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around 100Mo Q-value (3.034 MeV) is 40 ROI�1tonne�1yr�1 (based on rate per
keV quoted in44). AMoRe is expected to eventually achieve sensitivity of 3·1026 yr
after 250 kg·yr exposure.

2.6. Comparison of current results and combined limit

Table 1 summarizes half-life limits for light Majorana mediated 0⌫�� decay and
BIs for the currently leading experiments. The BIs are expressed in units of
ROI�1(isotope tonne)�1yr�1. Note the unusual BI normalization in the table -
per mass of the isotope of interest, instead of per mass of the element (as is typi-
cally done by experiments and also by us in the detailed descriptions above). We
think that normalizing per mass of the isotope of interest provides for the more
straightforward comparison and insight into how far the present results are from
the next generation goal of covering IH. In order to compare the half-life results
obtained with di↵erent isotopes we need to convert them into limits on e↵ective
Majorana mass. Fig. 2 shows such comparisons assuming the simplest mechanism
of 0⌫�� decay and vacuum value of the axial vector coupling constant. The range
of limits on the e↵ective Majorana mass depends on used NMEs (EDF,45 NSM,46

(R)QRPA47) and phase-space factors.3

Table 1. Summary of comparison of leading 0⌫�� decay experiments. BIs are normalized per mass
of the isotope of interest.

Experiment Isotope
mass,
tonne

T1/2 90% C.L.,
1025 yr

m�� 90% C.L.,
eV

BI,
ROI�1(isotope
tonne)�1yr�1

ROI, keV

EXO-200 0.16 1.1 0.19-0.47 310 150 (±2�)
KamLAND-Zen 0.32 11 0.06-0.15 180 400
GERDA 0.018 2.1 0.24-0.41 58 5 (FWHM)
CUORE-0 0.013 0.4 0.26-0.71 890 5.1 (FWHM)

The combination of results from several datasets (Cuorcino and Cuore-0,
NEMO-3, first phases of EXO-200, KamLAND-Zen, and GERDA) was recently re-
ported48 as m�� <130-310 meV at 90% C.L. The combined result, however, would
be completely dominated by KamLAND-Zen if its latest result18 is taken into ac-
count.

3. Towards inverted hierarchy

While the results of the currently running experiments will likely continue to be
iteratively updated in the next couple of years, the competition between them is,
fundamentally, completed. The existing favorites that have already produced strong
results in qausi-degenerate are using the momentum to lead the field towards the
next logical step - attempting to cover the IH. In spite of the impressive perfor-
mance, experiments need to further reduce backgrounds and provide the necessary

Exploration of the IH requires:

1) large masses (ton scale) : Technology must be scalable and cheap
2) BI in the range of 1 event (to cover the IH in a reasonable time) : large background reduction 

needed wrt to current state of the art
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We review current experimental e↵orts to search for neutrinoless double beta decay
(0⌫��). A description of the selected leading experiments is given and the strongest recent
results are compared in terms of achieved background indexes and limits on e↵ective
Majorana mass. A combined limit is also shown. The second part of the review covers
next generation experiments, highlighting the challenges and new technologies that may
be necessary to achieve a justifiable discovery potential. A potential synergy with direct
dark matter searches, which could be an especially prudent strategy in case the axial
vector coupling constant is quenched in 0⌫�� decay, is emphasized.
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1. Introduction

Neutrinos are assumed to be massless in the Standard Model as no right-handed
neutrinos have ever been observed. Nevertheless, the neutrino flavor oscillation ex-
periments unambiguously demonstrated that neutrino has a non-zero mass. The
success of neutrino oscillation experiments notwithstanding, they are only sensitive
to the mass squared di↵erences, so we still do not know the absolute mass scale
of neutrino. It is also not known how the three mass eigenstates are aligned with
respect to each other - the question of normal versus inverse hierarchy. Essentially,
this question is whether the lightest neutrino mass state is dominated by electron
neutrino flavor (normal), or by muon and tau neutrino flavors (inverted). Finally,
it is not clear how exactly the mass term should be incorporated into the theory.
Strongly linked to the last question is the possibility that neutrino is its own anti-
particle, which would make it the only known Majorona fermion.

The above unknowns could be explored if there exists a particular type of ra-
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Figure 12. Sensitivity of a future xenon experiment (of perfect efficiency) as a function of the exposure for
different background rates.

low selection efficiency of ⇠ 20%) in a few years. In fact, although the selection efficiency can
be traded to some extent for background rejection, one of the main attractive features of the HPXe
technology, for which BEXT would represent the ton scale, is the potential to offer a background-
free experiment to explore the inverse hierarchy. Given the extremely long lifetimes of the process
being explored (a full coverage of the inverse hierarchy requires sensitivity to lifetimes of 1027 year
for the 0nbb process), providing such a background-free experiment may be a must.

