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Searching for neutrinoless double beta decays
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1.Require great energy resolution          
(to identify the 0νββ over the regular 2νββ) 

2.Require extremely low background                   
(to see the very rare signal over radioactive 
events) 

3.Scalability             



NEXT (Neutrino Experiment with Xenon TPC)

High-pressure gas Xenon Time Projection Chamber 
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NEXT-White �31

•Scaled version (1:2 in longitudinal dimensions) of NEXT-100 
•Technology development, radio purity, setting up infrastructures 

(shielding, gas system) 
•Measures energy resolution, topological signature, background index, 

bb2nu mode.



NEXT (Neutrino Experiment with Xenon TPC)

High-pressure gas Xenon Time Projection Chamber 
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Density: Higher 
pressure means 
more isotope in 
same volume



NEXT (Neutrino Experiment with Xenon TPC)

High-pressure gas Xenon Time Projection Chamber 
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•  Energy resolution: Great 
intrinsic energy resolution in gas 

• Topology: extended (~MeV) 
tracks

366 A. Bofofnikov, B. Ramsey / Nucl. Insfr. and Meth. in Phys. Rex A 396 (1997) 360-370 
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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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NEXT (Neutrino Experiment with Xenon TPC)

High-pressure gas Xenon Time Projection Chamber 
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1. Isotope: High enough abundance 
and “easy” to enrich, Qββ = 2.5 MeV 

2. Noble gas: Ideally suited to 
detection technology (TPC)

Source = detector!
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NEXT (Neutrino Experiment with Xenon TPC)

High-pressure gas Xenon Time Projection Chamber 
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 Topology: TPC offers high 
quality images of events

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

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

•Topological signature 
(observation of two 
electrons) to further 
suppress the backgrounds.

•Is built with radio pure 
materials. 
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The NEXT project
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NEXT-1000 
(Ton scale)NEXT-100 

(10O kg)
DEMO 
(1 kg)

NEW 
(10 kg)

(2010–2014) 
Prototyping of  

detector concept

(2015–2020) 
Test underground, 

radiopure operation

(2021–2023) 
Neutrinoless double 
beta decay searches

(2025– … ) 
Discovery? 

LSC (Canfranc) ???



The NEXT project
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NEXT-1000 
(Ton scale)NEXT-100 

(10O kg)
DEMO 
(1 kg)

NEW 
(10 kg)

We are 
here!

Many new 
results 

Demonstration 
of technology

Under 
construction



Next-White (NEW)
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NEW detector
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0.5 m

~5kg Xenon

NEXT Collaboration, JINST 13 (2018) 012, P12010  



NEW energy resolution (calibration sources)
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Figure 5: Fits to the dependence of energy on track length in the axial dimension (left), and the
resulting energy spectra of three energy peaks after application of all corrections, including a linear
correction to the energy (equation 3.1) corresponding to the average value of (m/b) = 2.79 ⇥ 10�4

obtained from the 3 fits (right).

were visible upon examining the spectrum of isolated energy depositions within all events, which
included small depositions due to xenon x-rays that managed to travel away from the main track
before interacting.

These results demonstrate that excellent energy resolution is obtainable throughout the entire
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fiducial volume once correction for the axial length e�ect is made. The energy spectrum of
high-energy triggers in the full active volume is shown in Figure 6 after applying all corrections
described in section 3 below. Unlike in the previous study [12], the 208Tl photopeak at 2615 keV
(near Q��) is clearly resolved. Further explanation of the axial length e�ect is given in appendix A
below.

Figure 6: The full energy spectrum for events with energies greater than ⇠ 150 keV. Corrections for
electron lifetime and geometrical e�ects were applied to all events, as well as a correction for the
described axial length e�ect (see section 3) corresponding to (m/b) = 2.79 ⇥ 10�4.

