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ABSTRACT: The Neutrino Experiment with a Xenon TPC (NEXT) searches for the neu-
trinoless double-beta (0v3f3) decay of 36Xe using high-pressure xenon gas TPCs with elec-
troluminescent amplification. A scaled-up version of this technology with about 1 tonne of
enriched xenon could reach in less than 5 years of operation a sensitivity to the half-life of
0vBf decay better than 1027 years, improving the current limits by at least one order of
magnitude. This prediction is based on a well-understood background model dominated by
radiogenic sources. The detector concept presented here represents a first step on a com-
pelling path towards sensitivity to the parameter space defined by the inverted ordering of
neutrino masses, and beyond.
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1 Introduction

Neutrinos are the only particles in the Standard Model that could be Majorana fermions,
that is, completely neutral fermions that are their own antiparticles. Majorana neutrinos
imply lepton number violation as well as the existence of new physics at an energy scale
inversely proportional to the observed neutrino masses [1]. This new-physics scale provides
a simple explanation for the striking lightness of neutrinos [2-5], and is possibly connected
with the predominance of matter over antimatter in the universe [6].

The most sensitive known experimental method to verify whether neutrinos are Ma-
jorana particles is the search for neutrinoless double-beta (Ovf3) decay [7-11]. In this
hypothetical second-order weak process, a nucleus with atomic number Z and mass num-
ber A transforms into its isobar with atomic number Z +2 emitting two electrons only. The
decay does not conserve lepton number (AL = 2) and requires the neutrino be a Majorana
particle.

No evidence of Ov35 decay has been found so far. The best current limits on the half-
life of the decay have been set by the KamLAND-Zen [12] and GERDA [13] experiments
using, respectively, 136Xe and "Ge as 0v3f source:

Ty /9("*Xe — '*Ba + 2 e7) > 1.07 x 10% years (90% CL),
Ty 2("°Ge — ™Se + 2 e7) > 1.80 x 10*® years (90% CL).

The experimental goal for the next generation of experiments is the exploration of the

region of half-lives up to 10%® years. This will require exposures well beyond 1 tonne year



and background rates lower than 1counttonne ! yr—!.

Only a few of the experimental
techniques presently considered will be able to attain those levels (see, e.g., [14, 15]).

In this paper we discuss the reach of a tonne-scale version of the Neutrino Experiment
with a Xenon TPC (NEXT) considering only incremental improvements over the design
of NEXT-100 [16, 17], the latest stage of the NEXT detector series, expected to start
operation in 2022 at the Laboratorio Subterraneo de Canfranc (LSC), in Spain. Through
a combination of good energy resolution, tracking-based event identification, radiopurity
and shielding, a NEXT detector with active mass in the tonne range would be able to
improve the current limits by more than an order of magnitude. The NEXT Collaboration
is also pursuing a more disruptive approach to a tonne-scale experiment based on the
efficient detection of the Bat* ion produced in the double-beta decay of 13%Xe using single-
molecule fluorescence imaging (SMFI) [18-22]. This technique has the potential to realize
an effectively background-free experiment that could reach a sensitivity to the half-life of
0vB33 decay better than 1028 years, but it is still the subject of intense R&D beyond the
scope of the present article.

2 The NEXT experiment: concept and status

NEXT is an international effort dedicated to the search for OvB3 decay in '*6Xe using
high-pressure xenon gas time projection chambers (HPXeTPC) with amplification of the
ionization signal by electroluminescence (EL). This detector technology takes advantage
of the inherently low fluctuations in the production of ionization pairs (i.e., small Fano
factor) in xenon gas to achieve an energy resolution significantly better than that of other
136X e-based double-beta decay experiments [23]. Moreover, the tracks left in gaseous xenon
by OvSp3 events have distinct features that can be used for background rejection.

Figure 1 illustrates the detection process in a NEXT HPXeTPC. The interaction of
charged particles with the xenon gas is immediately followed by the emission of scintillation
light, the so-called S1 signal. The ionization electrons left behind by the interacting particle
drift under the influence of an electric field towards another region of the detector, the EL
gap, with an electric field of higher strength. There, electroluminescence light — the S2
signal — is emitted isotropically with intensity proportional to the number of ionization
electrons.

