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Majorana’s landscape 2

Even the most ambitious of the current-generation 
experiments  can arrive at best here 
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Next-generation experiments 
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Target of the next-generation experiments 

Standard mechanism: mbb vs. lightest n mass 
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1/t = G(Q,Z) gA
4 |Mnucl|2mbb 
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mbb = |Ue1 |2 M1 + eia1|Ue2|2 M2 + eia2|Ue3|2 M3| 

50 meV 

15 meV 

5 meV 

Inverted Ordering (IO) 

Normal Ordering (NO) 

Mlightest [eV] 

Phys. Rev. D90, 033005 (2014) 

1/t = G(Q,Z) gA
4 |Mnucl|2 mbb 

2 

 mbb = |Ue1 |2 M1 + eia1|Ue2|2 M2 + eia2|Ue3|2 M3| 

50 meV 

15 meV 

5 meV 

Inverted Ordering (IO) 

Normal Ordering (NO) 

(1) T1/2 = 1.1×1026 – 37    counts/(y×ton) 
(2) T1/2 = 1.0×1027 –   5.5 counts/(y×ton) 

(1) T1/2 = 1.2×1027 – 3.3 counts/(y×ton) 
(2) T1/2 = 1.1×1028 – 0.5 counts/(y×ton) 

(1) T1/2 = 1.1×1028 – 0.37  counts/(y×ton) 
(2) T1/2 = 1.0×1029 – 0.05 counts/(y×ton) 

How difficult is it? 
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A. Giuliani, Neutrino, 2018



NEXT uses Xenon 322 CHAPTER 2. NEUTRINOLESS DOUBLE BETA DECAY AND MAJORANA NEUTRINOS
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Figure �.�. Atomic masses of isotopes with A = ��� given as di�erences with respect
to the most bound isotope, ���Ba. �e red levels indicate odd-odd nuclides, whereas
the green indicate even-even ones. �e arrows show the type of nuclear transition
connecting the levels. Double beta (either plus or minus) transitions are possible
because the intermediate state (∆Z = ±�) is less bound, forbidding the beta decay.

Phase-space considerations alone would give preference to the �νββ mode
over the �νββ one, but the decay rate of the former is suppressed by the
very small neutrino masses (§ �.�). Both transition modes involve the �+
ground state of the initial nucleus and, in almost all cases, the �+ ground
state of the �nal nucleus. For some isotopes, it is also energetically possible
to have a transition to an excited �+ or �+ �nal state, even though these are
suppressed because of the smaller phase space available. In both decay modes
the emitted leptons carry essentially all the available energy and the nuclear
recoil is negligible. �erefore, in the �νββ mode, the spectrum for the sum of
the kinetic energies of the emitted electrons (see Figure �.�) is amono-energetic
line at Qββ , the Q value for the reaction, de�ned as themass di�erence between
the parent and daughter nuclides:

Qββ ≡ M(A, Z) −M(A, Z + �). (�.�)

In the case of the �νββ mode, the spectrum is continuous, extending from �
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Fig. 12. – The phase space factor for all ββ emitters with Q > 2 MeV. Values taken from [76, 77]

involves only Gamov-Teller transitions through intermediate 1+ states (because of low
momentum transfer), the nuclear matrix element for ββ0ν involves all multipolarities
in the intermediate odd-odd (A,Z + 1) nucleus, and contains both a Fermi (F) and a
Gamov-Teller (GT) part.

In eq. (36) the explicit form of the phase-space integral is:

G0ν(Q,Z) = (GFVudgA)
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where E0 = Q + 2me = Mi − Mf is the available energy, pe1 (pe2) are the electron
3-momenta, F (Z,E) is the Fermi function that describes the nuclear Coulomb effect on
the outgoing electrons, and Z is the charge of the daughter nucleus.

If an accurate result is required, the relativistic form of the function F (Z,E) must
be used and a numerical evaluation is necessary [57]. The phase space factor for all
ββ emitters with Q > 2 MeV are given in fig. 12.

For a qualitative picture, one can use the simplified nonrelativistic Coulomb expres-
sion, the so-called Primakoff-Rosen approximation [78]:

(41) F (Z,E) =
E

p

2πZα

1− e2πZα

In this approximation, G0ν is independent of Z:

(42) G0ν ∼ (
E5

0

30
+

2E2
0

3
+ E0 −

2

5
)

Relative atomic mass 135.907219(8) [24]

Q value 136Xe ! 136Ba 2457.83(37) keV [25]

2458.7(6) keV [26]

2458.1(3) keV (average)

G0⌫ (10�15 year�1) 14.58 [27]

14.54 [28]

0⌫�� decay NME 2.19 (ISM) [29]

3.05 (IBM-2) [30]

2.46 (QRPA) [31]

2.91 (QRPA) [32]

4.12 (EDF) [33]

4.32 (EDF) [34]

Table 1. Properties of 136Xe relevant to neutrinoless double beta decay searches: relative atomic
mass, Q value of the decay (i.e. mass di↵erence between the parent and daughter atoms), phase-space
factor (G0⌫) and nuclear matrix element (NME). The figures in parentheses after the first two
quantities give the 1� experimental uncertainty in the last digits. The uncertainties on the G0⌫

calculations (originating from the uncertainties on the Q value and the nuclear radius) are of the
order of 5–10% [27]. The quoted nuclear matrix elements (NME) are the most recent calculations
for 0⌫�� decay to the ground state mediated by light-neutrino exchange in four di↵erent nuclear-
theory frameworks: interacting shell model (ISM), interacting boson model (IBM-2), quasiparticle
random-phase approximation (QRPA) and energy density functional theory (EDF). All NMEs are
dimensionless and have been calculated with the free-nucleon value of the axial-vector coupling
constant (gA ' 1.26), with model uncertainties varying between 15 and 30%.

m�� is the so-called e↵ective Majorana mass of the electron neutrino:

m�� ⌘

�����
X

i

U2
ei mi

����� , (2.2)

where Uei are the elements of the first row of the neutrino mixing matrix and mi are the

neutrino mass eigenstates.

