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ABSTRACT: NEXT-100 is an electroluminescent high-pressure xenon gas time projection
chamber that will search for the neutrinoless double beta (0v33) decay of 36Xe. The
detector possesses two features of great value for Ov 53 searches: energy resolution better than
1% FWHM at the @ value of 136Xe and track reconstruction for the discrimination of signal
and background events. This combination results in excellent sensitivity, as discussed in this

paper. Material-screening measurements and a detailed Monte Carlo detector simulation
predict a background rate for NEXT-100 of at most 4 x 10~* counts keV~! kg™ yr—L.
Accordingly, the detector will reach a sensitivity to the Ov33-decay half-life of 2.8 x 10%° years
(90% CL) for an exposure of 100 kg - year, or 6.0 x 10%° years after a run of 3 effective years.
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1 Introduction

Neutrinoless double beta (0v3f3) decay is a hypothetical second-order weak process in which
a nucleus of atomic number Z and mass number A transforms into its isobar with atomic
number Z + 2 emitting two electrons:

A A - -
X = g 0X+e te . (1.1)

The discovery of this process would prove that neutrinos are Majorana particles —that is,
identical to their antiparticles— and that total lepton number is not conserved in nature,
two findings with far-reaching implications in particle physics and cosmology. First of all,
Majorana neutrinos imply the existence of a new energy scale at a level inversely proportional
to the observed neutrino masses [1]. Such a scale, besides providing a simple explanation
for the striking lightness of neutrino masses [2-5], is probably connected to several open
questions in particle physics, like the origin of mass or the flavour problem (see, for instance,
Ref. [6]). Second, Majorana neutrinos violate the conservation of lepton number, and this,
together with CP violation, could be responsible for the observed cosmological asymmetry
between matter and antimatter through the mechanism known as leptogenesis [7].



Experimentally, no compelling evidence of the existence of Ov33 decay has been obtained
so far. However, a new generation of experiments that are already running or about to
run promises to push forward the current limits exploring the degenerate-hierarchy region
of neutrino masses [8-11]. In order to do that, these experiments are using source masses
ranging from tens to hundreds of kilograms and improving the background rates achieved by
previous experiments by, at least, an order of magnitude. If no signal is found, masses in the
tonne scale and further background reduction will be required to continue the exploration.
Only a few of the techniques considered at present can possibly be extrapolated to those
levels.

The Neutrino Experiment with a Xenon TPC (NEXT)! seeks to discover the neutrinoless
double beta decay of 3%Xe using an electroluminescent time projection chamber filled with
100 kg of isotopically enriched xenon gas. This detector, named NEXT-100, possesses two
features of great value for OvSS-decay searches: excellent energy resolution (<1% FWHM
at 2.5 MeV) [12, 13] and charged-particle tracking for the active suppression of background
[14, 15]. Furthermore, the technology can be extrapolated to large source masses, thus
allowing the full exploration of the inverted-hierarchy region of neutrino masses. The
installation and commissioning of NEXT-100 at the Laboratorio Subterrdneo de Canfranc
(LSC), Spain, is planned for 2018. Prior to that, the NEXT Collaboration will operate
underground the NEW detector, a technology demonstrator that implements in a smaller
scale the design chosen for NEXT-100 using the same materials and photosensors.

In this paper, we study the sensitivity of NEXT-100 to neutrinoless double beta decay.
Some of the factors on which the detector’s sensitivity depends are fixed by design, such as
the isotope chosen (136Xe) or the available source mass (100 kg of xenon enriched to 91% in
136Xe). Other factors — the energy resolution or the tracking performance, for instance —,
can be extrapolated from results of the R&D phase of the project. Finally, the levels of
the potential backgrounds and the discrimination power of the detector can be estimated
with information on the radiopurity of the construction materials and the use of Monte
Carlo simulation. These last two factors —the background model and the discrimination
capabilities of NEXT — are the focus of this paper.