In the NEXT detectors built to date, the S1 and S2 optical signals are detected by
photosensor arrays with specific functions: the energy array, with low noise and single-
photon sensitivity, provides a precise measurement of the intensity of both S1 and S2,
whereas the tracking array, consisting of a dense matrix of small photosensors, measures
the transverse coordinates (with respect to the drift direction) of the ionization track
using the S2 signal. The longitudinal coordinates are derived from the time difference
between S1 and S2. The energy and tracking arrays are located, respectively, behind
the cathode and anode electrodes that define the electric field. The internal walls of the
detectors are covered with reflective material (e.g., PTFE) to improve light collection. We
know this arrangement of the detector components as the asymmetric design (see the left
panel of figure 1). Alternatively, the detector elements could be arranged symmetrically
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Figure 1. The NEXT detector concept in two different configurations. In the so-called asymmetric
design (left panel), the active volume of the detector consists of a single drift region, between cath-
ode (C) and gate (G), and a single EL gap, between gate and anode (A). An array of photosensors
behind the anode measures the start-of-event signal (S1) and the energy of the event (S2), whereas
track reconstruction is performed with the S2 signals registered by a matrix of small photosensors
placed behind the anode. The internal walls of the active volume are covered with reflective material
(e.g., PTFE) to improve light collection. In the symmetric design (right panel), the active volume is
divided by a central cathode into two identical drift regions equipped with an EL gap and a photosen-
sor array that measures both tracking and energy. Alternatively, the reflective walls can be replaced
by wavelength-shifting light guides coupled to photodetectors outside of the sensitive volume.

with respect to a central cathode that would divide the active volume into two identical
drift regions (see the right panel of figure 1). In this symmetric design, both ends of the
chamber would be equipped with an EL gap and a tracking array. These photosensors could
measure as well the energy, or, as another option, the reflective walls could be replaced with
photon detectors (e.g., wavelength-shifting light guides coupled to photosensors outside of
the active volume). Both the asymmetric and symmetric design configurations have pros
and cons. For example, for the same detector dimensions, the symmetric scheme roughly
doubles the number of electronic channels, but halves the maximum drift length, easing
the requirements on drift high voltage and gas purity.

Over the last decade, the NEXT Collaboration has proven the performance of the
HPXeTPC technology in the key parameters required for the observation of Ov53 decay.
The NEXT concept was initially tested in small, surface-operated detectors [24-28]. This
phase was followed by the underground operation at the LSC of NEXT-WHITE [29], an
asymmetric, radiopure HPXeTPC containing approximately 5kg of xenon at 10 bar pres-
sure. The results obtained with NEXT-WHITE include the development of a procedure
to calibrate the detector using ®3™Kr decays [30], measurement of an energy resolution
at 2.5 MeV better than 1% FWHM [31, 32], demonstration of robust discrimination be-
tween single-electron and double-electron tracks [33], and measurement of the radiogenic
background, validating the accuracy of our background model [34, 35].



The NEXT-100 detector [16], scheduled to start operation in 2022, constitutes the
third phase of the program. It is an asymmetric HPXeTPC containing about 100 kg of
xenon (enriched at ~90% in '36Xe) at 15 bar pressure. The active region of the detector is
a cylinder 130 cm long and 100 cm in diameter (about 1m? volume). Track reconstruction
will be performed with the EL signals registered by a matrix of approximately 3600 Hama-
matsu silicon photomultipliers (SiPM) of 1.3 x 1.3 mm? active area placed a few millimetres
beyond the anode. The event energy will be measured with an array of 60 Hamamatsu
R11410-10 photomultiplier tubes (PMTs) located behind the cathode. These PMTs will
also record the primary scintillation that signals the £y, of an event. The detector inner
elements are all housed inside a solid copper structure, 12 cm thick, contained in a stainless-
steel pressure vessel, and surrounded by a 20-cm-thick shield made of staggered lead bricks.
NEXT-100 will reach a sensitivity of about 6 x 10%° yr after a run of 3 effective years, for
a predicted background rate of at most 4 x 10~% counts keV 1 kg~ yr=1 [17].

3 A NEXT detector with a tonne of xenon

The NEXT detector concept can be scaled up to Ov35 source masses of the order of a few
tonnes introducing several technological advancements that are, for the most part, already
available. Figure 2 shows a possible design for a detector with an active volume of 2.6 m
in diameter and an axial length of 2.6m that would hold a mass of *%Xe (when enriched
to ~90% in that isotope) of 1109 kg at 15 bar pressure. These dimensions and operational
conditions are informed by R&D performed by the Collaboration on the scalability of the
NEXT-100 design in terms of number of electronic channels, size of the field-cage electrode
grids and rating of the high-voltage feedthroughs. This baseline concept, referred to in
what follows as NEXT-1t, includes two important design changes with respect to NEXT-
100: the transition to a symmetric TPC design (cf. the left and right panels of figure 1)
with a central cathode and two EL gaps, and the replacement of the photodetectors in
charge of the energy and t(, measurements.

The photomultiplier tubes employed in NEXT-100 to measure energy and ty are one of
the leading sources of radioactive background in the detector [17], and they also introduce
significant mechanical complexity in the design, as they are not pressure-resistant and
have to be housed in a separate low-pressure region. Silicon photomultipliers, already used
in NEXT for track reconstruction, are the most obvious alternative: they are radiopure,
pressure-resistant and can provide large photosensitive coverage with high granularity at
acceptable cost. A dense array of SiPMs located behind the TPC anode could be in
charge of both tracking and the energy measurement. However, this array would not
be sensitive to the S1 signal (used to establish the ty) of low-energy events, such as the
83mKy decays used for calibration, due to the high dark-count rate (DCR) of SiPMs (at
present, about 0.1 MHz/mm? at 25 °C, orders of magnitude higher than that of PMTs). One
possible solution involves the use of panels of double-clad wavelength-shifting (WLS) fibres
covering the internal walls of the TPC. These fibres would collect the scintillation light
and transport it to PMTs placed either outside the pressure vessel or in the vessel heads,
behind thick copper shielding plates. Our studies indicate that this solution can achieve
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Figure 2. Left: conceptual design of a tonne-scale NEXT detector installed inside a water tank.
Right: detail of the internal structures of the detector. The active volume, 2.6 m in diameter and
height, would hold a mass of 36Xe of approximately 1109 kg at 15 bar.

