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To boldly go... •This is not a review talk. I 
am not attempting to 
provide an exhaustive view 
of the state-of-the-art
•No exclusion plots to be 
shown!. I rather show you 
“discoveries”... 
•My main goal is to assess 
how much Majorana 
territory we can cover with 
bb0nu experiments. In 
short, what it takes to 
boldly go...
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SM-allowed process.
Measured in several nuclei.

T1/2 ⇥ 1018 � 1020 y

Lepton number violating process.
Requires massive, Majorana 

neutrinos. Simplest case

T1/2 > 1025 y

Double beta decay



m�� = ||Ue1|2m1 + ei↵1 |Ue2|2m2 + ei↵2 |Ue3|2m3|

Majorana mass
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The Uei terms are measured by neutrino 
oscillation experiments. Nothing is known about 
the two Majorana phases.
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Two protons decay simultaneously in a heavy isotope
Nuclear physics results in proportionality constants 
between period and the inverse of the Majorana mass 
squared
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The NME

Isotope
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T0 to mbb

Isotope W Q
��

|M
0⌫

| |G
0⌫

|�1 T 0⌫

1/2

(m
��

= 50 meV) N
0⌫

/N
0⌫

(Ge)

(g/mol) (keV) (1025 y eV2) (1027 y)
76Ge 75.9 2039 4.07 4.09 0.95 1.0
82Se 81.9 2996 3.48 0.93 0.26 3.3

130Te 129.9 2528 3.63 0.59 0.18 3.1
136Xe 135.9 2458 2.82 0.55 0.25 2.1
150Nd 149.9 3368 2.33 0.13 0.15 3.3

Table 1. Physical properties of di↵erent isotopes considered in this paper: atomic weight, W [26];
�� decay Q-value [27–31]; the PMR for the nuclear matrix element (|M

0⌫

|, see text for discussion);
inverse of �� decay phase-space factor (|G

0⌫

|�1, from [32]). For illustrative purposes, we also give
the ��0⌫ half-life for a fixed m

��

value (T 0⌫

1/2

(m
��

= 50 meV)), and the expected number of isotope

��0⌫ decays relative to 76Ge ��0⌫ decays for a fixed isotope mass (N
0⌫

/N
0⌫

(Ge)).

The properties of the five isotopes relevant to our work, including our proposed values
for the NMEs, are shown in Table 1. For the sake of simplicity and for the above-mentioned
intended focus on directly comparing di↵erent experimental approaches, the majority of the
results in this work rely only on our best estimate for NME values. On the other hand,
we acknowledge that some uncertainty in NME calculations still exist, and that our recipe
for estimating NME most probable values is by no means unique. For this reason, we also
tabulate in Sec. 6.3 our final m

��

results separately for all NME calculations considered
above.

3 Experimental aspects

The choice among �� isotopes discussed in Sec. 2 is not the only important factor to be
considered when optimizing future ��0⌫ proposals. According to Table 1, one should prefer,
everything else being the same, experiments based on 150Nd, 82Se, 130Te, or even 136Xe,
rather than experiments based on 76Ge. However, Ge-based experiments have dominated
the field so far.

The reason is that ��0⌫ experiments must be designed to measure the kinetic energy
of the electrons emitted in the decay. Due to the finite energy resolution of any detector,
��0⌫ events are reconstructed within a non-zero energy range centered around Q

��

, typically
following a gaussian distribution. As will be demonstrated in Sec. 6, any background event
falling in this energy range limits dramatically the sensitivity of the experiment. Good energy
resolution is therefore essential. Germanium semiconductor detectors provide the best energy
resolution achieved to date: in a 76Ge experiment, a region able to contain most of the signal
— called the region of interest (ROI), and often taken as 1 FWHM around Q

��

— would be
only a few keV wide.