2 Rate of neutrinoless double beta decay

Any source of lepton number violation can, in principle, induce neutrinoless double beta
decay and contribute to its rate [16-21]. In the simplest case, however, Ov33 decay is
mediated by the virtual exchange of a light Majorana neutrino [22, 23], and its rate is then
given by
1 o (m 2
TOV) — GOI/ MOI/ BB ) 21

< 1/2 | 17| e (2.1)
Here, G% is a phase-space factor that depends on the energy release of the decay and on
the nuclear charge Z, M is the nuclear matriz element (NME) of the process, that is, a
measure of the nuclear-structure aspects affecting the decay, m. is the electron mass, and
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Relative atomic mass ~ 135.907219(8) [24]

Q value 136Xe — 36Ba 2457.83(37) keV [25]
2458.7(6) keV [26]
2458.1(3) keV (average)

G% (10715 year—1) 14.58 [27]
14.54 [28]

0833 decay NME 2.19 (ISM) [29)]
3.05 (IBM-2) [30]
2.46 (QRPA) [31]
2.91 (QRPA) [32]
4.12 (EDF) [33]
4.32 (EDF) [34]

N N N N SN/

Table 1. Properties of 13%Xe relevant to neutrinoless double beta decay searches: relative atomic
mass, @ value of the decay (i.e. mass difference between the parent and daughter atoms), phase-space
factor (G°) and nuclear matrix element (NME). The figures in parentheses after the first two
quantities give the 1o experimental uncertainty in the last digits. The uncertainties on the G%
calculations (originating from the uncertainties on the @ value and the nuclear radius) are of the
order of 5-10% [27]. The quoted nuclear matrix elements (NME) are the most recent calculations
for Ov38 decay to the ground state mediated by light-neutrino exchange in four different nuclear-
theory frameworks: interacting shell model (ISM), interacting boson model (IBM-2), quasiparticle
random-phase approzimation (QRPA) and energy density functional theory (EDF). All NMEs are
dimensionless and have been calculated with the free-nucleon value of the axial-vector coupling
constant (ga ~ 1.26), with model uncertainties varying between 15 and 30%.

mgg is the so-called effective Majorana mass of the electron neutrino:

mpp = : (2.2)

§ 2
Uei my;
7

where U; are the elements of the first row of the neutrino mixing matrix and m; are the
neutrino mass eigenstates.

While the phase-space factor can be computed analytically with high accuracy [27, 28],
only approximate estimates of the NME can be obtained at present due to the many-body
nature of the nuclear problem. Table 1 lists the most recent calculations of the NME of
136Xe for Ov33 decay mediated by light-neutrino exchange from a variety of nuclear models.
The results are not completely convergent, differing by up to a factor of 2. An even more
significant source of uncertainty results from the dependence of the NME on the square
of the axial-vector coupling constant, g4. While the calculated NMEs for O35 decay are
generally presented with the free-nucleon value (g4 ~ 1.26), in the case of the standard
double beta decay with neutrinos (2v/f3), consisting of two simultaneous beta decays,

9X o 5X+e e 4P+ T, (2.3)
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Figure 1. The effective Majorana neutrino mass, mgg, as a function of the lightest neutrino mass,
Miight- The green band corresponds to the inverted ordering of neutrino masses, while the red band
corresponds to the normal ordering. The horizontally-excluded region comes from experimental
bounds on the half-life of 0v35 decay [42—-44]; the vertical one, from cosmological constraints on
Miigne [41].

effective (or quenched) values of g4 of about 0.6-0.8 (depending on the NME calculation
framework) [30] are required to match the measured half-lives [35]. The difference between
0.6 and 1.26 translates into a factor of 20 in rate. The extent of the quenching in OvS503
decay — whether or not it is the same as in 2v3/ decay — is under debate among nuclear
theorists [36-39].

Equations (2.1) and (2.2) show that a measurement of the Ovf5 decay rate would
provide direct information on neutrino masses (under the assumption of light neutrino
exchange), albeit with important uncertainties from nuclear and neutrino physics. The
relationship between mgg and the lightest neutrino mass is shown in Figure 1. The width
of the allowed bands is due to the unknown CP violation phases and the 3¢ uncertainties
in the mixing parameters measured in neutrino oscillation experiments [40]. The figure
also shows an upper bound on the lightest neutrino mass from cosmological observations
(miigne < 0.23/3 eV) [41] and the current upper bound on mgg from Ovj33-decay searches
(mgﬁ < 0.2 V) [42-44].

