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The NEXT collaboration seeks to discover the neutrinoless double beta decay of 136Xe using
a high-pressure gas time projection chamber with electroluminescence gain and optical readout.
An initial medium-scale prototype, NEXT-White, with 5 kg of xenon, was operational at the
Laboratorio Subterraneo de Canfranc (LSC) from 2016 to 2021. This prototype has proven the
outstanding performance of the NEXT technology in terms of energy resolution (<1% FWHM
at 2.6 MeV) and precise event topology reconstruction, crucial for distinguishing signal from
background events. The current stage, NEXT-100, was successfully constructed and assembled
in 2023. Holding around 80 kg of xenon at 15 bar, it is planned to start data taking in the very
near future. In addition to further proving the technology’s scalability, this detector will perform
NEXT’s first sensitive neutrinoless double beta decay search in 136Xe. Finally, building on the
program’s success, the collaboration is devoting significant efforts towards a phased tonne-scale
detector. As a first stage, NEXT-HD, with 1 tonne of enriched xenon, would reach a sensitivity
to the half-life of the process better than 10>’ y within 5 years of operation. As a second
phase, the implementation of an innovative technique of barium tagging would drastically reduce
backgrounds and enhance sensitivity beyond the inverted mass ordering allowed region. In this
manuscript, we will discuss the latest results of the experiment brought by NEXT-White, the status
of NEXT-100, and prospects for future tonne-scale detectors.
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Neutrinos have been a gateway to giant paradigm shifts in the understanding of Particle Physics
and they still hold the key to reshaping our understanding in the decades to come. The discovery
of neutrino flavor oscillations challenges a core assumption of the Standard Model (SM) of Particle
Physics: neutrinos are no longer massless particles. Their mass opens the question of its origin,
whether they follow the precepts for the rest of the fermions (i.e., they are Dirac fermions) or obey
the Majorana mechanism (i.e., they are Majorana fermions). The potential Majorana nature of
neutrinos could provide crucial insights into unresolved puzzles in the field, such as the low mass
scale of neutrinos and the matter-antimatter asymmetry observed in the universe today. Of all the
methods available to determine the true nature of neutrinos, neutrinoless double beta decay stands
out as the most feasible approach.

1. Double beta decay

Double beta decay (2vBf3) is a very rare nuclear decay, allowed in the SM, where a nucleus

A
Z+2

Y+2e™+2v,. Following theoretical expectations (as they are second-order electroweak interactions),

undergoes two simultaneous beta decays. For instance, for adouble 8~ transition, one gets éX -

the lifetime for this kind of process is 210! y. Hence, although the initial condition for it to happen
(Mx > My) is fulfilled by several nuclei, in reality, due to the competition with ordinary S decays,
this process is only visible when the single § is forbidden (due to mass differences) or highly
suppressed (due to large spin changes).

In addition to this allowed process, there is another option where there is no neutrino in the final
state: fZ‘X —>fZ‘ . Y +2e7, the so-called neutrinoless double beta decay, OvBB. As discussed, the
realization of such a process in nature would provide unambiguous proof of the Majorana nature of
neutrinos [1]. As Majorana effects go with (m/E)? and given the low neutrino masses, the process
is highly suppressed, with a current best limit of T} /,>3.8 X 10?®y (90% CL) [2].

Neglecting the nucleus recoil, leptons take all the energy. Then, for the 2v58 case, the sum of
the kinetic energy for the outcoming electrons is a continuous spectrum, extending to the Qﬁﬁ.l In
contrast, in the case of the Ovf3p, the spectrum is a mono-energetic line at the Qgg.

From an experimental perspective, the S5 decay search is a phenomenal technological chal-
lenge. Given the extremely large lifetime of the process and the presence of the 2vBS as
an irreducible background, experiments are required to provide an excellent energy resolution
(2 1% FWHM) and very low background levels. In addition, high detection efficiencies and active
background rejection capabilities would further improve the scope of the search. Scalability is also
a key aspect in the current state of the field since most of the collaborations are moving towards
scanning the inverted ordering parameter space, an endeavor implying detector masses of the order
of the tonne scale.