Unfortunately, energy resolution is not enough by itself: a continuous spectrum arising
from natural decay chains can easily overwhelm the signal peak, given the enormously long
decay times explored. Consequently, additional signatures to discriminate between signal
and backgrounds, such as event topology or daughter ion tagging, are desirable. Also, the
experiments require underground operation and a shielding to reduce external background
due to cosmic rays and surrounding radioactivity, and the use of very radiopure materials. In
addition, large detector masses, high �� isotope enrichment, and high �� detection e�ciency
are clearly desirable, given the rare nature of the process searched for. No experimental

– 5 –
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For most of this talk: I take the PMR set (a sort of 
average between different NME sets). More on that 
later. 
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Charted ground 
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KamLAND inner view 

KamLAND Experiment 

6/11/2013 7 CYGNUS2013 

~1000m depth 
2700 m.w.e 

R9m 
stainless 
tank 

R6.5m ballon 
(125μ  thickness) 

20
m

 

20m 

Water Cerenkov Outer Detector 
225 tubes of 20inch PMT in pure water 

Muon veto, Water shield 

1,000𝒕  Liquid Scintillator 
Dodecan(80%), Pseudocumene(20%), PPO(1.36g/ℓ𝓁) 

238U 3.8 × 10ିଵ଼g/g,  232Th 5.2 × 10ିଵ଻g/g 

Mineral Oil 
1,325 tubes of 17inch + 554 tubes of 20inch PMT 

34% photo coverage 

 Many physics results  
solar neutrinos, geo neutrinos,  
reactor neutrinos, supernova neutrinos  
etc… 

 Wide energy range,  ultra-low BG  
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FIG. 2. Limits (90% C.L.) on T 0⌫
1/2 of 76Ge (this work)

and 136Xe [14, 15] compared with the signal claim for 76Ge of
Ref. [11] (68% C.L. band). The lines in the shaded gray band
are the predictions for the correlation of the half-lives in 136Xe
and in 76Ge according to di↵erent NME calculations [27–33].
The selection of calculations and the labels are taken from
Ref. [34].

tected, none of them within Q�� ± �E . The model (H1),
which includes the claimed 0⌫�� signal from Ref. [11],
gives in fact a worse fit to the data than the background-
only model (H0): the Bayes factor, namely the ratio of
the probabilities of the two models, is P (H1)/P (H0) =
0.024. Assuming the model H1, the probability to ob-
tain N0⌫ = 0 as the best fit from the profile likelihood
analysis is P (N0⌫ = 0|H1)=0.01.

The Gerda result is consistent with the limits by
HdM and Igex. The profile likelihood fit is extended
to include the energy spectra from HdM (interval 2000-
2080 keV; Fig. 4 of Ref. [8]) and Igex (interval 2020-
2060 keV; Table II of Ref. [9]). Constant backgrounds for
each of the five data sets and Gaussian peaks for the sig-
nal with common 1/T 0⌫

1/2 are assumed. Experimental pa-

rameters (exposure, energy resolution, e�ciency factors)
are obtained from the original references or, when not
available, extrapolated from the values used in Gerda.
The best fit yields N0⌫ = 0 and a limit of

T 0⌫
1/2 > 3.0 · 1025 yr (90% C.L.). (4)

The Bayes factor is P (H1)/P (H0) = 2 · 10�4; the claim
is hence strongly disfavored.

Whereas only 76Ge experiments can test the claimed
signal in a model-independent way, NME calculations can
be used to compare the present 76Ge result to the recent

limits on the 136Xe half-life from KamLAND-Zen [14]
and EXO-200 [15]. Fig. 2 shows the experimental re-
sults, the claimed signal (labeled “claim (2004)”) and the
correlations for di↵erent predictions, assuming that the
exchange of light Majorana neutrinos is the leading mech-
anism. Within this assumption, the present result can be
also combined with the 136Xe experiments to scrutinize
Ref. [11]. The most conservative exclusion is obtained
by taking the smallest ratio M0⌫(136Xe)/M0⌫(76Ge)'
0.4 [32, 33] of the calculations listed in Ref. [34]. This
leads to an expected signal count of 23.6±5.6 (3.6±0.9)
for KamLAND-Zen (EXO-200). The comparison with
the corresponding background-only models [35] yields a
Bayes factor P (H1)/P (H0) of 0.40 for KamLAND-Zen
and 0.23 for EXO-200. Including the Gerda result, the
Bayes factor becomes 0.0022. Also in this case the claim
is strongly excluded; for a larger ratio of NMEs the exclu-
sion becomes even stronger. Note, however, that other
theoretical approximations might lead to even smaller ra-
tios and thus weaker exclusions.