A. A Lowpass FIR Filter

One way to make the calculation of the curvature of a track less susceptible to noise introduced
through multiple scattering and non-ideal reconstruction resolution is to apply a lowpass filter to
the lists of values for each coordinate x, y, and z. We now look at the arrays of x, y, and z coordinates
as digital signals in the time domain, e.g. x[n], where n is the index of the corresponding hit. Each
array can be represented in the frequency domain X [k] using the discrete Fourier transform

X [k] =
N�1

Â
n=0

x[n]e�i2pkn/N , (A.1)

where N is the total number of samples and k is the discrete frequency of each complex sinusoid
e

�i2pkn/N in cycles per N samples. This discrete frequency can be translated to an analog frequency
f

k

(for example in units of time�1) by knowing the frequency at which the digital signal was
sampled, or the sampling frequency f

s

in samples per unit time, as
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Exploring the IH

IH

•Plot shows the sensitivity of a 
100% efficient Xenon experiment 
(with a reasonable NME set).

•With a background ~10 cts/tonne/
year and a mass of 1 ton, 10 years 
of run are required (e.g, 50 years 
for an efficiency of 20 %).

•With a background count of ~1 
cts/tonne/year, “only” 2 years are 
required (10 years for an efficiency 
of 20%).
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Exploring the IH : the challenge
•Masses in the range of the ton are needed

•This requires a “cheap” and easy to enrich isotope and scalable detectors 
(e.g, calorimeters, where source = detector)

•Both KamLAND-ZEN and  EXO can be scaled to large masses

•But an HPXe TPC can also be scaled to large masses

•Background counts of ≤ 1 cts/tonne/year are needed.

•This is a factor ~180-310 of what has been currently achieved by KZ and 
EXO.

•An HPXe with EL amplification of the signal has the potential of 
reaching the required very low background level.

•NEXT sensitivity studies result in an expected BI of 10 cts/tonne/year 
(to be compared with 180-310 from KZ, EXO). We believe that a 
background of 1 cts/tonne/year is also possible. 
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NEXT (HPXe EL TPC)

•Is a High Pressure Xenon 
TPC (operation 10-20 bar)

•Uses EL amplification to 
achieve excellent energy 
resolution (~0.5 % FWHM)

•Adds a topological 
signature (observation of 
two electrons) to further 
suppress the backgrounds.

•Is built with radio pure 
materials. 
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Fig. 5. Density dependencies of the intrinsic energy resolution (%FWHM) measured for 662 keV gamma-rays. 

above 2-6 kV/cm depending on the density, it remains 

practically unchanged. At low densities, < 0.55 g/cm3, 

the resolution almost saturates to the same limit, deter- 

mined by the statistics of ion production, while at high 

densities, > 0.55 g/cm3, it continues to slowly decrease 

even at the maximum applied fields, but still remains far 

above the statistical limit. This is seen more clearly in 

Fig, 5 which gives energy resolution versus density meas- 

ured for 662 keV gamma-rays at a field of 7 kV/cm. 

Below 0.55 g/cm3 the resolution stays at a level of 0.6% 

FWHM (statistical limit), then, above this threshold, it 

starts to degrade rapidly, and reaches a value of about 

5% at 1.7 g/cm”. Such degradation of the energy resolu- 

tion above 0.55 g/cm3 was observed previously in 

Ref. [3-53 and explained with the d-electron model, 

originally proposed to explain the poor energy resolution 

measured by others in liquid Xe [13]. According to this 

model, the degradation of the energy resolution is caused 

by the fluctuations of electron-ion recombination in 6- 

electron tracks. For intense recombination, which would 

give large fluctuations, a particular density of ionization 

must be reached. These conditions would appear first in 

the tracks produced by low-energy S-electrons. The 

fluctuations in the number of such tracks, which are 

governed by the statistics of the a-electron production, 

determine the intrinsic resolution. As the density in- 

crease, the ranges of the &electrons become smaller, and 

the conditions for strong recombination occur in tracks 

produced by S-electrons with ever higher energies. In 

other words, the average number of tracks with high 

recombination rate should increase with density even if 

the recombination rate itself saturates at high densities. 