4 Summary

Energy resolution in the NEXT-White TPC has been further studied, and a resolution near 1% FWHM
is shown to be obtainable at 2615 keV, as predicted in the preceding study [12]. This resolution
was obtained over nearly the entire active volume, demonstrating the e�ectiveness of the continuous
83mKr-based calibration procedure implemented to correct for geometric and lifetime e�ects, and
improved slightly with more restrictive fiducial cuts. Further study is required to understand the
observed “axial length e�ect” in which the measured energy of extended tracks decreases with
increasing track length in the axial (drift) direction. However, as HPXe TPCs provide detailed energy
and topological information for each event, such e�ects can be remedied through careful calibration,
and the outstanding resolution obtained highlights the strong potential of this detector technology to
host a sensitive 0⌫�� search in which good energy resolution is essential.
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NEW topology

Topological Reco with 
Double Escape Peaks

34

On double escape peak

Off double escape peak

15cm

15
cm

208Tl 
double 
escape

Compton 
continuum

Æ 0.89% at Qbb

NEXT-White data

NEXT-White data

Figure 9: (Top) Distribution with applied fiducial cuts and (bottom) fit - 2 Gaussians summed with
a second-order polynomial - to isolated energy depositions corresponding to energies near those of
the xenon x-ray lines. Extrapolation to Q�� is done following a simple statistical law 1/

p
E .

Figure 10: (Top) Applied fiducial cuts and (bottom) fit - a Gaussian summed with a second-order
polynomial - to the Cs photopeak. Extrapolation to Q�� is done following a simple statistical law
1/
p

E .

Figure 11: (Top) Applied fiducial cuts and (bottom) fit - a Gaussian summed with an exponential -
to the e+e� double-escape peak of the 208Tl photopeak. Extrapolation to Q�� is done following a
simple statistical law 1/

p
E .

3.1.4 Tl photopeak (⇠ 2.6 MeV)

The longest tracks analyzed, those most di�cult to correct due to the wide topological extent of each
single event, were those produced by full-energy depositions of the 2614.5 keV 232Tl photopeak,
shown in Fig. 12.

8

14

Double-escape peak (208Tl)



NEW topology
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Traditional cut-base analysis 
~70% efficiency 

~20% bkg contamination
NEXT Collaboration, JHEP 10 (2019) 052

Topological signature 13

Single and double electrons from  analysis with 
energies near 

ββ2ν
Qββ

• HEP 10 (2019) 052

• JHEP 10 (2019) 052

Improvement with DNNs  
~5% bkg contamination

Publication in prep.
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Summary of NEW results 

With several calibration sources (different 
energies), energy resolution better than 
1% FWHM at Qββ is achieved  

•Backgrounds measured in NEW and 
used for future predictions 
• Identification of potential improvements 

•NEXT-100

16

1.Great energy resolution        

2. Low background          

3.Scalability             

✓

✓



NEXT-100

1.3 m

1.0 m

Measurement of  mode/NEXT-100ββ2ν 14
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• Design complete 
• Construction expected to 

start in the Fall 

NEXT-100 Technical Design Report (TDR). 
Executive Summary, JINST 7 (2012) T06001.

~100kg Xenon



NEXT-100 sensitivity
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Figure 11. Sensitivity (at 90% CL) of NEXT-100 to neutrinoless double beta decay. The (crimson)
solid curves represent the half-life sensitivity, while the (blue) dashed curves correspond to the
m�� sensitivity for the largest (EDF) and smallest (ISM) NME estimates listed in Table 1. Top:
Sensitivity of NEXT-100 in terms of the accumulated exposure for an estimated background rate of
4 ⇥ 10�4 counts/(keV kg yr). Bottom: Sensitivity after an e↵ective 3-year run (equivalent to an
exposure of about 275 kg yr) as a function of the achieved background rate.

promising way —perhaps the only way— of establishing the nature of neutrino mass and

determining whether total lepton number is violated. In this paper, we have discussed in

depth one of the new-generation experiments: the Neutrino Experiment with a Xenon TPC

(NEXT), which will search for the neutrinoless double beta decay of 136Xe at the Laboratorio