2. NEXT

The Neutrino Experiment with a Xenon TPC (NEXT) is an experimental program aiming to
observe the neutrinoless double beta decay of '3°Xe using an electroluminescent high-pressure

IThe Qpp is defined as the energy released from the decay, Qgg = Mx — My, where Mx y refers to the atomic mass
of each element and neutrino masses are neglected.
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gas-xenon Time Projection Chamber (TPC).

The detector concept consists of a cylindric asymmetric TPC with one of the extremes devoted
to energy determination (EP), instrumented with photomultiplier tubes (PMTs), whereas the other
side is dedicated to the tracking information determination (TP), instrumented with an array of
silicon photomultipliers (SiPMs). This design fulfills the requirements of a good energy resolution
by providing a large photon collection area, as well as tracking with a spatial resolution due to a
fine and dense distribution of small sensors.

When a charged particle crosses the gas, it ionizes the Xe atoms yielding scintillation light
(S1). These ionization electrons are drifted by the electric field to the anode, where they are highly
accelerated by another stronger electric field exciting the gas, which generates electroluminescence
light (S2). Part of the light is recorded by EP and some is recorded by TP, producing energy and
transverse position information. The time difference between S1 and S2 signals informs about the
axial coordinate.

2.1 NEXT-White

The NEXT-White (NEW) detector [3] was operated between 2016 and 2021. It represents the
first radiopure detector in the program, located at the Laboratorio Subterrdneo de Canfranc (LSC).
It held Skg of xenon at 15bar in a chamber 530.3 mm of drift length and 208 mm in diameter.
The EP contained 12 PMTs (~30 % coverage) and the TP consisted of 1792 SiPM in a squared
distribution of 10 mm pitch.

Apart from solving several technical issues of the initial design, it had a rich physics program
comprising several objectives: design and refinement of the calibration techniques both at low and
high energies; validation of the background model and complete estimation of all the contributions
for future stages; measurement of the 2v S half-life; determination of the energy resolution close to
the Qgg-value; and improvement and further understanding of the track characterization and back-
ground rejection. NEW was able to demonstrate superb energy resolution, better than 1 % FWHM
at 2615 keV[4]. It also demonstrated this performance along a broad energy scale using various
calibration sources (in particular, '¥’Cs photopeak at 661keV, and 2Tl double-escape peak at
1592 keV and photopeak at 2615 keV).

In addition, enriched and depleted gas was used for employing a background subtraction
technique. This represents the first demonstration of a feasible strategy of background-model-
independent neutrinoless double beta decay searches. Following the method, a half-life for the
2vBpB of 2.34t%§%(stat)+0'30 (sys) x10?'y is reported [5]. Meanwhile, using a standard background-

model-dependent spectr(:l' llgt, it is found to be 2.14t%g%(stat)‘:%é66 (sys) x10?'y. Both methods’
results and literature values are compared in Fig. 1.

Finally, despite not being the original goal of this detector and continuing with the same
strategies developed for the two neutrino mode, a first limit of the Ov33 has been established. We
obtained Tlo/"2 >1.3 x 10**y (90% CL) for the sustracion method and Tlo/"2 >5.5%x10%y (90% CL)
for the background model spectra fit [7].

2.2 NEXT-100

NEXT-100 represents the collaboration’s most significant ongoing efforts. The detector en-
hances and scales up the technological solutions adopted for NEXT-White.
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Figure 1: Comparison of the half-life and exposures for '3*Xe two neutrino mode for both methods and
with literature values. Figure extracted from [6].

It is a radiopure detector containing 80 kg of xenon gas at 15 bar. The chamber is a cylinder
of drift length 130 cm and radius 107 cm and the EL gap is 1 cm. The energy plane comprises 60
PMTs, while the tracking plane is made up of 3584 SiPMs with a 1.55 cm pitch. A 12 cm copper
structure houses the active region while providing important shielding against incoming radiation,
and it is held in a stainless-steel pressure vessel with an additional layer of 20 cm lead bricks placed
in a stainless-steel frame.