3 Experimental sensitivity to mgg

The detectors used for double beta decay searches are designed to measure the energy of
the radiation emitted by a 5 source. In a Ov3f3 decay, the sum of the kinetic energies of
the two released electrons is always equal to the @) value of the process, that is, the mass
difference between the parent and daughter atoms:

Qps = M(5X) — M(5,5X). (3.1)



In practice, due to the finite energy resolution of any detector, Ov35 events would spread
over an energy range centred around @gg following, typically, a Gaussian distribution.
Other processes occurring in the detector can fall within that energy window becoming a
background. If a Ov33 peak were observed in an experiment, the number of signal events
could then be related to the half-life of the process as follows:

%EMt
w N

Y}y = log?2 (3.2)
where Ny is the Avogadro constant, W is the atomic mass of the Ov53-decaying isotope, &
is the signal detection efficiency, M is the source mass, t is the measuring time and N is
the number of O3S events observed in the experiment.

Accordingly, combining Eqgs. (2.1) and (3.2), we find that the sensitivity to mgg of an
experiment searching for OvB3 decay is

N
S(mgs) =K\ 377 - (3.3)
where ,
2 1/2
Kz( W Q (3.4)
log2 Ny GO | M|

is a constant that depends solely on the source isotope employed and N is the average upper
limit on the number of events expected in the experiment under the no-signal hypothesis.
For an experiment with Poisson-distributed background of mean b, the average upper limit

is given by
— =, et
Np) =) —— U(nlb), (3.5)
n=0 ’

where U(n|b) is a function that returns a frequentist upper limit — Feldman-Cousins [45],
for instance — at a certain confidence level for a given observation n and a known expected
value b.

For the case of high background, the average upper limit is proportional to the square
root of the mean number of background events [46]: N  v/b. Besides, the number of
background events is usually proportional to the exposure, Mt, and to the width of the
energy window defined by the resolution of the detector, AE: b=c- M -t - AE, where c is
the expected background rate, typically expressed in counts keV~! kg=! yr~!. Substituting
these two expressions into Eq. (3.3), we obtain a well-known figure of merit for Ov33-decay
experiments:

/
CAE>1 " (3.6)

Stmas) < VITE (575

The above formula shows that the presence of background in the region of interest around
Qpp limits considerably the sensitivity of an experiment, improving only as (M t)_l/ 4
instead of the inverse square-root dependence, Eq. (3.3), expected in the case of negligible
background.



4 The NEXT experiment

NEXT will search for the Ov33 decay of 36Xe making use of a 100-kg xenon gas TPC
with electroluminescent amplification and optical readouts. Xenon is a good detection
medium that provides strong scintillation and ionization signals. Moreover, in its gaseous
phase, xenon offers very good energy resolution; better in principle than 0.5% FWHM at
the @Q value of ¥6Xe [47]. In order to achieve optimal resolution, the ionization signal is
amplified in NEXT using the electroluminescence (EL) of xenon: the electrons liberated by
ionizing particles passing through the gas drift towards the TPC anode under the influence
of a moderate electric field (0.3-0.5 kV em™1!), entering then into another region where
they are accelerated by a stronger field (2-3 kV cm™! bar™!), intense enough so that the
electrons can excite the Xe atoms but not enough to ionize them. This excitation energy is
ultimately released, with sub-Poissonian fluctuations, in the form of proportional secondary
scintillation light (or EL). An array of photomultiplier tubes (PMTs) — the so-called energy
plane — located behind the TPC cathode detects a fraction of these EL photons to provide a
precise measurement of the total energy deposited in the gas. These PMTs detect as well the
primary scintillation, which is used to mark the start of the event (¢y). The forward-going
EL photons are detected by a dense array of silicon photomultipliers (SiPMs) — the tracking
plane — located behind the anode, very close to the EL region, and the associated signals
are used for track reconstruction.