This can be illustrated by comparing the density depend- 

ence of the intrinsic energy resolution and changes in the 

slope of l/Q versus log(E), i.e. coefficient B in function (l), 

which characterizes the recombination processes (see 

Figs. 5 and 6). Below 1.4g/cm3, the energy resolution 

almost follows the dependence of B. At higher densities 

B saturates, or even starts to decrease, while the intrin- 

sic energy resolution continues to degrade. The latter 

fact shows that at high densities the resolution is deter- 

mined by fluctuations in the number of tracks with high 

density ionization, rather than fluctuations in recombi- 

nation. 

Another interesting question is the origin of the step- 

like behavior of the resolution around 0.55 g/cm3 (see 

Fig. 5). The location of the step precisely coincides with 

the threshold of appearance of the first exciton band, 

which is formed inside a cluster of at least 10 atoms due 

to density fluctuations in dense Xe [S]. Delta-electrons 

interact with whole clusters to produce an exciton or free 

electron. This could be an additional channel of energy 

loss that would result in a sharp decrease in size of the 

a-electron tracks and, consequently, in a sharp rise of the 

number of tracks with high density of ionization above 

0.55 g/cm3. 

A similar behavior of the intrinsic resolution was ob- 

tained for all other energies used in these measurements 

(0.3-1.4 MeV). Below 0.55 g/cm’, the intrinsic energy res- 

olution saturates to its statistical limit, determined by 

(FW/E,)“‘, if a sufficiently high electric field is applied, 

and starts to degrade above 0.55 g/cm” even at high 

fields. Fig. 7 shows the dependence of the intrinsic resolu- 

tion (%FWHM) on the energy of gamma-rays plotted as 
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Intrinsic resolution (Fano factor) at Qββ (2458 keV): 3×10-3 FWHM.

Best experimental result: 0.6%@662keV. Extrapolates to 3×10-3 
FWHM @ 2.5 MeV. 

NEXT target: ~0.5% FWHM @ 2.5 MeV already measured with 
prototypes.

LXE

GXe (1-50 bar)

6

Energy resolution in Xe



Emission of scintillation light after atom excitation by a charge 
accelerated by a moderately large (no charge gain) electric field. 

Used in NEXT to amplify the ionisation signal.

Linear process, huge gain (1500 ph./e-) at 3 < E/p < 6 kV/cm/bar.  7

Electroluminescence
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Electrons travel on average ~10 cm (15 bar) each. 

Trajectories highly affected by multiple scattering. 

Electrons travel with almost constant dE/dx but at the end-points 
where they generate “blobs”.
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Tracking in HPXe



Detection concept
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It is a High Pressure Xenon (HPXe) TPC operating in EL mode.  

It is filled with Xe enriched at 90% in Xe-136 (in stock) at a pressure of 15 bar.
9
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Primary Scintillation light is detected by a plane of photosensors. It gives t0 of 
the event and the z position.

Primary Scintillation (S1)
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The event energy is integrated by a plane of radiopure PMTs located 
behind a transparent cathode (energy plane), which also provide t0.

The event topology is reconstructed by a plane of radiopure silicon pixels 
(SiPMs) (tracking plane).

Electroluminescence (S2)
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Fig. 5. Density dependencies of the intrinsic energy resolution (%FWHM) measured for 662 keV gamma-rays. 

above 2-6 kV/cm depending on the density, it remains 

practically unchanged. At low densities, < 0.55 g/cm3, 

the resolution almost saturates to the same limit, deter- 

mined by the statistics of ion production, while at high 

densities, > 0.55 g/cm3, it continues to slowly decrease 

even at the maximum applied fields, but still remains far 

above the statistical limit. This is seen more clearly in 

Fig, 5 which gives energy resolution versus density meas- 

ured for 662 keV gamma-rays at a field of 7 kV/cm. 

Below 0.55 g/cm3 the resolution stays at a level of 0.6% 

FWHM (statistical limit), then, above this threshold, it 

starts to degrade rapidly, and reaches a value of about 

5% at 1.7 g/cm”. Such degradation of the energy resolu- 

tion above 0.55 g/cm3 was observed previously in 

Ref. [3-53 and explained with the d-electron model, 

originally proposed to explain the poor energy resolution 

measured by others in liquid Xe [13]. According to this 

model, the degradation of the energy resolution is caused 

by the fluctuations of electron-ion recombination in 6- 

electron tracks. For intense recombination, which would 

give large fluctuations, a particular density of ionization 

must be reached. These conditions would appear first in 

the tracks produced by low-energy S-electrons. The 

fluctuations in the number of such tracks, which are 

governed by the statistics of the a-electron production, 

determine the intrinsic resolution. As the density in- 

crease, the ranges of the &electrons become smaller, and 

the conditions for strong recombination occur in tracks 

produced by S-electrons with ever higher energies. In 

other words, the average number of tracks with high 

recombination rate should increase with density even if 

the recombination rate itself saturates at high densities. 