While the phase-space factor can be computed analytically with high accuracy [27, 28],

only approximate estimates of the NME can be obtained at present due to the many-body

nature of the nuclear problem. Table 1 lists the most recent calculations of the NME of
136Xe for 0⌫�� decay mediated by light-neutrino exchange from a variety of nuclear models.

The results are not completely convergent, di↵ering by up to a factor of 2. An even more

significant source of uncertainty results from the dependence of the NME on the square

of the axial-vector coupling constant, gA. While the calculated NMEs for 0⌫�� decay are

generally presented with the free-nucleon value (gA ' 1.26), in the case of the standard

double beta decay with neutrinos (2⌫��), consisting of two simultaneous beta decays,

A
ZX ! A

Z+2X+ e� + e� + ⌫e + ⌫e , (2.3)

– 3 –



NEXT uses electroluminescence (EL) to amplify signal 4

Figure 2.4: Top: principle of a Gas Proportional Scintillation Counter. Bottom: principle of a
Gas Proportional Counter with avalanche gain (from [46]).

21

Figure 2.1: The energy resolution (FWHM) is shown for 137Cs 662 keV gamma rays, as
a function of xenon density, for the ionization signal only. Reproduced from [37].

expressed as:
�

I

=
p
F N

I

. (2.3)

For pure gaseous xenon (GXe), various measurements [43] show that:

F

GXe

= 0.15± 0.02 (2.4)

In LXe, however, the anomalously large fluctuations in the partitioning of energy to
ionization produce an anomalous Fano factor:

F

LXe

⇠ 20, (2.5)

larger than the one corresponding to GXe by about two orders of magnitude.
A second advantage of gas relative to liquid is the ability to exploit the topological

signal of a ��0⌫ event, that is the tracks left in the gas by the two electrons produced
in the ��0⌫ decay. At 10 bar the track length of the electrons is of the order of 30 cm
and can be easily imaged in a TPC. Such a topological signature is not available in LXe
detectors, due to the high density of the liquid phase. This two advantages (good energy
resolution and topological signature) are the key reason why NEXT can be competitive
with a LXe experiment such as EXO and a Xenon-liquid-scintillator experiment such as
KamLAND-ZEN.

Next we examine the various signals available in an HPGXe and how they can be
exploited to search for ��0⌫ events.

15

•Xenon Fano factor results in an 
intrinsic resolution of 0.3 % FWHM at 
Q𝛽𝛽.  

•EL proportional amplification 
preserves energy resolution, even at 
moderate yield (~500- 1000 photons/
electron)



Why EL? 5

•Energy resolution. EL proportional amplification (ELPA) allows to 
achieve an energy resolution close to Fano factor. Avalanche amplification 
(AA) degrades energy resolution due to avalanche fluctuations.   

•Stability at high pressure. ELPA allows operation in pure Xenon at high 
pressure. AA requires a quencher to stabilise the noble gas. 

•Preserve t0: ELPA allows the use of primary scintillation (S1) to signal t0 
and thus measure the drift time (time between S1 and S2). Without t0 is 
not possible to correct for finite lifetime and it’s very hard to fiducialize 
the event. Quenchers required for AA will in general quench S1, and thus 
t0.



Principle of operation 6

NEXT-White single electron



Advantages of HPX-EL technology 7
Barium Tagging Concept

•Tag (using lasers) the presence of a Ba++ ion (in fact one needs to tag Ba+ since 
Ba++ first excited state lies in the extreme UV (75 nm) no accesible to 
conventional lasers 

Ba++ Ba+ 
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The NEXT program 8

Prototypes (~1 kg) 
[2009 - 2014] NEXT-White (~5 kg) 

[2015 - 2018]

NEXT-100 (~100 kg) 
[2019 - 2020’s]

Demonstration of 
detector concept

Underground and radio-pure 
operations, background, ββ2ν

ββ0ν searches (ββ0ν 
searches (1027- 1028 y) 

ββ0ν searches (1026 y) 
Show extrapolation to ton 
scale

NEXT-2.0 (multi)-ton 
[2020’s]



NEXT EL prototypes 9

• Energy resolution (19 1” PMTs) 
• Tracking (256 SiPMs) 
• ~1.5 kg Xe gas at 10 bar 

NEXT-DEMO (IFIC)

NEXT-DBDM (LBNL)
• Energy resolution (19 1” PMTs) 
• ~1 kg Xe gas at 10-15 bar 
• Also measured response of HPXe 

to nuclear recoils

JHEP 01, 104 (2016) [arXiv:1507.05902]

JINST 10, P03025 (2015) [arXiv:1412.3573]

JINST 9, P10007 (2014) [arXiv:1407.3966]

JINST 8, P04002 (2013) [arXiv:1211.4838]

JINST 8, P05025 (2013) [arXiv:1211.4508]

JINST 8, P09011 (2013) [arXiv:1306.0471]

Publications:

NIMA 793, 62 (2015) [arXiv:1409.2853]

NIMA 708, 101 (2013) [arXiv:1211.4474]

Publications:



Dec 17th – 19th, 2012 TPC Symposium, Paris, France 4

NEXT-DEMO

● Constructed @ IFIC, Valencia, Spain

● Aspect ratio: l/d = 40 cm / 14.4 cm = 2.8 

● Pure Xe @ 10 bar

● Recirculation through hot getters 

– low radon emanation and nitrogen removal

● 22Na 1μCi 511 keV source with a NaI tagger (perpendicular)

Setup

Figure 7. The external view of the field cage showing the field rings, divider resistor chain. The Cathode,
EL region, PMT screen and drift region are indicated.