Subterráneo de Canfranc (LSC). NEXT possesses two features of great value for 0⌫��-decay

searches: excellent energy resolution and an extra experimental signature, charged-particle

tracking, for the active suppression of background. The goal of the NEXT project is the

construction, commissioning and operation of the NEXT-100 detector, a 100-kg xenon gas

TPC built with radiopure materials that will start taking low-background data at LSC

– 23 –

NEXT Collaboration, JHEP 1605 (2016) 159

1 year 3 years

T1/2 = 2.8 x 1025 y

T1/2 = 6 x 1025 y



NEXT-HD (ton-scale for the inverted hierarchy)

19NEXT Collaboration, arXiv:2005.06467

Water tank

Copper shield

Field cage

Cathode

Readout planes

Figure 1. Left: Conceptual design of a tonne-scale NEXT detector inside a water tank. Right:
Zoom-in on the internal structures of the detector.

preliminary results from both methods already in hand, we assume in this study that

the axial position of events will be reconstructed with similar precision to what has been

achieved in NEXT-White.

The other major adjustment from NEXT-100 would be changing to a symmetric TPC

design with a central cathode and two EL gaps. This modification halves the maximum drift

length, easing the requirements on gas purity and high voltage. For example, the detector of

2.6 m would require ⇠ 65 kV at the central cathode to achieve a NEXT standard drift field of

500 V cm�1, a value already within the target specifications of the NEXT-100 high-voltage

feedthrough. The shorter drift length would reduce as well the average electron di↵usion

(proportional to the square root of the drift length), which impacts track reconstruction.

Moreover, no bu↵er region would be required to protect sensors and electronics against

high voltage discharges from the cathode, e↵ectively increasing the active volume available

for physics and maximizing the isotope use.

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. Teflon panels are then fitted to the HDPE bars making the light reflector

seen in Fig. 1. These Teflon reflectors are ⇠ 5 mm thick and constitute the majority

of the mass of the field cage. 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 was a major R&D e↵ort performed by the Collaboration. Recent progress through

R&D with photo-etched hexagonal meshes shows promise, with manufactures capable of

producing meshes of the scale required for the tonne-scale experiment. These meshes can be

tensioned su�ciently to operate at the field strengths envisioned and can sustain high energy

– 4 –

• 1-ton module(s) 
• Symmetric detector (2.6m diameter, 1.3m drift) 
• Only SiPMs (no PMTs)



NEXT-HD (ton-scale for the inverted hierarchy)

20NEXT Collaboration, arXiv:2005.06467
Figure 7. Left: Projected sensitivity to the 136Xe 0⌫�� half-life with both the NEXT-100 and
NEXT-1T background models for the pure xenon and low-di↵usion cases; the band represents the
span of the background model for the given di↵usion assumption. Right: Background index for both
background models and pure xenon and low di↵usion mixtures.

of thee energies is long so interaction within the fiducial volume is likely. However, when

theses gammas interact their energy and topology can be scrutinized and the power of the

topological analysis is evident.

5 Predicted background index and sensitivity

The sensitivity of an experiment is defined as the median half-life which can be excluded at

a given confidence level in many repetitions of an experiment providing a null observation.

Based on the predicted activities and acceptance factors presented we can evaluate the

median sensitivity of the tonne scale NEXT-like detector.

The total background index for each analysis configuration was calculated by taking

the radiogenic contribution plus an additional 20% to account for material contributions

outside the copper shielding, the cosmogenic background for a siting location, and the

possibility of radon contamination. Due to the low background nature the additional 20%

do not impact the sensitivity in a major way. Figure 7 (right) summarises these numbers.