The range of the e↵ective electron neutrino mass
m�� < is 0.2 - 0.4 eV. It is obtained by using the com-
bined 76Ge limit of Eq. 4, the recently re-evaluated phase
space factors of Ref. [36] and the NME calculations men-
tioned above [27–33]. Scaling due to di↵erent parameters
gA and rA for NME is obeyed as discussed in Ref. [37].

In conclusion, due to the unprecedented low back-
ground counting rate and the good energy resolution in-
trinsic to HPGe detectors, Gerda establishes after only
21.6 kg·yr exposure the most stringent 0⌫�� half-life
limit for 76Ge. The long-standing claim for a 0⌫�� signal
in 76Ge is strongly disfavored, which calls for a further
exploration of the degenerate Majorana mass scale. This
will be pursued by Gerda Phase II aiming for a sensi-
tivity increased by a factor of ⇠10.
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Combined result
•Sensitivity of each 
experiment T0 ~2 x 1025 
y.

•Deployed mass ~20 kg 
y for Gerda and ~90 kg 
y (KamLAND-Zen).

•Combined result 
essentially excludes 
previous claims of a 
discovery.
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Going into new 
space •How much can Gerda, 

EXO and KZEN improve 
their sensitivity without 
major improvements in 
their setups?

•Who else can join the 
game in the next few 
years?

•What would be the 
sensitivity of the 
newcomers?



Signal 
Nββ = ε log2 NAMt

AT 0

•Signal: For a given 
isotope (A) signal is 
proportional to 
detection efficiency 
and exposure and 
inversely 
proportional to 
period. 
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Nββ = ε log2 NAMt
A

η ⋅mββ
2

η = G0ν M 0ν 2

Signal 

•Signal: For a given 
isotope (A, η) signal 
is proportional to 
detection efficiency 
and exposure and 
proportional to mββ2 
(this is what makes 
bb0nu experiments 
to difficult)
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Energy resolution and 
specific background 

rate 

•Signal: Integrate ROI
•Background: cx∆ExMt
•where c = counts/(kev 
kg y), ∆E = energy 
resolution (in keV) and Mt 
is exposure
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Nbkg = ΔE ⋅c ⋅Mt

Energy (MeV)
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Nββ
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= ε log2ηNA
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A simple recipe 

•Define “discovery” as 
S/N=5 



Experimental 
parameters 

•A given bbonu 
experiment can be 
defined in terms of 
four parameters:
•The source isotope
•The efficiency
•The specific 
background  rate
•The resolution

S / N = log2NAmββ
2 ε 2 η

A
⎛
⎝⎜

⎞
⎠⎟
2 Mt
ΔE ⋅c

Experimental technique
(in practice implies
SOURCE = DETECTOR)

Isotope 

Experimental technique
Maximize ΔE, c or both

Exposure: requires cheap isotope 
and improves if detector scales 
with volume
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The&GERDA&experiment&
Eur.&Phys.&J.&C&(2013)&73:2330&
arXiv:1212.4067&

KamLAND inner view 

KamLAND Experiment 

6/11/2013 7 CYGNUS2013 

~1000m depth 
2700 m.w.e 

R9m 
stainless 
tank 

R6.5m ballon 
(125μ  thickness) 

20
m

 

20m 

Water Cerenkov Outer Detector 
225 tubes of 20inch PMT in pure water 

Muon veto, Water shield 

1,000𝒕  Liquid Scintillator 
Dodecan(80%), Pseudocumene(20%), PPO(1.36g/ℓ𝓁) 

238U 3.8 × 10ିଵ଼g/g,  232Th 5.2 × 10ିଵ଻g/g 

Mineral Oil 
1,325 tubes of 17inch + 554 tubes of 20inch PMT 

34% photo coverage 

 Many physics results  
solar neutrinos, geo neutrinos,  
reactor neutrinos, supernova neutrinos  
etc… 

 Wide energy range,  ultra-low BG  

Dilution refrigerator!