This can be illustrated by comparing the density depend- 

ence of the intrinsic energy resolution and changes in the 

slope of l/Q versus log(E), i.e. coefficient B in function (l), 

which characterizes the recombination processes (see 

Figs. 5 and 6). Below 1.4g/cm3, the energy resolution 

almost follows the dependence of B. At higher densities 

B saturates, or even starts to decrease, while the intrin- 

sic energy resolution continues to degrade. The latter 

fact shows that at high densities the resolution is deter- 

mined by fluctuations in the number of tracks with high 

density ionization, rather than fluctuations in recombi- 

nation. 

Another interesting question is the origin of the step- 

like behavior of the resolution around 0.55 g/cm3 (see 

Fig. 5). The location of the step precisely coincides with 

the threshold of appearance of the first exciton band, 

which is formed inside a cluster of at least 10 atoms due 

to density fluctuations in dense Xe [S]. Delta-electrons 

interact with whole clusters to produce an exciton or free 

electron. This could be an additional channel of energy 

loss that would result in a sharp decrease in size of the 

a-electron tracks and, consequently, in a sharp rise of the 

number of tracks with high density of ionization above 

0.55 g/cm3. 

A similar behavior of the intrinsic resolution was ob- 

tained for all other energies used in these measurements 

(0.3-1.4 MeV). Below 0.55 g/cm’, the intrinsic energy res- 

olution saturates to its statistical limit, determined by 

(FW/E,)“‘, if a sufficiently high electric field is applied, 

and starts to degrade above 0.55 g/cm” even at high 

fields. Fig. 7 shows the dependence of the intrinsic resolu- 

tion (%FWHM) on the energy of gamma-rays plotted as 

Fano Factor is 0.3%@Qbb NEXT Prototypes (DBDM&DEMO)
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Two separated topology cuts:
•Single track selection.
•2 “blobs” selection
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Figure 1: Monte Carlo simulation of signal (0nbb decay of 136Xe) and background
(single electron of energy equal to the Q value of 136Xe) events in gaseous xenon at
15 bar. The ionization tracks left by signal events feature large energy deposits (or
blobs) in both ends.

Background tracks, however, are generated by single electrons, thus having
only one end-of-track blob.

Natural radioactivity in detector materials and surroundings is, as in
most other 0nbb-decay experiments, the main source of background in
NEXT. In particular, the hypothetical 0nbb peak of 136Xe (Qbb = 2458 keV)
lies in between the photopeaks of two high-energy gammas emitted after
the b decays of 214Bi and 208Tl, intermediate products of the uranium and
thorium series, respectively. The daughter isotope of 214Bi, 214Po, emits a
number of de-excitation gammas with energies around and above the Q
value of 136Xe [2]. Most of these gamma lines have very low intensity, and
hence their contribution to the background rate is negligible. The gamma
of 2447 keV (1.57% intensity), however, is very close to Qbb, and thus its
photoelectric peak overlaps the signal peak even for energy resolutions as
good as 0.5% FWHM. The decay product of 208Tl, 208Pb, emits a de-excitation
photon of 2615 keV with an intensity of 99.75% [2]. Electron tracks from
its photopeak can lose energy via bremsstrahlung and fall in the region of
interest (ROI) around Qbb defined by the energy resolution of the detector.
Additionally, even though the Compton edge of the 2.6-MeV gamma is at
2382 keV, well below Qbb, the Compton scattered photon can generate other
electron tracks close enough to the initial Compton electron so that they are
reconstructed as a single track with energy around Qbb.

The NEXT Collaboration is carrying out a thorough campaign of material
screening and selection using gamma-ray spectroscopy (with the assistance
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Figure 2. Monte Carlo simulation of a signal (0⌫��) event (left) and a background event (right) in xenon gas
at 15 bar. The color corresponds to energy deposition in the gas, red representing higher density of energy
deposition and blue representing lower density. The signal consist of two electrons emitted from a common
vertex, and thus it features large energy depositions (blobs) at both ends of the track. Background events are,
typically, single-electron tracks (produced by photoelectric or Compton interactions of high energy gammas
emitted by 214Bi or 208Tl isotopes), and thus feature only one blob (figure from [7]).
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Figure 3. Probability distribution of signal (left) and background (right) events in terms of the energies of
the end-of-track blob candidates. The blob candidate labelled as ‘1’ corresponds to the more energetic one,
whereas ‘blob 2’ corresponds to the less energetic of the two. In a signal event, the blob candidates have, on
average, the same energy. In a background event, blob candidate 1 has an energy similar to that of a signal
event while the energy of blob candidate 2 is very small (figure from [7]).