The detector has completed the commissioning phase, filled with argon and characterized with
222Rn decay chain data. The results from anaysis of a small sample of this alpha data can be seen
in Fig 2, where the energy spectra of the main alphas in the chain, as well as S2 as a function of
the drift time distribution of said alphas demonstrating the superb electron lifetime of ~70 ms are
displayed. Currently, the chamber is filled with xenon, marking the start of the Xe run.

The major objectives are demonstrating scalability, energy resolution close to the Qgg for such
a large detector, improving radioactive budget, and a competitive search of the OvgS. NEXT-100
has a projected sensitivity of 6x 10? yr after 3 effective years of data taking [9]. The combined good
resolution, topological rejection abilities, and low-radioactive budget yield an expected background
index of <1073 count/keV kg yr.

2.3 NEXT-Tonne

Parallel to the efforts devoted to NEXT-100, the collaboration is additionally pushing devel-
oping a tonne scale detector in order to cover the inverted ordering region entirely. The current
program projects a two-phased approach, the first one with a direct exploiting the current design
solutions and the second incorporating several innovative paradigms.

2.3.1 NEXT-HD

NEXT-HD (High Definition), is based on a careful scaling up of the NEXT-100 detector
[10]. Given the exigent background budget, this stage would remove of the PMTs for energy
determination. The proposed design would be a symmetrical TPC with a central cathode and two
drift volumes and EL regions. This comes with the cost of having to reach the excellent resolution
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Figure 2: Left: Energy distribution (S2) of the various alpha decays in the >??Rn chain divided by the main
origin (active volume and cathode). Right: S2 as a function of the drift time by the >*’Rn and ?'3Po alphas. A
fit to an exponential is performed for the Rn distribution and extrapolated to the Po one, showing a lifetime of
~70ms. Alpha events come from the operation with the ambient temperature getter-based purifier for the gas
cleaning, known for the high radon emanation. However, it has been shown that for the normal operations,
the heated getters are sufficient [8]. Thus, the radon contamination is not an issue for the program.

with another technology. The R&D solutions under study are twofold. On the one hand, exploring
the large-area photo collectors (to match the coverage of the PMTs) in a dense arrangement (to
provide good tracking information)[11]. On the other hand, there is the possibility of instrumenting
the barrel with wavelength-shifter-coated fiber optics [12]. The light would be measured by a
photosensor outside the copper shielding. Other options being explored include the possibility of
recording the topology information via VUV image-intensified cameras [13].

Moreover, the detector will incorporate other enhancements such as low-diffusion gas mixtures
and, conceivably, other gas mixtures to reduce cosmogenic neutrons’ impact. The possibility of
installing NEXT-HD in a water tank to reduce further the backgrounds (and act as an active veto if
instrumented) is under consideration.

2.3.2 NEXT-BOLD

NEXT-BOLD (Barium iOn Light Detection) represents a more radical approach, implementing
barium tagging. The possibility of detecting the daughter ion produced in the S8 decay is a
fundamental tool in the pursuit of a background-free experiment, since the coincidence of two
electrons and the Ba?* is unique to 88 decays. Various detection methods of the Ba?* are being
employed based on single-molecule fluorescent imaging techniques (SMFI) in high-pressure gas,
including bi-color indicators and ON/OFF fluorescent molecules. Techniques to get the Ba>* ions
into the sensors are being explored, including lon-to-sensor (where the ion moves toward the sensor),
such as RF carpets for Ba>* transportation in gas.

3. Summary

All the results from the initial stages, especially NEXT-White, demonstrate the great perfor-
mance of the detector technology and sufficiently low background levels for the program. Moreover,
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NEXT-White has given competitive results for the 2v3, providing also a new subtraction tech-
nique, unique for Xe detectors. NEXT100 has completed commissioning with Ar and is currently
operating with Xe. It will be able to provide a competitive limit of the OvSS half-life, as well as
prove scalability. In parallel, the success of the program is being transferred to the design of the
upcoming tonne scale in a two-phase approach. The second phase would potentially implement
Ba-tagging, implying a potentially background-free experiment.
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