Pulse tubes (5) !

Outer lead shield!

Roman lead shield!

988 TeO2 crystal detectors"
(19 towers of 52 crystals)!

Copper thermal shields (6) "
(300, 40, 4, 0.6, 0.06, 0.004 K)!

13 

CUORE'

PET + boric acid shield!
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0νββ 

GeS76:&&
Qββ=2039&keV&&

Gerda f = ε 2 η
A

⎛
⎝⎜

⎞
⎠⎟
2 Mt
ΔE ⋅c

•Ge diodes
•Detector = Source
•Best ΔE in the 
market
•Excellent efficiency
•c limited by 
economy of scale
•MT limited by 
economy of scale

ΔE = 4.4keV (phaseI )
ΔE = 2.5keV (phaseII )

FWHM @ Qbbc = 10−2ckky(Measured)
c = 10−3ckky(Planned) ckky = counts/(kev 

kg year)

ε(global) = 62%(Coax)
ε(global) = 66%(BEGe)

Detector Setup

Maximum charge Organized
in strings

Start with existing detectors

The problem of 
economy of scale. 
S/N does not 
improve with mass.



EXO 

•LXe TPC
•Detector = Source
•Mediocre ΔE
•c is good thanks to shelf-
shielding (but expensive)
•MT benefits from economy of 
scale.By making the detector 
larger S/V goes like 1/L and 
therefore the backgrounds tend 
to decrease with L.  

ΔE = 96keV (EXO200)

ε( fiducial) = 44%
ε(global) = 38%

c = 1.5 ×10−3ckky
~1

50
cm

 

nEXO 

upgrade&to&Ba1daughter&tagging&

~40cm 
EXO-200 



KamLAND-ZEN 

•Xe dissolved in scintillator
•Detector NOT Source
•Poor ΔE
•c is good thanks to shelf-
shielding (but lots of passive 
mass)
•MT benefits (partially) from 
economy of scale.  

ΔE = 250keV

ε( fiducial) = 55%
ε(global) = 50%

c = 1.2 ×10−3ckky



CUORE 
2015–2020!
206 kg 130Te!

Cuore 
•Te Bolometers. Good 
isotope!
•Detector = Source
•Excellent ΔE 
•Excellent efficiency
•c limited by economy of 
scale
•MT limited by economy of 
scale
•Uses natural Te. Mixed 
blessing (cheaper, but passive 
mass)

ΔE = 5keV
c ~10−1ckky(Measured)
c = 10−2ckky(Planned)



•HPXe TPC.
•Detector = Source
•Good ΔE 
•Moderate efficiency
•c very good thanks to 
topological signature 
•MT benefits by economy of 
scale
•Technology limit ~few tons

NEXT ε(global) = 30%
ΔE = 12.5keV

c ~ 5 ×10−4 ckky(NEXT100)
c = 10−4 ckky(Feasible)



NEXT CONCEPTUAL IDEA, light production   
LIGHT&PRODUCTION&PROCESS&
!"!Electrons!excite!and!ionize!Xe!
!"!Excited!Xenon!emits!scin3lla3on&
light!(172nm)!that!is!detected!by!the!!
PMTs!at!Energy!Plane!(SIGNAL!1)!
!"!Electrons!from!ioniza3on!are!
dri3ed!by!a!weak!electric!field!to!the!
Electro"Luminescence!(EL)!region!!!
!"!There,!a!larger!E!field!!accelerate!
electrons!such!to!excite!the!Xe,!but!
not!enough!to!ionize!it.!This!process!
produce!a!large!amount!of!172nm!
photons!that!will!be!detected!in!both!
photo"sensors!planes!(SIGNAL!2)!
" The!PMTs!in!the!energy!plane!will!
accurately!measure!the!energy!!
" !The!SiPMs!in!the!tracking!plane!will!
allow!to!reconstruct!the!track!
followed!by!the!original!par3cle.!
!