Figure 8. A view from the top of the NEXT1 field cage made of PTFE slabs. The energy plane honeycomb
can clearly been seen through the transparent grids.

– 9 –

Figure 4. The different parts of NEXT-DEMO.

the UVC configuration is well understood is to simply coat the LT with TPB and study the effect of
this action in the detector. This corresponds to the configuration that we call “Blue configuration”
(BC).

The relative merits of a PMT– and a SiPM–based TP are more difficult to quantify. A tracking
plane made of PMTs can be visualized as a “continuous tracking plane” (CTP), in which, a priori,
all the PMTs can contribute to the determination of the (x,y) coordinates for a given time-slice
defining the z coordinate. A tracking plane made of SiPMs operates rather as a “pixel tracking
plane” (PTP) in which only a few pixels contribute to the reconstruction of (x,y) for a given time-
slice. A PMT–based CTP has the advantage of a very low energy threshold, due to the high gain
and low dark current of PMTs, while a SiPM–based PTP offers better two–track separation and a
sharper definition of the fiducial volume. The optical aberrations due to the finite distance between
the EL amplification grid and the tracking plane, as well as the effect of diffusion and dispersion
are also different for a CTP and a PTP. We thus concluded that it was necessary to study with detail
both options. The configuration with a coated LT and a PTP is called “Ultramarine configuration”
(UC).

In the rest of this paper we discuss the UVC. The BC and the UC will be presented in forth-
coming papers.

2.2 Gas System

The role of the gas system (Figure 5) is to remove the gas impurities, in particular trace gases such
as argon, N2 and CH4, as well as water vapor. This is achieved by continuously re-circulating the
xenon gas through molecular traps called Getters. NEXT-DEMO is equipped with both “cold” and
“hot” SAES Getters (MC500). All the gas piping, save for the inlet gas hoses and Getter fittings,
are 1/2 inch diameter with VCR fittings. The re-circulation loop was powered, during the UVC,
by a KNF diaphragm pump with a nominal flow of 100 standard liters per minute. At a 10 bar
operating pressure of NEXT-DEMO this translates to an approximate flow of 10 liters per minute.

– 6 –



Energy resolution DBDM/DEMO 11

• NEXT-DBDM prototype (LBNL); 
662 keV gammas from 137Cs 

• 1.0% FWHM resolution in small 
fiducial volume 

• Extrapolates to 0.5% FWHM at 
Qßß

• NEXT-DEMO prototype (IFIC); 
511 keV gammas from 22Na 

• 1.6% FWHM resolution over large 
fiducial volume 

• Extrapolates to 0.63% FWHM at 
Qßß (~2.5 MeV)

JINST 9, P10007 (2014) [arXiv:1407.3966]

NIM A708, 101 (2014) [arXiv:1211.4474] 

Photoelectric

Comptons

Xe x-rays

X-ray escape



From prototypes… 12



To underground detectors 13



NEXT-White 14

•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.



Anatomy of NEXT-White 15

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:

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

Energy plane:

12 PMTs,  

operating at vacuum. 
30% coverage

Tracking plane:

1792 SiPMs,  
1 cm pitch



Field cage 16



Energy plane 17



Tracking plane 18



The LSC (Canfranc @ Spain) 19



Next-White @ LSC 20



NEW operation 21

•NEW has been running since December 2016. 
•Run I and Run III were engineering runs, devoted to instrumental 

improvements of detector.  
•Run II stated in March 2017 and ended in November 2017. Operating 

conditions were: 7 bar, 7 kV in Gate, 29 kV in cathode (thus a drifting 
filed in excess of 400 V/cm and EL gain of ~500 photons/electron 

•Run IV stated in June 2017 and is expected to continue for ~12 months. 
Operating conditions are: 10 bar, 8.5 kV in Gate, 30.5 kV in cathode 
(same drift field and gain than Run II) 

•Run II started with low lifetime (due to the presence of oxygen in 
detector), and ended with ~1.7 ms lifetime. 

•Run IV started with 1.7 ms lifetime (after > 30 days pumping) and has 
currently reached 2.5 ms. We expect to reach ~4-5 ms by the end of the 
run. 



New calibrations with Krypton source 22

83Krm as calibration source

• 83Rb decays 75% of the time 
to a metastable state of 83Kr 
through internal conversion 
with a lifetime of 86 days. 

• The metastable state decays 
to ground with a lifetime of 
1.83 h emitting two 
conversion electrons of 32.1 
and 9.4 keV. 

• These low energy electrons 
create a very short signal, 
useful for calibration.

�2

With these events we can map the light 

collection along X, Y and Z.



Measurement of lifetime 23

E (z=0) = 12547.83960091717 +-10.312967608718239 
 LT      = -2243.647360771638 +-11.815554670636313 
 

•To measure lifetime, one 
must know the drift time.  

