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NEUTRINOS IN THE STANDARD MODEL
2
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Figure 1: Particle content of the SM and its minimal extension in neutrino sector. In the SM

(left) the right-handed partners of neutrinos are absent. In the ⌫MSM (right) all fermions

have both left and right-handed components.

Y can vary from 10�13 (Dirac neutrino case) to ⇠ ⇡ (the onset of the strong coupling). The

admitted region is sketched in Fig. 2.

Independently on their mass, the new Majorana leptons can explain oscillations of active

neutrinos. So, an extra input is needed to fix their mass range. It can be provided by the

LHC experiments.

Suppose that the resonance found at the LHC by Atlas and CMS in the region 125� 126

GeV is indeed the Higgs boson of the Standard Model. This number is remarkably close to

the lower limit on the Higgs mass coming from the requirement of the absolute stability of

the electroweak vacuum and from Higgs inflation, and to prediction of the Higgs mass from

asymptotic safety of the Standard Model (see detailed discussion in [1] and in a proposal

submitted to European High Energy Strategy Group by Bezrukov et al. [2]). The existence

of the Higgs boson with this particular mass tells that the Standard Model vacuum is stable

or metastable with the life-time exceeding that of the Universe. The SM in this case is a

valid e↵ective field theory up to the Planck scale, and no new physics is required above the

Fermi scale from this point of view. Suppose also that the LHC finds no new particle and no

deviations from the Standard Model. In this case the “naturalness paradigm”, leading the

theoretical research over the last few decades will be much less attractive, as the proposals for

new physics stabilizing the electroweak scale by existence of new particles in the TeV region

and based on low energy supersymmetry, technicolor or large extra dimensions would require

severe fine-tunings.

The solution of the hierarchy problem does not require in fact the presence of new particles

or new physics above the Fermi scale. Moreover, the absence of new particles between the

electroweak and Planck scales, supplemented by extra symmetries (such as the scale invari-

ance) may itself be used as an instrument towards a solution of the problem of stability of

2

Fermion masses arise from the couplings 
of their left-handed and right-handed 
fields to the Higgs field.

The Standard Model does not contain 
right-handed neutrino fields (they’d be 
sterile, since they can’t couple to the W 
weak boson).

Therefore, neutrinos are left massless in 
the Standard Model.



NEUTRINO OSCILLATIONS
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Oscillation experiments have established that neutrinos are massive particles and that the neutrino states 
participating in the weak interaction (flavour eigenstates) are different from the states controlling free-particle 
evolution (mass eigenstates). 

NEUTRINO MASSES AND MIXING
4

at
m

2
m
Δ

so
l

2
m
Δ 1ν

2ν

3ν so
l

2
m
Δ

3ν

1ν
2ν



FERMION MASS SPECTRUM
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RECIPES FOR A NEUTRINO MASS
6

1.2. THE ORIGIN OF NEUTRINO MASSES 9
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Figure �.�. �e e�ect of Dirac and Majorana mass terms: Both types of mass terms
turn chiral states into their opposite (the charge conjugate of a �eld with a given
chirality always has the opposite chirality). In addition, Majorana mass terms convert
particles into their antiparticles.

violating the SM total lepton number L ≡ Le + Lµ + Lτ by two units (�∆L� = �).
Such mass terms are therefore forbidden for all electrically charged fermions
because of charge conservation.

�.�.� �e see-saw mechanism

We have seen above that in order to generate a Dirac mass for the neutrino
as we do for the other fermions, we are forced to introduce in our theory the
sterile neutrino �eld νR. Notice that once this �eld exists, there is no strong
reason in the SM to prevent the occurrence of a Majorana mass term like that
in Eq. (�.��): such a term violates neither the conservation of weak isospin
nor that of electric charge. Consequently, if nature contains a Dirac neutrino
mass term, then it is very likely that it will also contain a Majorana mass term,
and, of course, if no Dirac neutrino mass term exists, then, certainly, the only
source of neutrino mass would be a Majorana mass term.