the light collection efficiency and signal-to-noise ratio required to measure the S1 signal
with similar precision to what has been achieved in NEXT-WHITE. The WLS fibres would
provide as well an energy measurement complementary to that of the dense SiPM arrays.
If needed, the SiPMs’s DCR could be mitigated further with the use of moderately cooled
gas (typically, a temperature drop of 30 K results in a reduction of the DCR by about an
order of magnitude). The Collaboration is also exploring other readout technologies, such
as high-speed image intensified cameras for tracking, or SiPMs coupled to metalenses [36].

The symmetric arrangement of the TPC halves the maximum drift length, easing the
requirements on gas purity and high voltage. For example, the detector of 2.6 m would
require ~65kV at the central cathode to achieve a NEXT standard drift field of 500 Vem ™!,
a value already within the target specifications of the NEXT-100 high-voltage feedthrough.
The shorter drift length would also reduce the average electron diffusion (proportional to
the square root of the drift length), which impacts track reconstruction. Moreover, no
buffer region would be required to protect sensors and electronics against high voltage
discharges from the cathode, maximizing the isotope used for physics.

The field cage itself is expected to be an extrapolation of the current NEXT-100 design,
which has been developed with scalability to the tonne scale and minimization of material
mass and radioactivity as central concerns. The current design secures the field shaping
rings using high-density polyethylene (HDPE) bars of the same length as the detector
active region. Polytetrafluoroethylene (PTFE) panels are then attached to the HDPE
bars making the light reflector seen in figure 2. These reflectors are ~ 5 mm thick and
constitute the majority of the mass of the field cage. If the detection of the S1 signal
finally requires it, the panels of wavelength-shifting fibres would be fitted to the PTFE.
The field cage is surrounded by an inner shield of 12 cm of copper that attenuates external



gammas by several orders of magnitude before they reach the active volume. Developing
the possibility to operate an EL readout at the meter scale has been a major R&D effort
for the Collaboration. We are testing several technologies (such as photoetching) for the
production of EL meshes that can be tensioned sufficiently to operate at the field strengths
envisioned and can sustain high-energy sparks without deformation.

For the purposes of this study, the detector is assumed submerged in a cylindrical water
tank with dimensions to give 3m of water shield on all sides of the active volume. Pure
water is considered for this study, but some level of doping to improve neutron-absorption
cross sections is also under consideration. If instrumented with PMTs, the tank would also
allow for the tagging of muons.

In this study we consider as well the addition of either helium or a molecular gas (e.g.,
CH4 or CFy) to the xenon to reduce diffusion and improve tracking resolution [37-40].

4 Backgrounds at the tonne scale

Tonne-scale experiments will require significant progress in the control and understanding
of backgrounds in order to achieve their physics goals. In the case of NEXT, any process
capable of generating a signal-like track (see figure 3) away from the TPC walls and with
energy around the Q value of ¥%Xe is a potential background source. Dominant sources are
gamma rays from natural radioactivity, the decay products of 2>?Rn and the beta decay
of the long-lived neutron-capture product 37Xe. Other potential sources, such as the
two-neutrino double-beta decay of '36Xe, neutrons from natural radioactivity in detector
materials and surroundings, muon-spallation products or solar neutrinos, were considered
and found to be subdominant. Our background model, described in detail below, has been
broadly validated with the data of NEXT-WHITE [35] and will be checked again at higher
precision with the NEXT-100 detector.

4.1 Natural radioactivity in detector materials

The main background source in NEXT is high-energy gamma radiation from long-lived
radioactive contaminants present in detector materials and surroundings. Particularly
troublesome are two of the gamma-ray lines emitted following the decays of 2°*TI1 and
214B§, part of the thorium and uranium series, respectively. The gamma-ray line from
20871 (2614.5keV, 99.75% intensity [41]) is well above Qgs = 2457.8keV, the @ value of
136Xe, but single-electron tracks from its photopeak can lose energy via bremsstrahlung
and fall in the region of interest. Likewise, gammas that interact via successive Compton
scatters in close proximity may be reconstructed in some cases as a single track with energy
close to Qgg. The gamma-ray line from 2'Bi (2447.7keV, 1.55% intensity [41]) lies just
below @53, and thus its photopeak can overlap with the 0v33 peak due to the finite energy
resolution of the detector.