•Without t0, drift time 
cannot be measured and 
the lifetime cannot be 
computed 

•Assuming that a large 
HPXe (ton scale) can 
achieve “infinite” lifetime 
(e.g., 10 times drift length) 
may not be realistic. 



Lifetime evolves with time 24

Evolution of lifetime during Run II

Large local fluctuation in lifetime Run IV Normal evolution of lifetime Run IV



Lifetime not homogeneous in chamber 25

Lifetime

• ~1.8 ms for run 4734 (7.2 bar) and ~1.4 ms for run 4841 (9.1 bar) 

• It was not homogeneous in the XY plane during the 7.2 bar run, but it was restored in the 9.1 bar run. 

• We can measure those variations and create the lifetime map, i.e. LT = f(x, y). 

• Uncertainties of the order of 1.5% => dominant contribution to the energy resolution.

�8

Run 4734 Run 4841

•Lifetime in chamber depends on hard-to-
predict gas dynamics, pressure, 
degassing, circulation conditions, etc.  

•Lifetime maps change for different 
operating conditions. 

•But maps can be computed using Kr 
decays. 



Geometry maps 26

Figure 13: Fits to the lifetime-corrected energy for run 4734 in two opposite regions of the chamber.
In the region defined by x = [0, 10] mm, y = [0, 10] mm (left panel), the fit yields a mean value for
the energy of (11 724 ± 8) pes, with �2/dof = 0.94, whilst in the region defined by x = [120, 130] mm,
y = [120, 130] mm (right panel), the fit yields a mean value for the energy of (9652 ± 11) pes, with
�2/dof = 1.03.

(a) Data (b) Monte Carlo

Figure 14: Normalized energy map for run 4734 (left panel) and for Monte Carlo data (right panel).

8 Energy Resolution

To estimate the energy resolution for point like energy deposits in NEXT-White, the krypton data
are divided in two samples. The correction sample is used to compute the lifetime and geometry
correction maps, which are then applied to the data in the measurement sample. The corrected
energy of the PMT sum is then fitted to estimate the energy resolution.

Even after corrections, the energy resolution is expected to depend on both the radial and the
longitudinal coordinates. The dependence with the radius is related with the decreasing solid angle
coverage, which means that PMTs record less light (thus larger fluctuations) for events happening at
larger r . The dependence with z is related with the loss of secondary electrons caused by attachment.

– 14 –

•MC predicts a smooth 1/R2 dependence of energy corrections. 
•Kr maps allow to correct for deviations (crater in Run II not present 

in Run IV)



Dependence of energy resolution with R and z 27

•Resolution is flat with R in the bulk of the detector and deteriorates 
near the edges (less light and rapid gradient) 

•Resolution degrades as a function of Z due to finite lifetime (in spite of 
corrections). Large lifetime needed, but corrections are essential. 

Figure 15: Left panel: dependence of the resolution with r. Right panel: dependence of the
resolution with z.

A smaller number of electrons is associated with larger fluctuations and correction factors, which
worsens the energy resolution as described in section 2.

The left panel of figure 15 shows the dependence of the energy resolution as a function of
r (black squares), where it is possible to define 3 regions. A fiducial region up to r < 150 mm,
where the resolution is roughly flat, at around 4% FWHM. The resolution stays below 4.5 %, for
r <175 mm, and degrades rapidly for larger radial values. Since the total radial coverage of the
chamber is 200 mm, this implies that an extended fiducial region of acceptable resolution extending
up to 175 mm can be defined for physics analysis. The PMT coverage improves as detector radial
dimensions increases, since the region of low solid angle coverage corresponds essentially to the last
PMT ring. Taking this into consideration, a considerably smaller reduction in fiducial volume is
expected for NEXT-100 since only the last 10 mm to 15 mm of the total radius need to be removed.

The right panel of Figure 15 shows the dependence of the energy resolution as a function of z

(black squares), which degrades with increased drift, although it stays always below 5% FWHM. The
obvious implication is that long lifetimes are a must for TPC detectors striving to achieve excellent
energy resolution.

Figure 15 also shows the energy resolution for MC events (red circles). The e�ect of the lifetime
dependence with (x, y), as measured in data, has been also simulated. The agreement between data
and MC results is good, indicating that the main dependencies of the resolution are the geometrical
e�ects (lower coverage at a larger radius) and the finite electron lifetime (worse resolution at longer
drift times).

Figure 16 illustrates the energy resolution measured with run 4734 (at a pressure of 7.2 bar). The
data are fitted to a gaussian plus a polynomial to take into account tails due to residual background
events (small energy deposits or 83mKr decays with wrong S1 identification). The fit yields an energy
resolution of (4.55 ± 0.01)% FWHM in the full NEXT-White volume (left panel). A naive 1/

p
E

extrapolation to Q�� yields (0.592 ± 0.001)%. The fit in the right panel corresponds to the data
contained in a fiducial region defined by a radius smaller than 150 mm and z smaller than 150 mm.
The radial cut ensures optimal geometrical coverage and the z cut minimizes the residual errors
due to lifetime fluctuations, which increase with z. The fit yields (3.88 ± 0.04)%, extrapolating
to (0.504 ± 0.005)% at Q��. This value is reasonably close to the best resolution expected in

– 15 –



Energy resolution Krypton 28

Figure 17: Corrected energy distribution for krypton events (left) in the full volume of the NEXT-
White TPC, and in a restricted fiducial volume (right), for run 4734. See text for details.