�erefore, the most general neutrino mass term allowed in the framework
of the SM with the minimal addition of the positive-chirality �eld νR is the
following:

L
D+M
mass = L

D
mass +L

M ,R
mass . (�.��)

In contrast, the Majorana mass term in Eq. (�.��) is not allowed by the sym-
metries of the SM, but it could be generated by new physics. In order to
understand the implications of the combined Dirac-Majorana mass term in

Dirac mass term Majorana mass term1.2. THE ORIGIN OF NEUTRINO MASSES 9
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in Eq. (�.��): such a term violates neither the conservation of weak isospin
nor that of electric charge. Consequently, if nature contains a Dirac neutrino
mass term, then it is very likely that it will also contain a Majorana mass term,
and, of course, if no Dirac neutrino mass term exists, then, certainly, the only
source of neutrino mass would be a Majorana mass term.

�erefore, the most general neutrino mass term allowed in the framework
of the SM with the minimal addition of the positive-chirality �eld νR is the
following:
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RECIPES FOR A NEUTRINO MASS
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Dirac mass term Majorana mass term

−LD = mν νL νR +H.c −LM = mν νL νcL +H.c

• Mass term analogous to those of 
charged leptons. 

• Sterile right-handed fields added to SM. 

• Conserves lepton number.

• Requires an expanded Higgs sector. 

• Implies lepton number violation. 

• Neutrinos and antineutrinos are 
identical. 



RECIPES FOR A NEUTRINO MASS
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Dirac mass term Majorana mass term

• Mass proportional to Higgs VEV.  

• Very small couplings (unexplained) 
needed to account for observed neutrino 
masses.

• Hint of a new physics scale responsible 
for the strong hierarchy between 
neutrino and charged-lepton masses (cf. 
Weinberg operator and seesaw 
mechanism).

mν ∼ yν υ mν ∼ yν υ��M



DOUBLE BETA DECAY

ν

ν e−e− e−

e−
ν

ν

�νββ �νββ

Forbidden in SM. Violates total 
lepton number (ΔL=2). Half-life 
longer than 1025 years.

SM-allowed process. Observed 
in several isotopes with half-lives 
of order 1018–1022 years.

9



The simplest underlying mechanism for neutrinoless double beta decay is the virtual exchange of a light 
Majorana neutrino. However, irrespectively of the mechanism, the existence of neutrinoless double beta decay 
implies a Majorana mass term for neutrinos.

DOUBLE BETA DECAY AND MAJORANA NEUTRINOS
dL uL

W

W

e−L

e−L

dL uL

ν

10



(If light neutrino exchange is the dominant underlying mechanism.)

DECAY RATE
11
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����−� = G�ν �M�ν �� �mββ
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Phase-space integral 
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(particle physics)
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BUILD YOUR OWN EXPERIMENT
12

1. Acquire a large mass (M) of a double-beta emitter 
and a calorimeter with perfect resolution and 
efficiency. 

2. Measure the energy of the radiation emitted by the 
source to separate the two double beta decay modes. 

3. Count the number of neutrinoless decays (N) that 
have occurred in a given time (t) and calculate the 
corresponding half-life: 

T��� = log � NA
W

M t
N
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Natural radioactivity is the most common background for neutrinoless double beta decay experiments.  
The figure shows a typical energy spectrum of a high-purity germanium calorimeter.

BACKGROUNDS
13

Table 1. Background counting rates (expressed in counts d−1 kg−1) of the germanium detectors used at LSC
for the NEXT measurements. Integral rate from 100 to 2700 keV and rates at different peaks (583 keV from
208Tl, 609 keV from 214Bi and 1461 keV from 40K) are presented. Only statistical errors are quoted.