Gamma radiation emanating from laboratory walls and external support structures is
unlikely to reach the inner detector through the water shielding (3m of water attenuate
this gamma flux by more than 6 orders of magnitude), assuming the typical gamma flux
(~ 1s7'em™2) at underground laboratories [17, 42]. For this reason, we focus here on



Figure 3. Monte-Carlo simulation of a 0v33 decay of **Xe (top row) and of an electron track of
the same energy (bottom row) in gaseous xenon at 15 bar. Below the so-called critical energy (about
12MeV in gaseous xenon), electrons lose their energy at a relatively fixed rate until they become
non-relativistic; at about that time, they lose the remainder of their energy in a relatively short
distance, generating a blob. Therefore, the ionization tracks left by Ov53 events, consisting of two
electrons emitted from a common vertex, feature blobs at both ends. Single-electron tracks, the main
background in NEXT, only have one blob. In the left column, the tracks are shown as generated
by our simulation, whereas in the right the energy deposits have been binned into 3 x 3 x 3 mm?3

voxels to account for the effect of charge diffusion in a gas with a low-diffusion additive.

sources close to the active volume of the detector, particularly those with large mass such
as the shielding copper. These backgrounds can be mitigated and understood by careful
radioassay of all materials used in the construction of the detector. The NEXT Collabo-
ration has undertaken extensive campaigns for the characterization of all materials used
for the NEXT-WHITE and NEXT-100 detectors [43, 44], primarily employing gamma-ray
spectroscopy with high-purity germanium detectors and inductively coupled plasma mass
spectrometry (ICPMS) at the low-background facilities of LSC and Pacific Northwest Na-
tional Laboratory (PNNL). For the purposes of this study, we consider, in addition to



Material Detector system Method Activity (uBq/kg) Reference
232Th 238U

Copper  Inner shield ICPMS 1.22+0.04 1.284+0.09 This work

PTFE TPC field cage NAA 0.103 £0.012 <5 [45]

Kapton  Readout planes ICPMS 81+ 15 110 £ 50 [46]

Table 1. Specific activities of 232Th and 228U (parents of 2°°TI and 2'“Bi, respectively) assumed in
the background model of NEXT-1t for the most relevant materials used in the detector. Converting
the activity of the parents of the natural decay chains, as measured by ICPMS and NAA, into
activities of 298TI and 2MBi requires the assumption of secular equilibrium.

our own measurements, others reported in the literature for similar materials with lower
activity. Table 1 lists the leading contributions to the radioactivity budget of NEXT-1t.
The quoted values correspond to specific activities of 232Th and 238U, parents of the tho-
rium and uranium decay chains. Converting those measurements into activities of 298T1
and 214Bi, respectively, requires the assumption of secular equilibrium. The NEXT-White
background prediction used this assumption for materials similar to those to be used in
NEXT-100 and NEXT-1t, and the agreement between predicted and measured background
rates validates it.

The material that dominates the budget is copper, given the large mass (nearly
40 tonnes) used for the inner shield. Our best activity measurement (C11000 copper
supplied by Lugand Aciers, radioassayed at PNNL using ICPMS) is comparable to values
reported elsewhere [47]. Further reductions in the activity of copper could be possible
through electroforming [45], but this technique is slow and expensive, and thus we do not
consider electroformed copper for our baseline design. However, based on the attenuation
length of the 2'Bi and 2°®T] gammas in copper, manufacture of the whole mass would not
be necessary to gain a significant improvement. An inner shell of ~2 c¢m thickness would
suffice to attenuate the flux, effectively self-shielding the copper.

After copper, PTFE and Kapton, two synthetic polymers, are the main contributors
to the radioactivity budget of NEXT-1t. PTFE (about 500kg) represents a significant
fraction of the mass of the TPC field cage. Here, we use activity measurements reported in
the literature [45] that are significantly lower than our own for the PTFE used in NEXT-
WHITE: 18.0(5) nBq/kg of 232Th and 10.4(5) nBq/kg of 2**U, measured at PNNL using
ICPMS. In the case of Kapton, used as substrate for the SiPM support boards (each one
is 8.4 g and covers 121 cm?), we use recently-published measurements [46].

Backgrounds from the pressure vessel as well as any additional infrastructure outside
the detector are efficiently mitigated by the inner copper shielding. They are estimated
to contribute at or below the 5% level to the full radioactive budget. This number is
informed by experience from NEXT-WHITE and NEXT-100, where present upper limits
sit at approximately 5-10% of the total activity budget [17, 35]. Any additional external
sources can be effectively mitigated by increasing the thickness of inner copper shielding
without significant detriment to the total activity.



4.2 Radon

Radon is another potential source of radioactive background, since it can diffuse from
detector materials or the gas system and enter the active region. Only two radon isotopes,
220Rn and ?2?Rn, from the thorium and uranium series, respectively, are found in significant
amounts. Their production rates are similar, but the longer half-life of the latter (3.8 days
versus the 55 seconds of 2?Rn [41]) makes it much more likely to become a background.
Radon-222 undergoes two decays to produce 2'Bi, and previous NEXT measurements
show that these daughters usually plate out onto the cathode [34]. The subsequent 2!4Bi
decays on the cathode are rejected with high efficiency (through fiducial cuts) by the
detection of the emitted beta electrons and coincident decays of 24Po. Rejection efficiency
should only increase in a symmetric design since the cathode would be surrounded by fully
instrumented volumes.