Figure 18: Corrected energy distribution for krypton events (left) in the full volume of the NEXT-
White TPC, and in a restricted fiducial volume (right), for run 4841. See text for details.

extrapolation to Q�� yields (0.592 ± 0.001) %. The fit in the right panel corresponds to the data
contained in a fiducial region defined by a radius smaller than 150 mm and z smaller than 150 mm.
The radial cut ensures optimal geometrical coverage and the z cut minimizes the residual errors
due to lifetime fluctuations, which increase with z. The fit yields (3.88 ± 0.04) %, extrapolating to
(0.504 ± 0.005) % at Q��. This value is reasonably close to the best resolution expected in NEXT-
White (figure 1), confirming the excellent capabilities of the technology and the good working
conditions of the chamber.

Figure 18 illustrates the energy resolution measured with run 4841 (at a pressure of 9.1 bar). The
data are fitted to a gaussian plus a polynomial, to take into account tails due to residual background
events (small energy deposits or 83mKr decays with wrong S 1 identification). The fit yields an
energy resolution of (4.53 ± 0.02) % FWHM in the full NEXT-White volume (left panel). A naive
1/
p

E extrapolation to Q�� yields (0.589 ± 0.002) %. The fit in the right panel corresponds to the
data contained in the fiducial region defined above. The fit yields (3.90 ± 0.03) %, extrapolating to

– 16 –

The detector started operations at LSC late in 2016. After a short engineering run (Run I) in
November-December 2016, the detector was operated continuously between March and November,
2017 (Run II).

In order to assess the overall performance of the detector and the gas system while minimizing
the e�ect of possible leaks as well as limiting the energy of potential sparks, the operational pressure
in Run II was limited to 7.2 bar during the first part of the data taking run. The drift field was kept at
400 V cm�1 and the reduced field in the EL region at 1.7 kV cm�1 bar�1, slightly below the expected
nominal value of 2.2 kV cm�1 bar�1. This translates into a gate voltage of 7.2 kV and a cathode
voltage of 27 kV. Under those conditions, the chamber was extremely stable, with essentially no
sparks recorded over the period.

During the second part of the run the pressure was raised to 9.1 bar and the voltages were
correspondingly adjusted to keep approximately the same drift voltage and reduced field as during
the first part of the run.

In this paper, we describe the calibration of the detector using a rubidium source (83Rb) which
provides a large sample of krypton (83mKr) decays, yielding a homogenous sample of 41.5 keV
energy deposits. These point-like, evenly-distributed events permit to continuously monitor, measure
and correct for the drift-electron lifetime; as well as to measure and correct for the dependence of
the measured energy on the transverse (x, y) coordinates. After correcting both e�ects, the energy
resolution of the chamber for point-like energy deposits can be determined.

The paper is organized as follows: section 2 explains the principle of operation of a HPXe-EL
and its intrinsic energy resolution; section 3 presents a brief description of the NEXT-White detector;
section 4 describes how krypton calibrations are used to produce lifetime and energy maps; data
processing and event selection are described in section 5; lifetime maps in section 6; energy maps in
section 7; in section 8 the energy resolution measured with NEXT-White is presented; and finally,
results are summarized in section 9.

2 Principle of operation and intrinsic resolution of a HPXe-EL TPC

(a) 15 bar (b) 7.2 bar

Figure 1: Energy resolution terms and EL yield characteristic of an HPXe-EL as a function of the reduced
electric field for an EL gap of 6 mm and a value of k ⇠ 0.006 (see text for details). The left and right panels
correspond, respectively, to pressures of 15 barand 7.2 bar.

– 2 –

•Energy resolution extrapolates 
in fiducial region extrapolated 
to 0.5 % FWHM at Q𝜷𝜷 

•This is consistent with 
expected intrinsic resolution at 
operating conditions

arXiv:1804.01780 [physics.ins-det]

0.5 % 
FWHM at Qββ

http://arxiv.org/abs/arXiv:1804.01780
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produced by ��0⌫ decays at Q��, and at the nominal operation pressure of NEXT-100, P15 = 15 bar.
On the other hand, the main reason why energy resolution may worsen at high energy is precisely
the fact that geometrical corrections become more di�cult for long tracks than for point-like energy
depositions. It follows that the extrapolation to Q�� of the long e+e� pairs produced by 232Th
calibrations at 7.2 bar should be an upper limit of the resolution expected by electron pairs produced
with an energy of Q�� at a pressure of 15 bar.

The organization of this paper is as follows: section 2 summarizes the experimental setup; the
event selection and reconstruction is presented in section 3; section 4 discusses energy resolution;
section 5 energy calibration. Summary and discussion is presented in section 6.

2 Experimental setup
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Figure 1: Schematic of the source configuration in this study (not drawn to scale). The 137Cs source
was placed at the lateral entrance port of the pressure vessel, and the 232Th source was placed on top
of the pressure vessel.

The NEXT-White1 apparatus has been described with great detail elsewhere [8]. The main
subsystems of the detector are the TPC, the energy plane and the tracking plane. The operating
parameters of the TPC used in this study are described in table 1. The energy plane is instrumented
with 12 Hamamatsu R11410-10 PMTs located 130 mm behind the cathode, providing a coverage of
31%. The tracking plane is instrumented with 1792 SensL series-C silicon photomultipliers (SiPMs)
distributed at a pitch of 10 mm. An ultra-pure inner copper shell (ICS) 60 mm thick, acts as a shield
in the barrel region. The tracking plane and the energy plane are also supported by pure copper
plates 120 mm thick.