Detector name Mass (kg) 100-2700 keV 583 keV 609 keV 1461 keV
GeOroel 2.230 490±2 0.8±0.1 3.0± 0.2 0.41±0.07
GeAnayet 2.183 714±3 3.8±0.2 1.7±0.1 0.38±0.07
GeTobazo 2.185 708±3 4.0±0.2 1.3±0.1 0.40±0.06
GeLatuca 2.187 710±3 3.3±0.2 5.9±0.3 0.56±0.08
Paquito 1 79±2 0.27±0.09 0.5±0.1 0.25±0.09

Figure 3. Energy spectrum of GeOroel detector at LSC registered in a background measurement for 38.00
days. Main gamma lines from isotopes of the 238U (red) and 232Th (blue) radioactive chains and from 40K
(green) are marked.

differ from the background signal. The criteria proposed in Currie’s landmark paper [25] and more
recently revised in [16, 26] have been followed here. Activities have been quantified when possible
and upper limits with a 95.45% C.L. have been derived otherwise.

Concerning the estimate of the detection efficiency, Monte Carlo simulations based on the
Geant4 [27] code have been performed for each sample, accounting for intrinsic efficiency, the geo-
metric factor and self-absorption at the sample. No relevant change has been observed in the Geant4
simulation when changing version or the physical models implemented for interactions (consid-
ering the low energy extensions for electromagnetic processes based on theoretical models and
on exploitation of evaluated data, G4EmLivermorePhysics class and the previous G4LowEnergy*

– 6 –

NEXT Collaboration (Álvarez et al.), JINST 8 (2013) T01002



Good energy resolution is essential: it increases the signal to noise ratio and is the only protection against the 
standard two-neutrino decay mode.

ENERGY RESOLUTION
14
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Detectors are being built with materials with activities as low as 10–6 Bq/kg.  
(Compare that with typical activity of human body of about 100 Bq/kg.)

RADIOPURITY
15



All experiments look for extra signatures (e.g. event topology or pulse-shape discrimination) to differentiate 
signal and background events.
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EXPERIMENTAL FIGURE OF MERIT
17
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CURRENT EXPERIMENTAL STATUS
18

Current best limits to 0νββ half-life: 

• KamLAND-Zen (136Xe): >1.07×1026 years (90% CL). 

• GERDA (76Ge): >0.90×1026 years (90% CL).

30 nEXO Overview

Besides the search for 0⌫�� decay of 136Xe, EXO-200 has set some of the most stringent limits
on the 0⌫�� and 2⌫�� decays of 134Xe [22], the Majoron-emitting �� modes of 136Xe [23], the 2⌫��
decay of 136Xe to the 0

+1 excited state of 136Ba [24], Lorentz and CPT violation in 2⌫�� decay [25],
and triple nucleon decays of 136Xe [26]. Furthermore, EXO-200 has made several measurements
that enhanced our understanding of LXe detector physics, including the drift velocity and trans-
verse diffusion of electrons in LXe [27], and the ion fraction and mobility of ↵ and � decaying Rn
progeny in LXe [28].

3.3 nEXO Background Model and Sensitivity

The following sections present the current estimates for the physics reach of nEXO. This is done
in terms of a half-life limit, to be determined in case no effect is observed, and in the form of a
“discovery potential,” which is the magnitude of an effect that would be observable with a given
degree of likelihood. While the 0⌫�� half-life sets the scale for discovery of physics beyond the
standard model, the experimentally observable “event rate” is connected here to neutrino physics
by reporting the constraints that nEXO expects to provide on hm��i.

Many experimental parameters of the rather complex nEXO detector enter into the sensitivity

Figure 3.6: Comparison of 76Ge and 136Xe derived 0⌫�� half-lives. The horizontal and vertical lines repre-
sent the GERDA [19], MAJORANA DEMONSTRATOR (MJD) [20], KamLAND-Zen [21], and EXO-200 [9]
sensitivities and limits. The shaded diagonal band indicates uncertainties due to different matrix element
calculations. The marks on the diagonals denote model-specific effective Majorana neutrino masses.
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CURRENT EXPERIMENTAL STATUS
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J. Detwiler