For the present study, we consider the internal radon backgrounds at a similar rate
as that of the present generation of NEXT detectors [34], a conservative baseline, given
the improvements in radiopurity expected in NEXT-1t. Additional contributions from
airborne radon backgrounds from outside the vessel are expected to be negligible due to
the surrounding water.

4.3 Backgrounds of cosmogenic origin

Cosmogenic backgrounds in NEXT derive from neutron capture on detector materials,
especially on copper isotopes and ®Xe. The main source of the neutrons that induce
these potential backgrounds are atmospheric muons with energies up to a few TeV that
reach the laboratory through the rock overburden. For this study, we estimate the cos-
mogenic backgrounds from these muons in two example laboratory locations: one at
about 3400 meters water equivalent (m.w.e.), such as Laboratori Nazionali del Gran Sasso
(LNGS), and another one at 6000 m.w.e., like SNOLAB. The muon spectra are calcu-
lated using the MUSUN muon transport simulation code [48]. The most recent measure-
ments for these locations give total fluxes of 3.432(3) x 1078 em~2s7! for LNGS [49] and
3.31(9) x 1071%ecm 257! for SNOLAB [50], which are used to normalize the spectra shown
in figure 4.

Neutron capture produces two types of potential background: prompt activity from
gamma radiation post capture, and the creation of long-lived nuclei with decays that can
result in events at energies close to Qgs. The former is dominated in NEXT by contri-
butions from the capture of neutrons on the two main copper isotopes via the reactions
63.65Cu(n, v)%4%6Cu [41], but there are also contributions from captures on plastics and
on the steel pressure vessel. The cascade photons from all of these various reactions have
energies up to tens of MeV. As the interactions in the gas occur within a few ms of the
passage of a muon, these events can be rejected without significant reduction to detector
live-time introducing a veto of 2ms after the tagging of a muon in the water tank or the
TPC. Any remaining events contribute at a negligible level.

Non-prompt backgrounds derive from the production of long-lived isotopes that later
decay with @ values above (Qgg. The dominant contribution to this background comes
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Figure 4. Expected muon flux at LNGS (3400 m.w.e.) and SNOLAB (6000 m.w.e.) estimated
with the MUSUN muon-transport simulation code [48].

from the beta-emitter 37Xe, produced by single-neutron capture on '36Xe. Xenon-137
decays with a half-life of 3.8 minutes and a @ value of 4.17MeV [41]. This background is
difficult to veto by time coincidence with a detected muon due to the excessive dead-time
that it would generate (for example, the anticipated muon rate at LNGS is approximately
12 muons per hour). The number of '3"Xe produced per muon can be directly predicted
from simulation. As can be seen in figure 5, production depends nearly linearly on muon
energy. Combining this prediction with the expected flux at a lab site yields the annual
137Xe production rate. The integrated expectation per year for the two example labs is
131 +£4 (stat.) yr—! at LNGS and 1.40 £ 0.04 (stat.) yr~! at SNOLAB, with an additional
~20% systematic error expected from neutron-production model uncertainties.

5 Signal efficiency and background rejection

Following the same methodology used in the past for NEXT-100 [17], we can evaluate
the signal efficiency and background rejection of NEXT-1t making use of large simulation
datasets produced with NEXUS [51], the Geant4 [52] simulation framework developed
by the Collaboration. NEXUS provides as output for each event a collection of three-
dimensional hits representing the ionization tracks left by charged particles in the active
volume of the detector. An example of this is shown in the left column of figure 3. The
output of NEXUS is processed with a parameterization of the NEXT reconstruction that
introduces detector effects such as energy and tracking resolutions, and then filtered with
a cut-based event selection that we use as benchmark of the ability of a detector design

~10 -



12 + 4+ 3400 m.w.e

) 6000 m.w.e |g20 ¢

& n f 2 oz
o 10 £ 20| S
) + o o
—+ S =)

= +y g 1T S
5 . 3 g
g s - ~ 0152
€ + © 15 ©
g + S g
o + + z z
c + [J] (3]
o 6 + [o% + o
=1 c 0.10 c
8 ++ 9S10 o
S . 3 + 2
5 + g + g
v ++ o " o
) + X x
< v 5 0.05 ¥
5 -+ U] *a o
mo2 + x - ke
- ™ e ™

-+ — - —

. -I—I-"
el il 2=t S
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Muon energy [GeV] Muon energy [GeV]

Figure 5. Expected production rate of *”Xe per interacting muon (left panel) and per year (right
panel).

to reject backgrounds while retaining signal events. All samples used for this study — of
the order of 1.25 x 108 signal events and 2 x 10'° background events— are large enough
to give a statistical error at or below 10% in the final event selection.