The background index from each set was used to generate a sensitivity curve following

the Feldman-Cousins method for a 90% unified confidence interval [52]. These sensitivities

were then used to construct a band that is dependent on detector performance for both

NEXT-100 and NEXT-1T background models. The width of the band shows the di↵erence

between the models, as seen in Figure 7-left. Siting of the detector is not yet specified, though

candidate underground laboratories include SNOLAB (6 km.w.e), SURF (4.3 km.w.e.),

LNGS (3.3 km.w.e.) and LSC (2.2 km.w.e.). For these studies, we assume siting at LNGS

– 14 –



NEXT-BOLD (ton-scale for the normal(!) hierarchy)

21NEXT Collaboration, arXiv:2005.06467

Figure 7. Left: Projected sensitivity to the 136Xe 0⌫�� half-life with both the NEXT-100 and
NEXT-1T background models for the pure xenon and low-di↵usion cases; the band represents the
span of the background model for the given di↵usion assumption. Right: Background index for both
background models and pure xenon and low di↵usion mixtures.
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possibility of radon contamination. Due to the low background nature the additional 20%
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– 14 –

Possibility of Ba Tagging in gas Xenon would 
provide a ~background-free experiment!

See B. Fairbank’s talk



Summary

• HPGTPCs have unique advantages for neutrinoless double-beta 
decay searches 

• NEW demonstrated that topology selection and great energy 
resolution can be achieved 

• NEXT-100 construction will soon be underway, will demonstrate 
scalability and will have sensitivity similar to current generation of 
experiments 

• The ton-scale is really where we want to go and NEXT proposes 
a staged approach with potential to reach near the normal mass 
ordering phase space

22



Summary

• HPGTPCs have unique advantages for neutrinoless double-beta 
decay searches 

• NEW demonstrated that topology selection and great energy 
resolution can be achieved 

• NEXT-100 construction will soon be underway, will demonstrate 
scalability and will have sensitivity similar to current generation of 
experiments 

• The ton-scale is really where we want to go and NEXT proposes 
a staged approach with potential to reach near the normal mass 
ordering phase space

23



NEW calibration with Krypton-83m

24

Figure 8: Distribution of events in the (x, y) plane.

Figure 9: Main panel: di�erence between the reconstructed and true x position, �x, for Monte
Carlo krypton events as a function of the radial position; left sub-panel: distribution of the �x
variable. The standard deviation of the distribution is (0.663 ± 0.010) mm. A similar distribution is
found for the y coordinate.

Monte Carlo events have been generated using a GEANT4-based program [18] which incorpo-
rates a detailed description of the geometry and materials of the detector, the simulation of 83mKr
decays, the light propagation of S1 and S2 signals, and the response of the SiPMs and PMTs sensors.

– 10 –

NEXT Collaboration, 
JINST 13 (2018) P10014

Figure 3: 83Rb decay scheme.

A 83mKr decay results in a point-like energy deposition. The time elapsed between detection of
S1 and detection of S2 is the drift time and its measurement, together with the known value of the
drift velocity [16], determines the z-coordinate at which the ionization was produced in the active
region. The x and y coordinates are obtained by a position reconstruction algorithm which uses the
charge recorded by the SiPMs of the tracking plane. The combination of the PMT and SiPM sensor
responses yields a full 3D event reconstruction.

To properly measure the energy of an event in NEXT-White it is necessary to correct for two
instrumental e�ects: a) the finite electron lifetime, due to attachment of ionization electrons drifting
towards the cathode to residual impurities in the gas, and b) the dependence of the light detected by
the energy plane on the (x, y) position of the event. Krypton calibrations provide a powerful tool to
measure and correct both e�ects.

The e�ect of electron attachment is described using an exponential relation:

q(t) = q0 e�t/⌧ (4.1)

where q0 is the charge produced by the 83mKr decay, t is the drift time, and ⌧ is the lifetime. Ideally,
attachment can be corrected by measuring a single number. However, in a high pressure detector the
lifetime may depend on the position (x, y, z), due to the presence of non homogenous recirculation
of the gas, or concentrations of impurities due to virtual leaks. As discussed in section 6, the
dependence of ⌧ with the longitudinal coordinate z in the NEXT-White detector can be neglected,
while the dependence of ⌧ with the transverse (x, y) coordinates must be taken into account. This is
done using krypton calibrations to produce a lifetime map that records the lifetime as a function of
(x, y).