Experiments

10 Updated from J. WilkersonCompleteConstruction OperatingR&D

Collaboration Isotope Technique mass  
(0νββ isotope) Status

CANDLES-III 48Ca 305 kg CaF2 crystals in liquid scintillator 0.3 kg Operating
CANDLES-IV 48Ca CaF2 scintillating bolometers TBD R&D

GERDA 76Ge Point contact Ge in active LAr 44 kg Complete
MAJORANA DEMONSTRATOR 76Ge Point contact Ge in Lead 30 kg Operating

LEGEND 200 76Ge Point contact Ge in active LAr 200 kg Construction
LEGEND 1000 76Ge Point contact Ge in active LAr 1 tonne R&D

SuperNEMO Demonstrator 82Se Foils with tracking 7 kg Construction
SELENA 82Se Se CCDs <1 kg R&D
NνDEx 82Se SeF6 high pressure gas TPC 50 kg R&D
ZICOS 96Zr 10% natZr in liquid scintillator 45 kg R&D

AMoRE-I 100Mo 40CaMoO4 scintillating bolometers 6 kg Construction
AMoRE-II 100Mo Li2MoO4 scintillating bolometers 100 kg Construction

CUPID 100Mo Li2MoO4 scintillating bolometers 250 kg R&D
COBRA 116Cd/130Te CdZnTe detectors 10 kg Operating
CUORE 130Te TeO2 Bolometer 206 kg Operating
SNO+ 130Te 0.5% natTe in liquid scintillator 1300 kg Construction

SNO+ Phase II 130Te 2.5% natTe in liquid scintillator 8 tonnes R&D
Theia-Te 130Te 5% natTe in liquid scintillator 31 tonnes R&D

KamLAND-Zen 400 136Xe 2.7% in liquid scintillator 370 kg Complete
KamLAND-Zen 800 136Xe 2.7% in liquid scintillator 750 kg Operating

KamLAND2-Zen 136Xe 2.7% in liquid scintillator ~tonne R&D
EXO-200 136Xe Xe liquid TPC 160 kg Complete

nEXO 136Xe Xe liquid TPC 5 tonnes R&D
NEXT-WHITE 136Xe High pressure GXe TPC ~5 kg Operating

NEXT-100 136Xe High pressure GXe TPC 100 kg Construction
PandaX 136Xe High pressure GXe TPC ~tonne R&D
AXEL 136Xe High pressure GXe TPC ~tonne R&D

DARWIN 136Xe natXe liquid TPC 3.5 tonnes R&D
LZ 136Xe natXe liquid TPC R&D

Theia-Xe 136Xe 3% in liquid scintillator 50 tonnes R&D
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Xenon gas time projection chamber with electroluminescent amplification. 

• Primary scintillation (S1) establishes the start-of-event time. 

• Secondary scintillation (S2) is used for calorimetry and tracking. 

• Specialized sensor arrays for each measurement.

DETECTOR CONCEPT
22
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Intrinsic energy resolution of xenon gas close to 0.3% at 2.5 MeV.  
Fano factor of xenon significantly smaller in gaseous phase than in liquid.

ENERGY RESOLUTION IN XENON
23

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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Emission of scintillation light by atoms excited by a charge accelerated by an electric field.  
High, linear amplification gain with sub-Poisson fluctuations.

ELECTROLUMINESCENCE
24
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Signal events (two electron tracks with a common vertex) feature high dE/dx blobs at both ends, unlike most 
common background events (single electrons).

TRACK TOPOLOGY
25
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THE PROJECT
26

NEXT-1000 
(Ton scale)NEXT-100 

(10O kg)
DEMO 
(1 kg)

NEW 
(10 kg)

(2010–2014) 
Prototyping of  

detector concept

(2015–2018) 
Test underground, 

radiopure operation

(2019–2021) 
Neutrinoless double 
beta decay searches

(2021– … ) 
Discovery? 
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NEXT-WHITE

12 Hamamatsu R11410 2000+ SensL 1-mm2 SiPMs



31

NEXT-WHITE
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NEXT-WHITE
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Figure 18: Image of the NEXT-White vessel in the LSC clean room while detector assembly.