The detector operates inside a pressure vessel fabricated with a radiopure titanium alloy, 316Ti.
The pressure vessel sits on a seismic table and is surrounded by a lead shield. To ensure long electron

1Named after Prof. James White, our late mentor and friend.
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Figure 5: Distributions of average event locations in (x, y) (left) and z (right), for events in the
region of the first xenon x-ray peak 2 (30, 35) keV (top), the 137Cs photo-peak, 2 (650, 675) keV
(middle), and events in the region of the double-escape peak, 2 (1580, 1650) keV (bottom). In each
case, regions enclosed by solid red lines correspond to the selected fiducial regions described in
section 4.

have been defined for energy measurements to demonstrate the optimal resolution at di↵erent
energies. These regions restrict both the radius and longitudinal coordinate of the events to minimize
fluctuations associated with a large radius (less angular coverage, resulting in less light recorded

– 7 –

Figure 6: Spectrum of reconstructed energies in the full fiducial region.

by the PMTs and therefore larger fluctuations) and large drift (large fluctuations associated with
lifetime). See [8] for a thorough discussion. The regions are defined as follows for the three energy
peaks of interest:

• K↵ x-rays: 0 mm < Zdrift < 120 mm, and Rmax < 150 mm

• 137
Cs photopeak: 150 mm < Zdrift < 300 mm, and Rmax < 120 mm

• 208
Tl double-escape peak: 160 mm < Zdrift < 260 mm, and Rmax < 150 mm

Here Zmin and Zmax refer to the minimum and maximum z-coordinates, and Rmax to the maxi-
mum radial coordinate of all reconstructed hits in a given event. Figure 5 shows the energy-weighted
average locations computed for events with energies in the region of the K↵ x-rays, 137Cs photo-peak,
and the 208Tl double-escape peak. Regions enclosed by solid red lines correspond to those defined
above. Because the calibration sources were located outside of the detector, the distribution of events
in all cases is heavily biased towards large radius.

Figure 6 highlights the major regions of interest in the energy spectrum, including all events in
a region encompassing essentially the entire active volume of the detector, defined as:

• Full fiducial (FF) region: 50 mm < Zdrift < 500 mm, and Rmax < 180 mm.

Xenon x-rays

Interactions of ionizing radiation in xenon can occasionally eject electrons from inner shells of
the atoms in the xenon medium. When electrons from higher shells drop into these lower shells,
characteristic x-rays are emitted, several of which have energies near 30 keV and manage to travel
a significant distance from the main ionization track before interacting, or even escape from the
detector entirely.

In the dataset studied here, the trigger threshold was set high enough that events with full
energy less than approximately 250 keV were not recorded. However, individual tracks within a
single multi-track event could be identified by voxelizing the space and defining tracks as a set of
connected voxels [11]. Events frequently contained lower-energy tracks isolated from the main

– 8 –
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Figure 8: (Top left) Fit of the 137Cs photo-peak to a Gaussian + second-order polynomial in the
selected optimal fiducial region and (top right) the resulting (x, y) distribution of events included
in the fit. (Bottom left) Fit of the 1592.5 keV double-escape peak in the selected optimal fiducial
region and (bottom right) the resulting (x, y) distribution of events in the peak region.

calibrated energies as those converted to keV by the linear fit procedure described below. The
calibrated energies are to be compared to the nominal energies, which are the reference energies
of the x-ray and gammas emitted. These nominal energies are taken from [12] and include the
intensity-weighted average of the K↵ x-ray lines (29.669 keV), the energy of the 137Cs emitted
gamma (661.6 keV), and the energy of the double-escape peak (1592.5 keV).

In performing the calibration, a linear fit was performed to obtain calibrated energy E from
uncalibrated energy Q as

E = a0 · Q + a1, (5.1)

and in which the parameters were found to be a0 = 3.2121 ⇥ 10�3 ± 0.0004 ⇥ 10�3 and a1 =

0.62122± 0.02313. The fit is shown in Fig. 9 along with residuals r defined as the percent di↵erence
of the calibrated energy E from the nominal energy E0, r = 100 · (E0 � E(Q))/E0, for each point
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•Long tracks need to be 
corrected hit-by-hit 

•Precise geometrical 
map, long lifetime and 
precise lifetime maps 
are even more 
important than at 
lower energies. 

•Tl-209 double escape 
peak double electrons 
are longer in NEW at 7 
bar than Q𝜷𝜷 electrons 
in NEXT-100 at 15 bar. 
Expect good resolution 
for NEXT-100.  

0.9 % 
FWHM at Qββ
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•HPXe-based experiments aim to build ton-class detectors. 
•Drift length of such detectors will be at least 1 ms (if symmetrical), 

possibly more.  
•Pressure will be at least 10 bar, and the total mass of xenon in the 

chamber will be at least several hundred kilograms. 
•The experience of NEXT-White (10 bar, 0.5 ms, 10 kg of xenon in gas 

system), indicates that 3-5 ms lifetime is possible, with the caveats 
that lifetime evolves continuously both in time and geometrically.  

•Without measuring and correcting lifetime, an experiment will be 
affected by large fluctuations that will seriously spoil energy 
resolution and track reconstruction. 
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The corresponding dates and detector operating conditions are summarized in Tab. 3.