Electrons (and positrons) moving through xenon gas lose energy at an approximately fixed
rate until they become non-relativistic. At the end of the trajectory the 1/v2 rise of the energy
loss (where v is the speed of the particle) leads to a significant energy deposition in a compact

– 4 –
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with pure xenon corresponds to 10 ⇥ 10 ⇥ 5 mm3 voxels (conservative), and operation with low
di↵usion mixtures corresponds to voxel sizes of 2 ⇥ 2 ⇥ 2 mm3 (best expected case). Examples of
events voxelized with sizes of 10 ⇥ 10 ⇥ 5 mm3 and 2 ⇥ 2 ⇥ 2 mm3 are shown in Figs. 4 and 5.
The histogram of Eb,1 vs. Eb,2 is shown in figure 6 for both signal and background events analyzed
with both chosen voxel sizes.

Figure 4. Projections in xy, yz, and xz for an example background event voxelized with 10 ⇥ 10 ⇥ 5 mm3

voxels (above) and with 2 ⇥ 2 ⇥ 2 mm3 voxels (below).

Finally we apply a cut designed to choose signal events with two blobs and eliminate back-
ground events with only one blob, mandating that Eb,1 and Eb,2 are both greater than a threshold
energy Eth. This cut is applied to the events remaining after the cut requiring 1 single connected,
voxelized track. For the 10 ⇥ 10 ⇥ 5 mm3 voxel size with rb = 18 mm and Eth = 0.35 MeV, we
eliminate all but 13.3% of remaining 208Tl background events and all but 11.0% of remaining 214Bi
background events, and keep 76.6% of remaining signal events. For the 2 ⇥ 2 ⇥ 2 mm3 voxel size
with rb = 15 mm and Eth = 0.3 MeV we eliminate all but 9.74% of remaining 208Tl background
events and all but 7.55% of remaining 214Bi background events, and keep 86.2% of remaining sig-
nal events. rb was chosen in each case by examining the blob energy with changing rb and selecting
a value large enough to encompass the region of dense energy deposition but small enough to avoid
integrating much of the less dense parts of the track. Eth was then varied to give a background
rejection near 10%.

5 Deep Learning

The use of artificial neural networks to solve complex problems has been explored since the 1940s.
In recent years, with the dramatic increase in available computing power, the use of computation-
ally intense neural networks with many inner layers has become feasible. These neural nets that

– 9 –

•Effect of diffusion. 

•As diffusion 
decreases, event 
pictures become 
sharper and 
identification of 
features is easier.
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Table 1 shows how the set of cuts described above reduces the signal and the primary back-
grounds for Monte Carlo generated events with voxel sizes of 2 ⇥ 2 ⇥ 2 mm3 and 10 ⇥ 10 ⇥ 5 mm3

(events were generated originating from the field cage surrounding the active region of the de-
tector). Notice that, in order to characterize the rejection power of the topological signature, a
relatively large energy window of 100 keV around Q�� is used. The total rejection power of NEXT
will be the combination of the rejection power achieved by the pre-selection (cuts 1-2 above), the
topological cuts (cut 3 above and the classification cut, discussed in more detail below), and a final,
stricter energy cut that accepts events in a relatively narrow ROI around Q��. See [7] for a detailed
discussion.

Table 1. Fraction of events remaining after each analysis cut, for signal events (105 initial events generated
within the active region of the detector) and background events from 208Tl (109 initial events) and 214Bi (1010

initial events) generated from the field cage surrounding the active region.

Signal Events BG Events (208Tl) BG Events (214Bi)
Cut 2 ⇥ 2 ⇥ 2 10 ⇥ 10 ⇥ 5 2 ⇥ 2 ⇥ 2 10 ⇥ 10 ⇥ 5 2 ⇥ 2 ⇥ 2 10 ⇥ 10 ⇥ 5

(Initial events) 1.0 1.0 1.0 1.0 1.0 1.0
Energy 7.59⇥10�1 7.59⇥10�1 2.27⇥10�3 2.27⇥10�3 1.42⇥10�4 1.42⇥10�4