Figure 19: The NEXT-WhiteNEXT-100 compressor, manufactured by SERA.

The gas loop has two SAES MC4500-902 ambient temperature getters [28] (cold getters) and
one SAES PS4-MT50-R-535 hot getter [29].The three getters can be operated in parallel to allow
large flow operations. The normal mode of operation is to circulate only through the hot getter,
given the large radon contamination introduced by the cold getters. Indeed, recirculation through the
hot getter only is a must in a physics run. However, during commissioning, circulation through the

– 19 –
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Figure 18: Image of the NEXT-White vessel in the LSC clean room while detector assembly.

Figure 19: The NEXT-WhiteNEXT-100 compressor, manufactured by SERA.

The gas loop has two SAES MC4500-902 ambient temperature getters [28] (cold getters) and
one SAES PS4-MT50-R-535 hot getter [29].The three getters can be operated in parallel to allow
large flow operations. The normal mode of operation is to circulate only through the hot getter,
given the large radon contamination introduced by the cold getters. Indeed, recirculation through the
hot getter only is a must in a physics run. However, during commissioning, circulation through the

– 19 –

cold getters (or both cold and hot getters) allows a faster purification of the gas and is an acceptable
strategy provided su�cient time is allowed after closing the cold getters for the radon to decay.

The compressor, shown in figure 19 was manufactured by SERA [30]. The inlet takes gas at
a pressure between 5 bar and 10 bar. The maximum outlet pressure is 25 bar. The total leak rate
of the compressor has been measure to be smaller than 0.19 g yr�1. The compressor has a triple
diaphragm system that prevents catastrophic loses of xenon and gas contamination in case of an
abrupt diaphragm rupture.

The flow direction inside the active volume of the detector is from the anode to the cathode. The
gas enters just behind the tracking plane copper plate (See sec. 6) and exits through a VCR 1/2" port
just after the cathode. With this configuration, the clean gas enters directly into the amplification
region.

8.3 Cryo-recovery system

Figure 20: Left: A picture of the two NEXT cryo-bottles. Right: A drawing showing the design of
the second bottle (the first one is similar).

Recovery of the xenon under normal operation conditions is achieved by connecting two
cryo-bottles (figure 20 left) to the recirculation loop and to the expansion tank (so that one can
recover the xenon stored there in the event of an emergency evacuation). One of the bottles is used
to recover normal xenon, while the other will be used to recover enriched xenon. Each bottle is
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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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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.
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Figure 5: 83mKr raw waveforms for the individual PMTs, showing the negative swing introduced
by the PMT frond-end electronics. The left panel shows the RWF in the full DAQW, while the right
panel shows a zoom on the S2 signal on which the event was triggered.

Figure 6: 83mKr corrected waveforms for the sum of the PMTs. The top panel shows the CWF in
the full DAQW, while the bottom panels show zooms of the S1 (left) and S2 (right) waveforms.

triggered by the S2 signal, which appears centered in the data acquisition window (DAQW). The S1
signal appears up to the maximum drift time before the S2.
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Figure 6: 83mKr corrected waveforms for the sum of the PMTs. The top panel shows the CWF in
the full DAQW, while the bottom panels show zooms of the S1 (left) and S2 (right) waveforms.

triggered by the S2 signal, which appears centered in the data acquisition window (DAQW). The S1
signal appears up to the maximum drift time before the S2.
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Figure 3: Evolution of the average lifetime during Run IVc.

Figure 4: Calibration maps. See text for details

4
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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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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 (nominally at 662 keV, 1592 keV,

and 2615 keV) after application of all corrections, including a linear correction to the energy

(equation 3.1) corresponding to the average value of (m/b) = 2.76⇥ 10�4 obtained from the

3 fits (right).

without visibly cutting into the dense areas of the 2D distributions) gave an error of

approximately 0.2 ⇥ 10�4 for each computed (m/b) in addition to the statistical errors

shown on the distributions in Figure 5 (left). In determining (m/b) and in the subsequent
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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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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.
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Low-background data taking proceeding after 
detector calibration campaign. NEXT background 
model assessed using these data. 