The initial kinematics of Ovf35 events are simulated using the DECAY0O Monte Carlo
generator [53] under the assumption that Ov(3/5 decay is driven by the exchange of light
Majorana neutrinos. NEXUS reads those events and gives them a random initial position
within the xenon gas volume. Natural-radioactivity backgrounds (i.e., 2°*T1 and 2'4Bi) are
simulated with the radioactive-decay module in Geant4 and given initial positions uniformly
distributed within the different detector volumes considered a source of background. For
radon, we only consider the resulting 2!4Bi decays coming from the cathode. For the
simulation of cosmogenic backgrounds, an additional volume of a few metres of standard
rock is introduced to the geometry above and around the water tank, and the muons
start outside that volume. In this way, spallation neutrons produced by the interaction of
cosmic-ray muons in the last few metres of the rock overburden surrounding the laboratory
are included in the assessment of background.

The impact of the spatial resolution of the detector is simulated by grouping the
ionization hits into cuboids (vozels) with dimensions chosen to mimic the expected diffusion
conditions. For this study, we use voxels of 3 x 3 x 3mm?, which we expect could be
achieved through the use of gas additives to reduce diffusion. All energy deposits recorded in
the detector are smeared according to a normal distribution with a standard deviation that
results in an energy resolution of 0.5% FWHM at Qgg. This value approaches the intrinsic
limit for xenon [24], and is expected to be achievable with the HPXeTPC technology with
improvements in light collection and tracking resolution.

The left panel of figure 6 shows the energy spectra of signal and background after
the application of the individual cuts of our event selection. The initial step involves
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Figure 6. Left: normalized energy spectra of all simulated events after each selection cut is applied.
The shaded distributions correspond to the backgrounds events, while the Ov( signal (whose half-
life is assumed to be 1027 yr for illustration purposes) is represented with solid lines. Right: track
multiplicity for signal (blue bars) and background (green bars) events.

rejecting events with reconstructed energy outside the range 2.4-2.5MeV, far from Qgg.
The surviving events are then required to have no voxels within 2 cm of the field cage, nor
within 2 cm of the anode or cathode. With these first two cuts, events that obviously enter
the active volume from outside or that have energies far from the region of interest are
efficiently rejected.

The surviving events are subjected to the basic NEXT topological analysis: voxels are
grouped into tracks according to a minimum-proximity criterion, and the resulting tracks
are classified according to their topology as signal or background. The expected topology
of a Ovfp-decay event (see figure 3) is a single continuous energy deposition— as the two
electrons share the same initial vertex and are reconstructed together— with high-density
energy deposits, referred to as blobs, at the two ends. Multi-particle background events will
be reconstructed with more than one track, and those consisting of single electrons, result-
ing from either beta decays or the interaction of gamma radiation, while often producing a
single track, can only have a blob at one extreme. The right panel in figure 6 shows the high
efficiency with which the single-track requirement rejects background. There are, however,
a non-negligible number of signal events reconstructed as having multiple tracks. The en-
ergy of the electrons in signal events is sufficient in many cases to produce bremsstrahlung
photons that can then re-interact in the gas at a sufficient distance from the primary track
to be reconstructed as separate. This mechanism affects both the track multiplicity and
reconstructed energy of signal events. Recovery of these events is not considered here, but
is part of wider studies.
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Figure 7. Blob energies of signal and background events. The blobs are defined such that blob 1
always has higher energy.

The remaining single-track events are then checked for the two-blob condition. The
end-points of the tracks are identified as the two voxels at greatest distance from each other
along the track. The energy in spheres of radius 15 mm centred at those points is inte-
grated to give the blob energies. The blob energy is required to exceed a threshold chosen
optimizing the figure of merit ¢/ Vb, where ¢ is the signal efficiency and b is the residual
background. Figure 7 shows the blob energy distributions for all signal and background
events generated. The figure of merit indicates a threshold of 400keV as the optimal for
the lower blob energy.

The subset of selected events is then reduced to those with energies falling in a region
of interest (ROI) around Qs (between 2454 and 2471keV) that optimizes the figure of
merit described above (¢/v/b) for this subset of the data. The events remaining in the ROT
are then used to calculate the acceptance factors: the ratio of events in the ROI to the total
simulated events. A set of unique acceptance factors are calculated for each background
source emanating from each detector component.