Fiducial 6.71⇥10�1 6.68⇥10�1 1.19⇥10�3 1.17⇥10�3 8.62⇥10�5 8.54⇥10�5

Single-Track 3.75⇥10�1 4.79⇥10�1 7.90⇥10�6 1.81⇥10�5 3.84⇥10�6 8.75⇥10�6

Classification* 3.23⇥10�1 3.67⇥10�1 7.70⇥10�7 2.41⇥10�6 2.90⇥10�7 9.59⇥10�7

* See section 4.2

4.2 The standard NEXT classification analysis

After pre-selection and the initial topological cut eliminating events with multiple connected tracks,
the events were classified as signal or background based on the presence of one or two “blobs” of
energy in the reconstructed track. All possible shortest paths between two voxels were found using
the BFS algorithm, and the first and last voxels of the longest of such paths2 were considered to be
the beginning and end of the track. For both the beginning and end of the track, a “blob” candidate
was constructed by summing the energy of all voxels located within a given “radius” rb of the
corresponding beginning or end voxel. Note that distances between voxels were computed using
the shortest path distance as determined by the BFS algorithm and not using Euclidean distance,
so the quantity rb should not be thought of literally as the radius of a sphere containing the “blob”
candidate. The use of such a summation avoids, in many cases, the duplication of voxels in the
two “blob” candidates. Such duplication could be present if the track wrapped around such that its
end was located within a short Euclidean distance of its beginning. The summations yielded two
energies, Eb,1, assigned to the greater of the two energies, and Eb,2.

The results depend on the size of the voxels, which in turn is chosen to reflect the expected
performance of the detector under specific operating conditions, as discussed above. Operation

2Note that such a path may not have included, in fact most likely did not include, all voxels in the event.
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• Power of topological signature increases with reduced diffusion.

• “Classical NEXT analysis” (analytical track reconstruction) yields the 
results in table (Monte Carlo simulation)

• Pure Xenon (10 mm/Sqrt(m) gives a combined rejection power for TPS 
(single-track + 2 blobs) of ~1/100

• Reduced diffusion (2 mm/Sqrt(m)) rejection factor to ~1/300

Prepared for submission to JINST
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Topological signature in NEXT

17

• Power of topological signature increases 
with improved algorithms.

• “DNN NEXT analysis” yields an 
improvement of 2 wrt classical analysis 
(high diffusion). Combined low diffusion 
and DNN yields an improvement of 4. 

[Input layer]

x1

x2

x3

x4

x5

z1

z2

[Output layer]

[Softmax readout]

psi

pbg

[Hidden layers]

[Convolution]

Multi-channel image

[Max pooling operation]

[Fully connected layer]

Figure 7. Schematic of a deep convolutional neural network for 2-category classification. The input layer
consists of the pixel intensities of an image, possibly in multiple color channels. The hidden layers consist
of several di↵erent operations performed on the input neurons - this example shows a 3 ⇥ 3 convolution
followed by a 3⇥3 max-pooling operation, with the resulting neurons input to a fully-connected layer which
feeds the two neurons in the output layer. The activation function of the two neurons in the final layer is
such that the two outputs are exponentiated and normalized. The values in such a layer, called a “softmax”
readout layer, can then be interpreted as probabilities of classification as signal or background.

deep convolutional neural network designed for image recognition. As GoogLeNet was designed
to classify and identify a wide range of features in a full-color images, a more suitable network
is likely to exist for our specific problem of classifying particle tracks based on topology. While
further exploration of DNN architecture is essential to understanding the problem fully, our main
goal in this study will be to show that DNNs can “learn” to classify NEXT events as signal or
background potentially better than previously developed conventional analysis methods.

6 Event classification with a DNN

Here we investigate the performance of a DNN in classifying events into two categories, “signal”
and “background,” and compare the results to the conventional analysis described in section 4.2.
We chose to use the GoogLeNet DNN for this initial study, as its implementation was readily
available in the Ca↵e [26] deep learning framework along with an interface, DIGITS [27], which
allows for fast creation of image datasets and facilitates their input to several DNN models. In order
to generate large numbers of events with which to train the DNN, an alternate configuration of the
NEXUS Monte Carlo, which we call the “xenon box” (Xe box) Monte Carlo, was run in which the
NEXT-100 detector geometry was not present, and background events (single electrons) and signal
events (two electrons emitted from a common vertex with a realistic 0⌫�� energy distribution) were

– 12 –

signal e�ciencies studied in the classical analysis, though these did not optimize the figure of merit.
For optimal figures of merit, we would have signal e�ciency of 69.0% (66.7%) and background
acceptance of 2.5% (6.6%) for 2 ⇥ 2 ⇥ 2 mm3 (10 ⇥ 10 ⇥ 5 mm3) voxels.

Figure 8. Signal e�ciency vs. background rejection for DNN analysis of voxelized (2⇥2⇥2 and 10⇥10⇥5
cubic mm), single-track NEXT-100 Monte Carlo events. The figure of merit F to be maximized in an optimal
0⌫�� decay search is also shown as a function of background rejection.