Tetra!Phenyl!Butadiene!(TPB)!Wave"Length"
ShiQer!is!used!to!convert!the!light!from!UV!to!
430!nm!to!make!it!visible!t!the!SiPMs!&!
increase!the!number!of!photons!for!improving!
energy!resolu3on!



NEXT CONCEPTUAL IDEA, tracking  

reconstructed**tracks**from**
a*MC*simulated*ββ0ν*event**

The' signature' of' the'
electron' is' a' twisted' track'
with' a' strong' energy'
deposi9on'at'its'end'

Tracking'Plane'
of'NEXT>DEMO,'
with'256'SiPMs'
for'tracking'





NEXT-DEMO



NEXT-DEMO

HHV modulesHot Getter Gas System



NEXT-DEMO

HHV modules

DAQ

Hot Getter Gas System

PMTs FEE SiPMs FEE



CATHODE

ANODE
GATE

DRIFT REGION (300 mm)

EL REGION (5 mm)

SHIELD
BUFFER REGION (100 mm)
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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 

NEXT ENERGY RESOLUTION  IS VERY 
GOOD
Bolotnikov and Ramsey, NIM A 

396 (1997)

light output similar to the 662 keV full energy events, a point spread function
of about 6 mm radius is measured. Therefore cutting harder on the radial
position of events does not reduce render an improved fiducialization of te
events.

Fig. 3 shows a high statistics spectrum with a full energy peak, a Comp-
ton continuum and edge, a backscattering peak and a xenon x-rays peak and
escape peak.
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Figure 3: Measured energy spectrum for 662 keV gammas: This spectrum was
taken at a 15.5 atm pressure with E/P of 1.95 kV/(cm atm) in teh EL region and 775
V/cm in the drift region.

In addition, we have obtained 4.7% FWHM for 59.4 keV gamma rays
from 241Am at 10 Atm (see Fig. 5 and 6).

The hot getter was added to the system to better control the TPC per-
formance by eliminating the residual N2 from the gas which a↵ects the drift
velocity and could potentially also have an electron attachment e↵ect. How-
ever, the removal of N2 had the unintended consequence of reducing the light
yield in the chamber (the number of SPEs detected per ionization electron).
A light yield reduction of about 60% was observed for similar TPC fields and
pressure. The light yield reduction has been compensated by a subtantial
increase in the maximum E/P we were able to achieve by gradual chamber
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•V.~Alvarez et al.  [NEXT Collaboration],
  ``Initial results of NEXT-DEMO, a large-scale 
prototype of the NEXT-100 experiment,''
arXiv:1211.4838 [physics.ins-det].

•V.~Alvarez, et al.  [NEXT Collaboration],
  “Near-Intrinsic Energy Resolution for 30 to 
662 keV Gamma Rays in a High Pressure Xenon 
Electroluminescent TPC,'' arXiv:1211.4474 
[physics.ins-det].

0.5% FWHM AT QBB
0.5-0.7 % FWHM AT QBB

0.7 % FWHM AT QBB



Na22 
511keV e-

Cs137 
662keV e-

Muon

Tracks reconstructed for 
different energies

Different behavior 
between µ and e
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manifold

design

NEXT-WHITE 
(NEW)



�
PMT�

manifold

design

NEXT-WHITE 
(NEW)

•First phase of 
NEXT-100 (2014)
•Energy plane with 12 
PMTs (20 % of sensors) 
•Tracking plane with 23 
DBs (20 % of sensors).
•Field cage dimensions: 
1:2 NEXT-100
•Mass ~20 kg.
•Radiopure.
•Full validation of 
background model.
•Measurement of bb2nu 
mode.
•Topological signal (2 
electrons)



AMADE University of Girona!DRAFT NEXT-100!
!