The acceptance factors are combined with the mass of each material and the expected
radioactive contamination of 2°8T1 and 2'Bi to yield a background index. The mass of
each detector component is determined from the volume of the Geant4d geometry and
the density of the material, with the exception of the readout planes, which are scaled
according to surface area. The resultant activities are summarised in figure 8, where
we use the term equivalent activity to describe that part of the activity that enters the
selection after the application of all cuts. The acceptance factors and background index
per kg of 136Xe for the radiogenic sources considered for each detector subsystem are
reported in table 2. The contribution from cosmogenically induced '37Xe is summarised in
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m 208T| activity B 2Bj activity 2087 activity B 2'4Bi activity

NEXT-1t Background Model NEXT-1t Background Model
Kapton Kapton
(10.6 m?) (10.6 m?)
Teflon Teflon
(469 kg) (469 kg)
Copper Copper
(38,250 kg) (38,250 kg)
100 10! 102 103 104 1077 1076 107> 10~
Total Activity (uBq) Total Equivalent Activity (uBq)
Before Cuts After Cuts

Figure 8. Left: total background activity before cuts for the dominant sources in the NEXT-1t
radioactivity budget. The figures shown here result from the product of the activities listed in
table 1 (assuming secular equilibrium of the decay chains) multiplied by the mass or surface of each
material in NEXT-1t. In the case of Kapton, 1m? = 0.413kg. Right: activity remaining after
selection cuts.

Det. system Acceptance [1078] Background index
208] 24Bi  [tonne~! yr~! ROI™!]
Field cage 6.80(90)  6.30(80) 4.25 x 1073
Readout planes  6.80(90) 7.80(80) 1.36 x 1073
Inner shielding ~ 4.50(70) 1.20(70) 37.23 x 1073
Radon (cathode) — 0.10(10) 2.72 x 1073

Table 2. Acceptance factor (i.e., the probability of accepting a background event as signal) and
resulting background indexes per unit of mass of '3Xe for the natural-radioactivity background
sources considered in the background model of NEXT-1t.

Laboratory  Acceptance [107°] Background index
[tonne~! yr—t ROI!]
LNGS 6.73 x 107°
5.68(17)
SNOLAB 0.07 x 1073

Table 3. Acceptance factor for the 37 Xe background and resultant contribution to the background
index of NEXT-1t for the two example laboratories.

table 3, where the expected number of nuclei from muon simulations is convoluted with the
expected acceptance for beta electrons from the ¥7Xe decay. This contribution, at LNGS,
is <15% of the radiogenic background, and two orders of magnitude smaller at SNOLAB.

The effectiveness of the cut-based analysis can be seen in figure 9, where the remaining
signal and background after each cut are shown. The fiducial cut has no significant effect
on the rate from 2Bi and 2°8TI1 due to the relatively long interaction length of gammas
at these energies. However, when these gammas interact, their energy and topology can
be scrutinized and the power of the topological analysis is evident.
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Figure 9. Equivalent background activity, background rate and signal rate as a function of the
cuts for all sources considered. Here, the half life of *6Xe was assumed to be 10?7 yr, and is shown
just for reference.

6 Projected sensitivity to neutrinoless double-beta decay

The sensitivity of an experiment searching for new phenomena is a measure of how much
of the explored parameter space could be excluded by the experiment in the absence of a
true signal. In our case, we define this quantity as the mean lower limit on the Ov33-decay
half-life at 90% CL that would result from many repetitions of an experiment with a null
observation:
Tl/g =log?2 Na E% t,
W N,

where N4 is the Avogadro constant, W is the atomic mass of the 3Xe isotope, ¢ is the

(6.1)

signal detection efficiency, M is the source mass, t is the exposure time and Ny is the mean
upper limit on the number of events expected under the no-signal hypothesis. Here, we
use a frequentist prescription [54, 55] to determine N} given a known, Poisson-distributed
background rate. Similarly, we define the discovery potential as the Ov33 half-life limit at
99.7% CL resulting from our ensemble of experiments.

Table 4 lists the experimental parameters that enter the calculation of the sensitivity of
NEXT-1t. The total background index is calculated by adding the radiogenic and cosmo-
genic contributions (see tables 2 and 3) estimated in section 5. The radiogenic background
rate is increased by an additional 20% to account for subdominant sources of background,
such as the pressure vessel, field-cage components or photosensors, extrapolating from our
current estimates for NEXT-100 [17]. For the cosmogenic background, we use the estima-
tion for LNGS. The resulting sensitivity can be seen in figure 10. In less than 5 years of
operation, NEXT-1t could reach a half-life sensitivity of 1.4 x 102" yr (90% CL), improving
current limits by more than one order of magnitude.
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Source mass (135Xe) 1109kg

Signal efficiency 24.6%

Background rate 0.004 keV 1t yr—!
0.061ROT- t~1yr—!

Energy resolution 0.5% FWHM at 2458 keV

Ty (5tyr) 1.4 x 10%" yr at 90% CL

Ty (10tyr) 2.7 x 10* yr at 90% CL

Table 4. Key parameters for the calculation of the sensitivity of NEXT-1t and resulting mean
lower limit (at 90% CL) on the OvSB-decay half-life for 5 and 10 tonne year of exposure.

= Sensitivity (90% CL)
1028 | === Discovery Potential (99.7% CL)

Half-life [yr]

1077 Inverted Hierarchy

0 10 20 30 40
Exposure [tonne yr]

Figure 10. Projected sensitivity to the '*6Xe 0v33 half-life and discovery potential for a NEXT
tonne-scale experiment located at LNGS. The shaded region represents the inverted hierarchy
under the assumption of light Majorana neutrino exchange. In order to reach exposure above
10t yr (indicated with a dashed line in the plot), a multi-module approach could be considered, as
described in the text.