Furthermore, 83mKr decays can be used to produce a map of energy corrections. This map is
needed to properly equalize the energy of events occurring in di�erent locations in the chamber as
the light detected by the photomultipliers depends on the (x, y) coordinates of the event even after ⌧
correction. Such dependence comes from the variation of the solid angle covered by the PMTs for
direct light and expected acceptance for reflected light as well as from losses in events close to the
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Point source 
of ~40keV

Figure 5: Resolution obtained using krypton calibrations as a function of Z and R.

edges of the map (top-right panel). The bottom-left panel is the lifetime map, showing stratification
of the lifetime in the detector. The average error of the map is of the order of 3%. Notice that for a
lifetime of 4 ms, the maximum charge lost is 12%. The charge is recovered using the lifetime map,
and the relative error introduced in the energy residual is equal to the relative error in the lifetime, so
the maximum error of the procedure is ⇠ 40.4%.

Fig. 5 shows the resolution obtained with krypton after corrections. Notice that for low Z
(no charge loss due to attachment) and low R (center of detector, small geometrical corrections),
the resolution approaches 3.5%, or 0.45% at Q��(FWHM, 1/

p
E extrapolation). Even for larger

values of R and Z the resolution stays below 4.5% (0.55% FWHM at Q��). In conclusion, krypton
calibrations allow us to apply corrections to our data, producing geometrical and lifetime maps. The
energy resolution that we obtain at low energy approaches the intrinsic resolution in xenon.

3 Energy resolution at high energies

NEW has recently demonstrated excellent energy resolution1, and further developments have been
made since this time. Here we report on the current status of calibrations with high energy sources
(137Cs and 232Th). The general locations at which these sources were placed are described in Fig.
6. In addition to these sources, radioactive 83mKr was present in the detector, and triggers on
the resulting low-energy (41.5 keV) events were taken simultaneously and analyzed separately to
construct energy correction maps that could be used to address geometrical and electron lifetime
e�ects on the energy resolution.

We show results from a single run at 10.1 bar pressure, though many such runs have been
obtained and can be combined in the future for a higher-statistics analysis. All data were processed
with the analysis software IC, beginning with raw sensor waveforms and producing maps containing

1J. Renner et al. (NEXT Collaboration). Initial results on energy resolution of the NEXT-White detector. JINST 13,
P10020 (2018). [arXiv:1808.01804]
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Energy resolution at 
Qββ ~0.5% FWHM



NEW backgrounds
Low-background data taking proceeding after detector calibration 
campaign. NEXT background model assessed using these data.


Several improvements in the setup have reduced backgrounds by a 
factor of ~4:


• New radiopure components in detector.

• Radon-free air introduced in lead shielding.

• Additional layer of shielding added.
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Figure 3. Fiducial background rate as a function of data taking calendar day. Vertical dashed lines
mark the start time of Run-IVa, Run-IVb and Run-IVc.

Figure 4. Fully corrected energy spectra of the fiducial background samples collected during Run-IV.
Left: spectra from Run-IVa, Run-IVb and Run-IVc superimposed. For clarity, the statistical error
bars in Run-IVa, Run-IVb are not shown. Right: ratio between Run-IVb and Run-IVa (top) and
between Run-IVc and Run-IVb (bottom).

peak, accounting also for sub-percent time variations in the light yield during each 24-hour

period. The final energy scale is obtained from high-energy calibration runs, deploying 137Cs

and 232Th sources, taken before (after) the start (end) of Run-IV. The 137Cs photo-peak

(662 keV) and the 208Tl double-escape peak (1592 keV) and photo-peak (2615 keV) are used

to define a linear scale yielding residuals below 0.4%. Figure 4 shows the energy spectra

of the fiducial background samples in Run-IV, for an energy above 600 keV. Despite the

limited exposure, the characteristic lines of 208Tl (1592 keV), 214Bi (1764 and 2204 keV),
60Co (1173 and 1333 keV) and 40K (1461 keV) isotopes are visible.

The background rate in Run-IVa has decreased by a factor of 1.7 with respect to the
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Radon free air Additional shielding

NEXT Collaboration, JHEP 10 (2019) 051