(2)!

1-Infrastructures at Canfranc Laboratory.!

NEXT-100 stage-I (NEW): operation in 2014/2015
Supported by an AdG/ERC grant (awarded in 2013)
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The 100 meV 
scale 

Cuore (c=10-2 ckky)

Next (c=5x10-4 ckky)

Gerda (c=10-2 ckky)

EXO (c=1.5x10-3 ckky)

•Next & Cuore ~1 ton 
y:
•Gerda 4.5 ton y
•EXO & KZ 15 ton y•Cuore: add passive 
mass
•EXO add self-
shielding
•Next & Cuore: 
demonstrate c
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Reaching 100 meV requires 
already very large exposures 
which in turn require 
detector masses of the order 
of the ton.

The implication is that one 
must reduce the background 
rate further before 
attempting to go to larger 
masses.

In practice: current 
generation of experiments 
are just prototypes of the 
ton-scale.

The 100 meV 
scale 



Improving the 
ship 

•Ge: 10-3 ckky instrumented 
veto, multi-site
•Bolometers: Cuore --> 
Lucifer: 10-3 ckky by 
combining scintillation and 
thermal signal
•Next: full use of topological 
signal: 10-4 ckky
•EXO: more self-shielding: 
10-4 ckky (at the cost of more 
wasted enriched xenon)



Advantages of this technique

Based on double read-out: HEAT + LIGHT

Solution: Scintillating Bolometers!

e- and  of the same energy:
- Release the same heat in the bolometer 
- Produce a different amount of light  
discrimination

• Different isotopes can be tested
• Very high efficiency 
• Excellent energy  resolution  (‰)
• Possibility of growing radio—pure  crystals.

But…no  possibility  to  tag  the  event  
poor background rejection ( events)

Lucifer 
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Lucifer (c=10-3 ckky)

HPXe (c=10-4 ckky)

Gerda/Majorana (c=10-3 ckky)

LXe (c=10-4 ckky)

Lucifer: 1 ton year

HPXe: 2 ton year.

Ge: 5 ton year

LXe: 12 ton year + 
shielf (~20 ton year)
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Reaching 50 meV requires 
masses of the order of 1 ton 
for bolometers, Ge, HPXe 
and order 10 ton for LXe.

Cost and scalability is a 
concern. Ge/bolometers cost 
at least a factor 10 more 
than Xenon.

Example: Gerda has 30 
detectors for 20 kg. Would 
need 1500 detectors for 1 
ton.

LXe needs to deploy very 
large masses (a factor 10 
more than the others).

HPXe seems to be capable of 
striking an acceptable deal 
between scalability, cost and 
performance.

The 50 meV 
scale 



•NEXT is scalable (like 
LXe) but does not need 
shelf-shielding (uses 
topology instead).
•Presumably also 
cheaper than the 
competition.
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Operating at 20 bar one needs 10 m3 to fit one ton 
of xenon. 
A symmetric TPC of R=1.5m and L1/2= 1.5 m 
would contain 20 m3 or 2 tons. 
One could reach 20 tons year (running for a full 
decade).

•NEXT is scalable (like 
LXe) but does not need 
shelf-shielding (uses 
topology instead).
•Presumably also 
cheaper than the 
competition.
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inner volume
(enriched LXe)

outer volume
(natural LXe)

cryostat

photosensors

graphene balloon ropes

Cu container

Figure 2. In the simplest version of GraXe, a graphene balloon, ⇧ 45 cm in radius and filled with
1 ton of 136Xe-enriched liquid xenon, is fixed in the center of a large LXe scintillation detector.

the total activity of the mesh would be less than 10 µBq.1 The graphene balloon would
include an inlet tube for the LXe filling and recirculation. Notice, however, that there are
no contaminants in contact with the enriched LXe, since the degassing of the balloon would
be insignificant.