Detector performance below the levels discussed here would obviously result in a degra-
dation of the experimental sensitivity. For example, an energy resolution of 1% FWHM at
(s — worse than our best measured value [32] — translates into a reduction in sensitivity
of 11%, while a background rate 5 times worse causes a drop of 30%. In both of these
cases, the experiment would still be competitive. Improvements on these two parameters
are either unlikely (an energy resolution of 0.5% FWHM at Qg is already near the appar-
ent Fano limit of gaseous xenon) or pointless (a background rate an order of magnitude
smaller only improves the sensitivity by 7%). In contrast, improving the signal efficiency
could be possible with more sophisticated data reconstruction and selection algorithms [56]
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Figure 11. Event rate normalized by mass as a function of the vertex radial position in the detector
for signal (Ov(33 events) and background (2°8T1 and 24Bi decays). In the case of signal events,
the vertex corresponds to the emission point of the two electrons, while for background events it
indicates the interaction point of the high-energy background gamma entering the detector. The
drop in signal rate in the last 10 cm is an effect of considering only fully contained events and that
the approximate span of Ov3/ events at the density considered is 10 cm.

that could make use, for instance, of the signal events rejected with the single-track cut
(see figure 6). An efficiency of 40% (compared to the ~ 25% of our baseline scenario) would
increase the sensitivity of NEXT-1t by about 60%.

The baseline detector design described in this study uses 1230kg of enriched xenon
gas (1109kg of 136Xe). Alternative detector masses were also studied to investigate the
scaling behaviour. In addition to the default configuration, simulation sets were generated
for detectors with dimensions 2m in diameter and length (560 kg of enriched xenon) and
3m in diameter and length (1890kg), and no strong dependence of background index on
detector size was observed. Therefore, within mechanical constraints, the detector design
could be scaled up without major consequences in terms of background. This can be
elaborated on further by studying the radial dependence of events, as shown in figure 11,
where we represent the event rate as a function of the vertex radial position. Both signal
and background events are uniformly distributed throughout the detector, since there is
no self shielding like that observed in detectors using liquid xenon. This also implies
that the gas phase detector utilizes a larger portion of total volume as an active detector.
The radial uniformity of background events within the active volume could also allow for
multiple independent detectors without the need for excess isotope, which is a major cost
factor in building such experiments. In principle, the exposure from several identical tonne
or multi-tonne detectors could be added to reach arbitrarily large exposures like those
reached in figure 10.
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7 Discussion and conclusions

Presented in this paper is an example of a tonne-scale NEXT detector capable of improving
current experimental limits by more than one order of magnitude in 5 years of operation.
The design of such a detector only involves incremental improvements over NEXT-100, the
current stage of the NEXT project. Likewise, our sensitivity estimations are based on a
well-understood background model (dominated by radiogenic sources) and event selection.

As mentioned in section 4.1, it is likely that the radiopurity expected for NEXT-100
could be significantly improved. Here we have studied the impact of the replacement of
PMTs by SiPMs, the use of the purest PTFE currently available and the use of ultra-
pure Kapton-copper laminates for a tonne-scale experiment. However, the leading compo-
nent in the NEXT-1t background model is the nearly 40 tonnes of copper that forms the
inner shield.

While siting of the detector is not yet decided, it is interesting to note that NEXT-1t
achieves similar sensitivity in relatively shallow laboratories to that of other detectors at
much deeper sites. That being said, the possibility exists to further reduce the cosmogenic
contribution by adding a small amount of 3He to the gas [57]. The addition of 0.1% by
mass of this isotope would reduce the number of 3"Xe in the active volume of the detector
by an order of magnitude. In this way the NEXT design could be implemented with a
lower cosmogenic background or at a shallower site without any significant impact on the
performance.

High-pressure xenon gas technology offers a scalable and modular approach to Ov3g3
searches, with tonne-scale sensitivity that depends primarily on exposure and not on the
details of how the total active mass is deployed. Larger detectors do not exhibit an increase
in background rate, and several detectors can be deployed in parallel to reach multi-tonne
target masses while still taking advantage of the full volume of active isotope. The tech-
niques presented here offer a compelling path to achieve the sensitivity needed to cross the
inverted hierarchy in neutrino mass-scale sensitivity, using high-pressure xenon gas TPC
experiments.

In summary, we have shown that a NEXT HPXeTPC detector holding slightly over
a tonne of active isotope can efficiently reject all background sources via topological and
energy analysis, achieving a background index of ~ 0.06 ROI™! tonne™! year—! at a rel-
atively shallow underground location (e.g. LNGS). As a baseline, we have considered a
single detector with a tonne of active isotope. We envision such a detector as a stepping
stone in a more ambitious program that includes the development of SMFI barium tagging
for the realization of a background-free Ov3-decay experiment that could explore half-lives

028

up to 10“° years.
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