The improvements realized in using the DNN-based analysis combined with lower di↵usion
translate to significant gains in half-life sensitivity. Figure 9 shows the sensitivity at 90% confi-
dence level calculated using the Feldman-Cousins [28] prescription as in [7] for the NEXT-100
conventional analysis and for NEXT-100 in the case of low-di↵usion (2 ⇥ 2 ⇥ 2 mm3 voxels) and
using the DNN-based classification with optimal figure of merit. The substantial improvements re-
alizable show the advantages of both an improved DNN-based analysis and achieving low di↵usion
in NEXT.

6.2 Evaluating the DNN analysis

We now ask what is causing some significant fraction of the events to be misclassified in the anal-
ysis described in section 6.1. To address this, a similar analysis was run on several di↵erent Monte
Carlo datasets generated with di↵ering physics e↵ects, with the goal of developing a better under-
standing of where potential improvements could be made.

A simple Monte Carlo, which we call the “toy Monte Carlo” or “toy MC,” was designed to
produce ionization tracks of single-electron and two-electron events with a fixed energy considering
minimal physical e↵ects. Discrete energy depositions were produced with a step size less than 1

– 14 –



• Expected background 
rate: 4 x 10-4 ckky (8 
events in ROI per ton and 
year)

• Leading sources: PMTs 
and SiPM boards (KDBs), 
which contribute with 
equal amounts. PMTs + 
KDBs ~10-4 CKKY in 
Bi-214

• Contribution of field cage 
and inner shield: only 
upper limits measured 
(taken as actual values, a 
conservative approach)0 2 4 6 8 10

Tl-208
Bi-214

Pressure vessel

PMTs

PMT enclosures

Enclosure windows

Background rate (10–5 counts keV–1 kg–1 yr–1)

SiPM boards

SiPMs

Field-cage barrel

Shaping rings

Electrode rings

Anode plate

FC resistor chain

Inner shield

Outer shield

*

*

*
*

*
*

*
*

*

Figure 9. Contribution to the background rate of NEXT-100 of the di↵erent detector subsystems
considered in our background model. An asterisk (*) next to a bar indicates that the contribution
corresponds to a positive measurement of the activity of the material.

events: � tracks from the decay of 214Bi in the active volume, and photoelectrons generated545

by gamma rays emitted, for the most part, from the TPC cathode following the decay of546

214Bi. In the EXO-200 TPC, the latter type of events constitute about 80% of the measured547

activity of 222Rn in the liquid xenon, while the former make up the remaining 20% [63].548

The rejection power against both types of background events is similar, approximately549

2.5⇥106. In the case of the � decays of 214Bi in the xenon bulk, we have assumed that Bi-Po550

tagging — i.e. the coincident detection in an event of the � emitted in the decay of 214Bi551

and the alpha emitted by 214Po shortly after— can be done with high e�ciency (& 99%).552

Figure 10 (red lines) shows the background rate generated in NEXT-100 by this internal553

contamination of radon in terms of the activity of 222Rn. In order for this background to554

contribute, at most, at the level of 10�5 keV�1 kg�1 yr�1, radon activities in the xenon gas555

below a few mBq per cubic metre will be required. The EXO-200 detector, which has been556

operating without a radon suppression system, has measured, for instance, an activity of557

– 20 –

https://inspirehep.net/record/1407146

Background budget
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The NEXT program
• Demonstrate energy resolution at the level of 0.5 % FWHM (NEW)

• Demonstrate rejection power of TPS in pure xenon (NEW)

• Measure backgrounds and compare with NEXT background model 
(NEW).

• Demonstrate scalability of technology (NEXT-100)

• Demonstrate rejection power of TPS in xenon + low diffusion 
additives (NEXT-100)

• Refine radio purity (NEXT-100)
19



Mother can:

12 cm copper plate that 
separates pressure from 

vacuum and ads shielding.