As shown in the table, both the pressure and electric fields (or �V
drift

and �V
EL

) were

kept constant over the two periods. The gas purity continuously improved during E1-

E2, approximately ranging from 1.1 to 1.3 ms electron lifetimes. The DAQ and trigger

configuration was the same for all runs. The trigger configuration relied on a set of loose

cuts, requesting a minimum charge of 2⇥105 ADC counts per PMT and a time width

between 7 and 250 µs for the S2 signals. The trigger requirement imposed a minimum

threshold on deposited energy of about 500 keV. About 105 triggers were taken for each of

the two periods.

As for the alpha runs, the event reconstruction for electron tracks is divided in three

steps. However, since the background electrons cannot be treated as point-like energy

depositions above a certain energy in 7 bar pressure xenon gas (few hundreds keV), the

third reconstruction step di↵ers. In this case, the SiPM clusters providing the X and

Y coordinates are reconstructed separately for each time (or Z) slice of the S2 signals.

Electron-like events are kept by requiring only one S1 signal and only one S2 signal per

event, hence suppressing 214Bi-214Po delayed coincidences characterized by additional alpha-

induced activity from 214Po decay, and by requiring the S1 yield not to exceed 82 PEs/PMT,

see the top panel of Fig. 5
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Figure 7. Radon-induced electron background rate as a function of Z, for the two run periods
described in Tab. 3.

The electron-like event rate for the two high (E1) and low (E2) radon activity periods

and as a function of the Z coordinate is shown in Fig. 7. In the figure, the Z coordinate is

defined as the charge-weighted average over all the time slices in the track. The electron-like

activity at the cathode position, Z = 530.3 mm, decreases noticeably as a function of time,

as the radon content in the detector decreases. The comparison within the active volume

(Z < 530.3 mm) shows instead a stable rate between the E1 and E2 periods, implying a
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non-radon origin for those electron tracks.

Figure 8. High energy (E > 1.5 MeV) electron originating from the cathode. The three projections,
XY (left), ZX (center) and ZY (right), show the expected topological signature of an electron.

The topology of a typical high-energy (E > 1.5 MeV) electron track originating from

the cathode, from run period E1, is shown in Fig. 8. The three projections are reconstructed

in this case with a Maximum Likelihood Expectation Maximization (ML-EM) algorithm

described in [27]. It can be clearly seen how the track originates within the cathode plane.

Also, the track has the typical topological signature of an electron, with an erratic path

and a high-energy deposition at the track end-point.

The overall rate and relevant distributions for radon-induced electrons originating

from the cathode have been compared between data and Monte-Carlo (MC) expectations.

Electron events with Z
max

> 520 mm, where Z
max

is the the largest Z position among all

hits in the event, are taken to be cathode electrons. A pure data sample of radon-induced

cathode electrons is obtained by subtracting the E2 (low 222Rn) period from the E1 (high
222Rn) period. In this statistical subtraction, we take into account the residual radon

activity induced by the ambient temperature getter that is still present during E2, by

considering the average time di↵erence between the two periods (16.3 days) and the known
222Rn half-life (3.82 days). The data rate has been corrected for the DAQ ine�ciency, as

described by Eq. 3.1.

The corresponding MC sample was obtained by generating 107 214Bi isotropic decays,

uniformly distributed in space within the NEXT-White cathode plane. Considering the

short half-life of the 214Po daughter, 164.3 µs (see Fig. 1), the alpha decays of 214Po are also

simulated with their proper time distribution. The predictions are based on a full simulation.

The radioactive decays and the energy deposition within the xenon active volume at 7.2

bar gas pressure are based on a Geant4-based [28] simulation, see for example [29] for

details. Electron drift e↵ects including di↵usion and attachment, S1/S2 light production and

propagation within the detector, and the full electronics response of the energy and tracking

readout planes are simulated. The simulation outcome is a set of digitized PMT/SiPM

waveforms, as for raw data. The MC sample has been reconstructed following the same

procedure applied to the data. The MC normalization has been estimated from the radon

– 15 –
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arXiv:1804.00471 [physics.ins-det] 

NEXT-100 ββ0ν-like Rn Bkg rate
• It is not completely clear how extrapolate numbers to NEX-100 case. Two posible scenarios are taken into 

account:


• Optimistic scenario: Rn is dominated by gas system components external to the detector vessel. As 
NEW and NEX-100 have the same gas system, total Bi activity from the cathode would be the same.


• Pessimistic scenario: Rn is dominated by inner detector components. Total Bi activity from the 
cathode would scale with detector surface (factor ~6 lager).

Even in the worst case, Rd bkg is constrained to be at most of the 
same level as the detector radioactivities impurities (0.7 counts/yr).

!11

Scenario Bkg rate (counts/yr)

Optimistic (6.8±1.1)x10-3

Pessimistic 0.16±0.03

http://arxiv.org/abs/arXiv:1804.00471
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•Fiducialization is essential to reduce the high 
rate of electrons emanating from the cathode. 

•A detector without t0 has no robust way to 
measure drift time and thus to fiducialize the 
events and is therefore seriously affected by 
electron backgrounds emanating from the 
cathode.  