The detector container would be made of radiopure copper, like in the EXO [16] and
XMASS experiments. Electro-formed copper has very low activity, about 5–10 µBq/kg.
Assuming a shell thickness of 2 cm, the total activity of the container would be about 35
mBq.

An obvious candidate photomultiplier for GraXe is the Hamamatsu R11410, a 3-inches
tube specifically designed for radiopure operation in liquid xenon. It has a quantum e⇤ciency
(QE) of ⇧ 26% at 175 nm, and a specific activity lower than 5 mBq in each one of the relevant
radioactive chains. Another candidate is the QUPID [48], a new low background photosensor
based on the hybrid avalanche photo-diode, and entirely made of ultra-clean synthetic fused
silica. The QUPID has a diameter of 3 inches, 33% quantum e⇤ciency at 175 nm, and an
activity of about 0.5 mBq in the U and Th series. If 100% of the container is covered by
3-inches photodetectors, ⇧ 4 000 will be needed. For a 70% coverage, as in the XMASS
detector, we will need ⇧ 2 800 devices. In this case and if QUPIDs are used, the overall
activity of the photosensors array would be 2.8 Bq, dominating the radioactive budget of the
detector.

1
We consider only the thorium and uranium series, the natural decay chains relevant for this experiment.

See section 5.3 for further details.

– 8 –

GraXe
JCAP 1202 (2012) 037

c = 10−5ckky
ε(global) = 60%
ΔE = 96keV
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XMASS experiments. Electro-formed copper has very low activity, about 5–10 µBq/kg.
Assuming a shell thickness of 2 cm, the total activity of the container would be about 35
mBq.

An obvious candidate photomultiplier for GraXe is the Hamamatsu R11410, a 3-inches
tube specifically designed for radiopure operation in liquid xenon. It has a quantum e⇤ciency
(QE) of ⇧ 26% at 175 nm, and a specific activity lower than 5 mBq in each one of the relevant
radioactive chains. Another candidate is the QUPID [48], a new low background photosensor
based on the hybrid avalanche photo-diode, and entirely made of ultra-clean synthetic fused
silica. The QUPID has a diameter of 3 inches, 33% quantum e⇤ciency at 175 nm, and an
activity of about 0.5 mBq in the U and Th series. If 100% of the container is covered by
3-inches photodetectors, ⇧ 4 000 will be needed. For a 70% coverage, as in the XMASS
detector, we will need ⇧ 2 800 devices. In this case and if QUPIDs are used, the overall
activity of the photosensors array would be 2.8 Bq, dominating the radioactive budget of the
detector.

1
We consider only the thorium and uranium series, the natural decay chains relevant for this experiment.

See section 5.3 for further details.
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GraXe
JCAP 1202 (2012) 037

•Outer Sphere, made of 
copper, tiled with PMTs, 1.2 
m in radius, contains 20 
tons of normal LXe
•Inner sphere, 45 or more 
cm radius. Graphene 
Balloon. 
•Enriche LXe inside (1-5 
ton)
•Graphene: fully metallic, 
impermeable to LXe, 
transparent to VUV light, 
few-layer atoms (no 
radioactive background)c = 10−5ckky

ε(global) = 60%
ΔE = 96keV
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no contaminants in contact with the enriched LXe, since the degassing of the balloon would
be insignificant.