The initial phase of the NEXT experiment was devoted to the demonstration of the
detector concept described above using two prototypes, NEXT-DEMO and NEXT-DBDM,
that contained approximately 1 kg of natural xenon at 1015 bar. An energy resolution of 1%
FWHM at 662 keV, which — assuming a 1/v/E dependence — extrapolates to 0.5% FWHM
at the Q value of '3%Xe, was measured in the DBDM prototype [12]. The best resolution
measured in DEMO, 1.62% FWHM at 511 keV, extrapolates to 0.74% FWHM [13]. In
addition, the NEXT-DEMO prototype has shown that track reconstruction is possible with
an EL-based amplification scheme [14] and that the reconstructed energy-deposition pattern
can be used for the identification of signal-like and background-like event topologies [15].

The current stage of the NEXT project involves the operation at LSC of the NEXT-
WHITE? (NEW) detector, a technology demonstrator that implements in a 1:2 scale the
design chosen for the 100-kg detector (NEXT-100) using the same materials and photosensors.
The NEW data will make possible the optimization of calibration and reconstruction methods
and the validation of the NEXT-100 background model. The NEXT-100 detector, described
in some detail in the remainder of this section, is planned to start taking low-background
data in 2018.

4.1 NEXT-100

Figure 2 shows a longitudinal cross-section schematic of NEXT-100. The active volume of
the detector is a cylinder of approximately 1.15 m? that can hold about 100 kg of xenon
gas at 15 bar. It is surrounded by a series of copper rings for electric-field shaping that are
fixed to the inner surface of an open-ended high-density polyethylene (HDPE) cylindric

2Named after our late collaborator Prof. James T. White.



Figure 2. Cross-section view of the NEXT-100 detector inside its lead castle shield. A stainless-steel
pressure vessel (A) houses the electric-field cage (B) and the two sensor planes (energy plane, C;
tracking plane, D) located at opposite ends of the chamber. The active volume is shielded from
external radiation by at least 12 cm of copper (E) in all directions.

shell, 2.5 cm thick, 148 cm long and 107.5 cm in diameter, that provides structural stiffness
and electric insulation. The rings are covered by polytetrafluoroethylene (PTFE) tiles
coated with tetraphenyl-butadiene (TPB) to shift the xenon VUV light to the blue region
(around 440 nm) so as to improve the light collection efficiency. One of the ends of the
HDPE cylinder is closed by a fused-silica window 1 cm thick. This window functions
as the TPC anode thanks to a transparent, conductive, wavelength-shifting coating of
indium tin oxide (ITO) and TPB. The two other electrodes of the TPC, EL gate and
cathode, are positioned 0.5 cm and 106.5 cm away from the anode, respectively. They are
built with highly transparent stainless steel wire mesh stretched over circular frames. The
electrodes will be set at voltages such that a moderate electric field of 0.3-0.5 kV cm™!
is established in the drift region between cathode and gate, and another field of higher
intensity, 2-3 kV cm~! bar™!, is created in the EL gap, between gate and anode, for the
amplification of the ionization signal. The high voltage is supplied to the electrodes via
radiopure, custom-made feed-throughs.

The energy plane of NEXT-100 will be composed of 60 Hamamatsu R11410-10 photo-
multiplier tubes located behind the cathode of the TPC and covering approximately 30% of
its area. This coverage is a compromise between the need to collect as much light as possible
for a robust measurement of the energy and tg, and the need to minimize the number of



sensors to reduce cost, technical complexity and radioactivity. The R11410-10 is a 3-in
PMT specially developed for low-background operation [48]. It is equipped with a synthetic
silica window and a photocathode made of low temperature bialkali with quantum efficiency
above 30% for the emission wavelengths of xenon and TPB [48]. Pressure-resistance tests
run by the manufacturer showed that the R11410-10 cannot withstand pressures above
6 atmospheres [48]. Therefore, in NEXT-100 they will be sealed into individual pressure-
resistant, vacuum-tight copper enclosures closed with sapphire windows 5 mm thick. The
PMTs are optically coupled to the windows using an optical gel with a refractive index
intermediate between those of fused silica and sapphire. The external face of the enclosure
windows is coated with TPB. The enclosures are all connected via vacuum-tight tubing
conduits to a central manifold and maintained at vacuum. The PMT cables route through
the conduits and the central manifold to a feedthrough in the pressure vessel nozzle.