•Drift time is related with diffusion, e.g, D ~1/√L. 
However, this is hardly a good way to fiducialize 
the event, since one is using the RMS of a 
distribution and given the weak dependence √L 
with drift time. 
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2:1 Next-White

NEXT-100 Detector

100 Kg of 136Xe 
106 cm drift length 
Anode: fused silica 
Cathode & EL Gate: 

SS wire-meshes

60 Hamamatsu R11410-10 PMTs 
7168 Hamamatsu SiPMs, 

112 kapton boards (8x8, 1 cm pitch)

A: Vessel 
B: Inner Copper Shielding 
C: Field Cage 
D: Energy Plane 
E: Tracking Plane
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ββ0ν signal
Two electrons from a 

common vertex inside 
the active volume with a  

total Εdep = 136Xe Qββ.
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Relevant Backgrounds

Natural decay series 
Radon 

Neutrons 
Cosmogenic muons

Negligible Backgrounds

136Xe 2νββ decays 
νe elastic scattering 
νe  capture by 136Xe 

…

B = A * ε 

B: Predicted rate 
A: Activity measured 
ε:  Selection efficiency 
     from simulation + analysis



ββ0ν backgrounds 38Natural decay series
208Tl -> 208Pb 

𝛾 2615 keV 

214Bi -> 214Po 

𝛾 2447 keV 
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Natural decay series (activities in mBecq.)

JINST 12 (2017) no.08, T08003, JINST 10 P05006 (2015)
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Neutrons

Very penetrating 

Neutron captures activate 
different radionuclides 

producing myriad 
of gammas  

137Xe activation 
Q = 4173 KeV. 

Half-life = 3.95 min.

Total neutron flux at LSC Hall A 
Origin in LSC walls

DOI: 10.1016/j.astropartphys.2012.11.007



ββ0ν backgrounds 41

Cosmogenic muons

Total muon flux  
at LSC Hall A:

Avg. E = 220 - 245 GeV
A.Ianni, Canfranc underground laboratory.
Private communication from workshop, 2016 
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Extremes energy
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JHEP 1605 (2016) 159

high energy gamma

electron

0νββ Tl-208 Bi-214

Fiducial + 
E ∈ [2.4, 2.5] MeV

0.664 3.5 x10-4 2.9 x10-5

1 track 0.476 1.41 x10-5 3.44 x10-6

2 “blobs” 0.354 1.57 x10-6 3.39 x10-7

Energy ROI 0.320 2.54 x10-7 1.46 x10-7
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1. Natural decay series:  < 4.09 x 10-4  cts / keV kg year
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2. 222Rn progeny:  ≃ (0.7 - 4.4) 10-5  cts / keV kg year 

From cathode 214Bi decays

3. Neutrons:  ≃ 10-3  cts / keV kg year WITHOUT neutron shield 

NEXT-100 will add a shield of boron doped (5%) polyethylene  
slabs 20 cm thick  -> neutron background becomes negligible.

4. Cosmogenic muons:  ≃ 8.0 10-5  cts / keV kg year 
137Xe activations -> 10-5  cts / keV kg year
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Total Background rate: 
  4.22 x 10-4  cts / keV kg year 

Global detection efficiency:  
 32 % 

exposure of 500 kg/year: 
0ν half-life ≃ 1.0 1026 years 

mββ = [57-161] meV
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Improve topological signature 48

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 –

•Reduced diffusion can improve rejection power of topological signature by a 
factor 3. 

•Requires low diffusion mixtures (Xe-He) and dense tracking. 
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•Replace PMTs by SiPMs mounted in ultra-low background substrates. 
•Select ultra-low background copper (commercially available, need proper 

screening). 
•Operate detector at -60 C (negligible dark current in SiPMs, reduced 

pressure for constant density) 
•Radioactive budget can be cut to 1/3 of present projections. 
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Total Background rate: 
  2.59 x 10-5  cts / keV kg year 

Exposure of 5 ton year 
0ν half-life ≃ 1.5 1027 years 

mββ = [15-42] meV

Javier Muñoz Vidal
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Barium Tagging Concept

•Tag (using lasers) the presence of a Ba++ ion (in fact one needs to tag Ba+ since 
Ba++ first excited state lies in the extreme UV (75 nm) no accesible to 
conventional lasers 

Ba++ Ba+ •Holy Grial of xenon experiments. 
•EXO-nEXO have pursued R&D for many years (still 
hot at it. 

•NEXT proposal: use of SMFI technique to capture 
and tag Ba++ ion
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FΨ Barium Tagging - April 2018

Single Molecule Fluorescence Imaging
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FΨ Barium Tagging - April 2018

Single Molecule Fluorescence Imaging

 6

RECEPTOR

Molecular form inhibits 
fluorescence

CO
RR
ECT

O O

O

Cl

O

Cl

HO

CH3

NN

CO2HCO2HCO2HCO2H

FLUORESCENT 

VIBRATIONAL

EXCITATION



Single Molecule Fluorescence Imaging 54

FΨ Barium Tagging - April 2018

Single Molecule Fluorescence Imaging

 7

RECEPTOR
Barium trapping makes de-excitation 
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FΨ Barium Tagging - April 2018

Can single Ba++ ions be detected with SMFI?

Earlier this year

 4



Barium tagging 56

•Successful proof of concept. We can observe SMFI 
•A vigorous R&D program now being put together 

with the aim to demonstrate SMFI in high 
pressure gas.  

•We have the potential to use NEXT-White and/or 
NEXT-100 as SMFI demonstrator. 
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•The NEXT program was started 10 years ago by Dave 
Nygren, James White and JJGC.  

•The NEXT-White demonstrator is in full operation. 
Background index and bb2nu measurements foreseen for 
next year.  

•NEXT-100 will start operations in 2020.  

•The NEXT program has the potential to explore lifetimes 
of the bb0nu mode of 1027 y and beyond.  

•Exciting potential for a background-free experiment with 
Ba++ SMFI tagging. 
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