The detector container would be made of radiopure copper, like in the EXO [16] and
XMASS experiments. Electro-formed copper has very low activity, about 5–10 µBq/kg.
Assuming a shell thickness of 2 cm, the total activity of the container would be about 35
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tube specifically designed for radiopure operation in liquid xenon. It has a quantum e⇤ciency
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GraXe
JCAP 1202 (2012) 037

•Outer Sphere, made of 
copper, tiled with PMTs, 1.2 
m in radius, contains 20 
tons of normal LXe
•Inner sphere, 45 or more 
cm radius. Graphene 
Balloon. 
•Enriche LXe inside (1-5 
ton)
•Graphene: fully metallic, 
impermeable to LXe, 
transparent to VUV light, 
few-layer atoms (no 
radioactive background)c = 10−5ckky

ε(global) = 60%
ΔE = 96keV

GraXe: Combines the EXO and 
KamLAND-Zen approaches thanks to 
Graphene balloon 
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mββ = 20meV

•To cover the inverse hierarchy GraXe needs 20 ton 
year. This is feasible (the inner balloon can contain a 
few tons) thanks to the density of LXe. The 
resolution of LXe is just enough to skirt bb2nu. The 
extreme self-shielding is achieved at a affordable 
cost thanks to the graphene technology.

Introduc6on&
•  Observa6on&of&0νββ&would&provide:&

•  A&beyond&the&Standard&Model,&lepton1
number&viola6ng&process&&

•  Imply&neutrinos&are&Majorana&par6cles&
•  Constrain&neutrino&mass&scale&

D.&Moore,&Stanford& 2&WIN&–&September&19,&2013&

•  Liquid&Xe&offers&several&advantages&for&a&large&
experiment:&
•  Easier'enrichment'(noble&gas,&136Xe&heaviest&

isotope)&
•  Reusable&(can&be&repurified&and&recycled)&
•  Self3shielding'(large,&monolithic&detectors&

reduce&effects&of&surface&contamina6on)&
•  Minimal'cosmogenic'ac8va8on'(no&long1lived&

radioac6ve&isotopes)'
•  Energy'resolu8on'~132%'(obtained&by&

measuring&charge&and&scin6lla6on&response)&

LXe1based&detectors&may&also&
allow&iden8fica8on'of'Ba'

daughter'nucleus,&elimina6ng&
all&non1ββ&backgrounds&

&
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see, e.g., M.K. Moe, Phys. Rev. C. 44, 
R931 (1991)  

 

P. Vogel, arXiv:hep-ph/0611243  
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The effect of the NME

•Unless dramatic theoretical progress is 
made, uncertainties associated to our (lack 
of) knowledge of the NMEs suggest that one 
should not place all the ships in the same 
quadrant of the galaxy. 

•Searches based in 3 isotopes may very well 
be the best possible strategy.



Bodly going... beyond?



Bodly going... beyond?
•What if one does not find 
a signal at the 20 meV 
level?
•I hope I have convinced 
you that fully exploring 
the inverse hierarchy is 
hard enough. 
•One could explore 
further (at great cost), find 
nothing... and prove 
nothing, due to accidental 
cancelations!
•Even Startrek must watch 
for black holes!



Captains logbook

•This is good moment for the field, with 3 
experiments in the market.

•However, current generation of detectors 
won’t even scratch the inverse hierarchy. To 
reach 50 meV, one needs to improve 
background suppression by one order of 
magnitude and deploy masses of the order 
of the ton. 



Captains logbook
•New ideas are needed. Experiments based 
on Ge (with full shielding and multi-site 
detection), scintillating bolometers (a la 
Lucifer) and HPXe TPCs (a la NEXT) seem 
capable of reaching the 50 meV mark, 
provided they can acquire and deploy the 
mass (this may be easier for HPXe).  

•LXe detectors are also a viable path. 
Improvement there should come either from 
Ba tagging or by technological break 
through a la GraXe.



Captains logbook
•The uncertainties in the NMEs suggest that 

diversifying the fleet (eg using several isotopes) is 
a wise approach.

•Exploring the inverse hierarchy requires masses in 
the scale of multiton and background rates 
extremely small. 

•Getting there will take considerable effort. 
Eventually more than one technique (and more 
than one isotope) may succeed.

•Europe may lead this exciting field, if we only 
try...



Captains logbook

•Europe: Gerda, Cuore, 
NEXT... (GraXe?) can lead 
this exciting field.



In memoriam, James White

Thanks for your 
attention