The tracking function in NEXT-100 will be provided by an array of 7168 SiPMs
regularly positioned at a pitch of 1 cm and located behind the fused-silica window that
closes the EL gap. The SiPMs, manufactured by SENSL, have an active area of 1 mm?,
sensitive cells of 50 pm size and high photon detection efficiency in the blue region (about
40% at 440 nm). They are very cost-effective and their radioactivity is very low, given their
composition and small mass. The SiPMs will be mounted on flexible circuit boards made of
Kapton and copper, each one with 64 sensors arranged as an 8 x 8 matrix. The boards
have long tails that carry the signals through zigzagging slits —so as to avoid a straight
path for external gammas— made in the copper plates that shield the active volume. The
tails are connected to flat shielded cables that extract the signals from the vessel via large
custom-made feed-throughs.

The sensor planes and the electric-field cage are contained within a stainless-steel
pressure vessel that consists of a cylindrical central shell of 160 ¢m length, 136 cm inner
diameter and 1 cm wall thickness, and two identical torispherical heads of 35 ¢m height,
136 cm inner diameter and 1 cm wall thickness. It has been fabricated with stainless steel
Type 316Ti (acquired from Nironit) due to its low levels of natural radioactive contaminants.
Designed almost entirely by the Collaboration following the ASME Pressure Vessel Code,
the vessel has been built by a specialized company based in Madrid. The field cage is
surrounded by a set of 12-cm thick copper bars parallel to the TPC symmetry axis, and
both sensor planes are mounted to copper plates of 12 cm thickness attached to internal
flanges of the vessel heads. The active volume of the detector is, therefore, shielded from
external radiation by at least 12 cm of copper in all directions. The vessel sits on top of an
anti-seismic pedestal and inside of a 20-cm thick lead shield made of staggered lead bricks
held by a stainless-steel frame.

5 Sources of background in NEXT

In this section we discuss the various potential components of the background spectrum
of NEXT-100 in the energy region around (gg. The relevance of any background source
in NEXT depends on its probability to generate a signal-like track in the active volume
of the detector with energy around the @ value of ®%Xe. In principle, charged particles



Figure 3. Monte Carlo simulation of signal (0v33 decay of **Xe) and background (single electron
of energy equal to the Q value of 136Xe) events in gaseous xenon at 15 bar. The colour scale codes
the energy loss per path length. The ionization tracks left by signal events feature large energy
deposits (or blobs) at both ends.

(muons, betas, etc.) entering the detector can be eliminated with high efficiency (> 99%)
by defining a small veto region (of a few centimetres) around the boundaries of the active
volume. Electric field inhomogeneities or malfunctioning photosensors could affect negatively
this performance, but those effects can be measured with periodic calibrations using, for
instance, crossing muons. Confined tracks generated by external neutral particles (such as
high-energy gamma rays) or by internal contamination in the xenon gas can be suppressed
taking advantage of the distinctive energy-deposition pattern of signal events, illustrated in
Fig. 3. Below the so-called critical energy (about 12 MeV in gaseous xenon [49]), electrons
(and positrons) lose their energy at a relatively fixed rate until they become non-relativistic.
At about that time, their effective dE/dx rises, mostly due to the occurrence of strong
multiple scattering, and the particles lose the remainder of their energy in a relatively
short distance generating a blob. Double beta decay events consist of two electrons emitted
from a common vertex. Their reconstructed tracks, therefore, feature blobs at both ends.
Background tracks, in contrast, are generated mostly by single electrons, thus having only
one end-of-track blob.

5.1 High-energy gamma rays from the natural decay series

Natural radioactivity in detector materials and surroundings is, as in most other Ov33-decay
experiments, the main source of background in NEXT. In particular, the hypothetical Ov 35
peak of 13Xe (Qps = 2458.1 & 0.3 keV [25, 26]) lies in between the photo-peaks of the
high-energy gammas emitted after the 3 decays of 2'4Bi and 2°®T1, intermediate products
of the uranium and thorium series, respectively:

e The daughter isotope of 2!Bi, 214Po, emits a number of de-excitation gammas with




























