Pressure vessel:

316-Ti steel, 30 bar max pressure

Inner shield:

copper, 6 cm thick

Time Projection Chamber:

10 kg active region(@10bar), 50 cm drift length

Energy plane:

12 PMTs,  

operating at vacuum. 
30% coverage

Tracking plane:

1,800 SiPMs,  

1 cm pitch

NEW (NEXT-WHITE) at glance

20



Pressure vessel

21

Stainless Steel 316 alloy. 
Radiopure and light 



Gas system (same for NEXT-100)

22



Gas system

23

Triple diaphragm 
compressor to prevent leaks

cryo-recovery 
bottle getters



HAMATSU R11410
low radioactivity PMT

Energy plane

24

Find the right PMTs Gain ~106 
easy to calibrate 

with spe

Construct the support 

Assembly  
the PMTs



SensL series-C
low radioactivity

Tracking plane

25

Find the right MPPC Gain ~106 
easy to calibrate 

with spe

Decide the pitch  
between sensors (1cm)

Find a radiopure material for the board (kapton)

Assembly the plane
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Make a design
Simulate the 
electric field
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Construct Cathode, Gate, tpb coating for 
the anode and light reflector tube

Cathode
Gate

Anode 
plate

Light 
tube

Field cage



Assembly all the pieces
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Detector operating with Xenon in the 
Canfranc Underground Laboratory

31



NEW is alive!

32

• A kripton signal
• baseline noise well below  

1/20th pes.
• Curious S1-like signals 

after S2 (not yet 
understood… maybe TPB 
in anode plate?)



NEW is alive!
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• Electron lifetime ~5 ms 
after a few days of 
running with hot getter

• Lifetime should improve 
to 20 ms or better as gas 
keeps circulating in 
system and degassing 
decreases
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NEW Schedule

•Detector up and running in stable conditions. 

•Initial run (March 2017): Initial calibrations with radioactive 
sources.

•March & April: Detector upgrades.

•May-: Run at higher pressures (10-15 bar).

•Low background run starting ~summer 2017.

37



Pressure vessel:

stainless steel,15 bar max pressure

Inner shield:

copper, 12 cm thick

Time Projection Chamber:

100 kg active region, 130 cm drift length

Outer shield:

lead, 20 cm thick

Energy plane:

60 PMTs,  

30% coverage
Tracking plane:

7,000 SiPMs,  

1 cm pitch

NEXT 100 kg detector at LSC: 
main features

38



NEXT-100 scalability to tonne scale
• NEXT-100 MC calculations (energy resolution 0.7% FWHM, high 

diffusion) yield  8 events/tonne/year.

• We need to reduce the background rate by an order of magnitude:

• Improve energy resolution from 0.7% to 0.5% FWHM will 
reduce the dominant background (Bi214) by a factor 2.

• Gaseous mixtures can provide low diffusion, improving 
rejection by a factor ~4

• Therefore NEXT-100 can demonstrate ~ 1 event/tonne/year
39



Towards the ton scale

• NEXT-100 can demonstrate a background rate near 1 cts/ton/year in ROI.

• Further improvement may be achieved by building a x2 larger detector 
(S/N improves linearly with size) and by reducing the radioactive budget

• Symmetric detector. x2 in z

• R&D to increase diameter.

• SiPM in both planes can reduce the background budget.

• Last but not leat gas Xenon can provide a technique (SMFI) for a 
background free experiment.

40



Not	fluorescent	 Fluorescent	

Towards a background free experiment: 
Single Molecule Fluorescent Imaging

41

• SMFI is a technique 
from biochemistry 
with demonstrated 
single-ion sensitivity.

• We are exploring its 
use in xenon gas for 
barium ion tagging

• If efficient barium 
tagging can be 
achieved, a zero 
background 
experiment can be 
realised.

Data	from	barium	
tagging	lab	at	UTA	



Summary & Outlook

• NEXT R&D phase completed with great success

• Operation underground started. NEW operation foreseen in 
2017 and 2018

• The goal of NEXT-100 is to reach a sensitivity competitive 
with the best experiments in the 100 kg scale and 
demonstrate ultra low background (BI ~1 cts/ton/year in 
ROI)

• Excellent prospects for ton scale scalability.
42



IFIC Valencia • Zaragoza • Politécnica Valencia • Santiago de Compostela • Girona • Madrid 

• Texas A&M• Texas UTA Coimbra • Aveiro JINR A. Nariño

co-spokespersons: D. Nygren (USA) and J.J. Gomez-Cadenas (Spain)

The NEXT Collaboration
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Thanks for your attention!

To our friend and mentor 
James White, in memoriam. 



Back-up
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How to improve topological 
signature?

45

Some gas mixtures allow for a small diffusion 
without losing energy resolution



Sensitivity
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• Expect 5 x 1025 y in 3 
years run (2018-2020). 

• mbb ~[90-180] meV 
depending on NME

Sensitivity of NEXT-100 to neutrinoless double beta decay  
NEXT Collaboration (J. Martin-Albo (Valencia U., IFIC) et al.). Nov 30, 2015. 29 pp.  
e-Print: arXiv:1511.09246 [physics.ins-det] | PDF
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