Several improvements in the setup have reduced 
the background in a factor of ~4 over the last 2 
years. 

Measurement of the two-neutrino half-life is 
ongoing.
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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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EZ ββ2ν fit (1e+2e samples) 14

All contribution but signal and Bi are consistent with the 2e sample fit
Xe half-life tension with EXO highly reduced
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Tagging of the Ba ion produced in a double beta decay would result in a zero-
background experiment. It has been actively explored in gaseous and liquid xenon 
for 15+ years.

TOWARDS THE TONNE SCALE: BA TAGGING
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SMFI is a technique from biochemistry with proven single-ion resolution that 
was awarded a Nobel prize in chemistry in 2014. A non-fluorescent molecule 
becomes fluorescent upon chelation with an incident ion.  

Calcium and barium are congeners: many dyes developed for Ca are also 
expected to respond to Ba. Can we use SMFI to identify a single Ba ion in a 
xenon gas volume? 

D.R. Nygren, J. Phys. Conf. Ser. 650 (2015) 012002

SMFI:
� A non-fluorescent molecule becomes fluorescent (or vice versa) upon 

chelation with an incident ion.

44

Not fluorescent Fluorescent

Dye

Receptor

Concept to adapt SMFI for Ba 
tagging: 
D.R. Nygren, J.Phys.Conf.Ser. 
650 (2015) no.1, 012002

Calcium and barium are congeners ± many dyes developed for calcium are 
also expected to respond to barium

TOWARDS THE TONNE SCALE: BA TAGGING
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Strong 
fluorescence from 
Fluo3 and Fluo4 
under chelation 
with 
Ba++ ions à

Ba++ Ca++

Single molecule fluorescence imaging as a 
technique for barium tagging in neutrinoless

double beta decay
Jones, McDonald, Nygren, JINST (2016) 11 

P12011

1

Jones, McDonald, Nygren, JINST 11 (2016) P12011

Strong fluorescence from Fluo3 
and Fluo4 under chelation with  
Ba++ ions.
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Single Ba++ TIRF images from our lab at UTA

50

Å This image shows a 
weak solution of 
barium perchlorate salt 
on our sensor.

Each spot is a single 
barium ion.

Brighter spots are near the 
TIRF surface, dimmer ones 
are deeper in the sample.

In a xenon detector, dye 
deposited as a monolayer 
and only brightest spots at 
constant depth expected.

The image shows a weak solution of barium perchlorate salt on a  
total internal reflection microscope developed at UTA.

Each spot is a single 
barium ion. 

Brighter spots are near the 
microscope surface, 
dimmer ones are deeper in 
the sample. 

In a xenon detector, dye 
would be deposited as a 
monolayer: only brightest 
spots at constant depth 
expected.
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First demonstration of single barium  
ion resolution! 

NEXT Collaboration, Phys. Rev. Lett. 120 (2018) 132504
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Neutrinoless double beta decay searches are the most promising (likely the only) way to establish that 
neutrinos are Majorana particles. 

The current generation of experiments is exploring the degenerate region of neutrino masses. Going 
forward, double beta decay experiments will require exposures well above 103 kg yr and background rates 
below 1 counts tonne–1 yr–1. 

NEXT has proven that a GXe TPC can provide both high energy resolution and tracking for event 
identification. NEXT-100 will probably be the most sensitive experiment using 136Xe, according to the 
background rate measured in NEXT-White.  

There’s a clear path to improve NEXT towards the ton scale: reach energy resolutions close to the intrinsic 
limit (<0.5% FWHM) and improve the rejecting power of the tracking signature. 

R&D on chemical tagging of Ba ions undergoing, with very promising results so far.

SUMMARY
50


