would otherwise dominate the background in this search,
while providing several tons of the source isotope even at natural abundance. Moreover, the
excellent energy resolution (o = 0.67%) already demonstrated in detectors based on dual-
phase xenon TPCs can be used to minimize the width of the ROI, thus decreasing leakage of
the '*°Xe 2183 continuum and from the nearby ~-ray lines from *'*Bi and *°*TI. Importantly,
the ~-ray background can be further reduced by the capability to identify multiple scatter
interactions down to 3 mm separation in the vertical direction and with a very low energy
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threshold per vertex. Finally, an instrumented xenon skin and an outer detector surrounding
the TPC provide an additional reduction of this background by vetoing coincident signals,
which is particularly effective in mitigating against the 2615 keV line from 2°*TI.

The use of a natural abundance xenon target has the advantage of limiting the cosmogenic
production of the '*’Xe background, as '**Xe has the lowest neutron capture cross section
amongst all naturally-occurring xenon isotopes. This background remains sub-dominant if the
experiment is installed at SNOLAB, SURF, Boulby, or LNGS.

With a thorough material screening and selection campaign and an online radon reduction
system capable of reducing ***Rn to the 0.1 uBq kg ' level, XLZD will reach a 90% CL half-
life exclusion sensitivity of 1.3 x 10?® years with 10 years of data in the 80t configuration,
fully excluding the inverted neutrino mass ordering scenario for all but one of the most
commonly used NMEs. With a 3¢ discovery sensitivity of 5.7 x 10* years it will also probe
the inverted ordering scenario for a signal for most of these NME models. These sensitivities
will be further improved by the use of a PLR-based statistical analysis in a larger volume and
using a wider energy range, realistically allowing the full exclusion of the inverted ordering at
90% CL. Conversely, recent NME calculations suggest somewhat reduced sensitivities for all
OvB3 decay experiments [3, 82-85]. A second stage can be envisioned using xenon with
some level of '*°Xe enrichment to increase its sensitivity, allowing for probing at the 3¢ level
a possible hint of a signal during the first XLZD stage at the T, = 1.3 x 10%® years level.

Conversion from measured half-lives to the physically relevant effective Majorana neu-
trino mass requires knowledge of the NME for the relevant isotope, which can vary by factors
of a few between nuclear models resulting in large uncertainties in (mgg). XLZD will be able
to measure or significantly improve the current best limits on the half-life of the '**Xe 2u64
decay to the first excited 0" state of '*°Ba [88, 89]. This yet unobserved SM-allowed decay
can thus be used to benchmark the predictions of the various nuclear models and help to
reduce theoretical uncertainties [90]. Complementarity between experiments using different
isotopes (e.g. SNO+ [91], LEGEND [92], CUPID [93], AMoRE [94], SuperNEMO [95]) is
crucial to reduce NME uncertainties when probing the neutrino mass hierarchy space and to
claim a possible discovery. Furthermore, multiple measurements in different isotopes will be
required to characterize the physical mechanism mediating this decay.
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