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 Search for neutrinoless double beta (0νββ) decayExperiment

mν≠0
• Originally mν=0 in standard model
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• Deep underground location 
WIPP/ Homestake

• ~$20M enriched 85% 76Ge
• 210 2kg crystals, 12 segments 
• Advanced signal processing
• ~$20M Instrumentation
• Special materials (low bkg)
• 10 year operation

Main concern:Main concern:
•• cost and time for i.e. cost and time for i.e. 7676GeGe
•• cosmogeniccosmogenic background background 
•• material selectionmaterial selection

PerkinPerkin --Elmer designElmer design

TT00νν > (0.4> (0.4 --2) x 102) x 10 2828 yy
in 10 years measurementin 10 years measurement

Aalseth CE et al. hep -ex/0201021

Lead or copper shield

Contacts

Conventional super - low bkg cryostat
(21 crystals)

Same mass for right and left-handed 
All leptons except for neutrino is Dirac type

Lepton number violation (ΔL = 2) 
Can be different mass for right and left-handed neutrino 

Q. Dirac or Majorana particle?

 Neutrino



dramatic progress in our ability to compensate for high-
momentum physics that is cut out !see, e.g., Bogner et al.
"2003#$, but reliably correcting for low energy excitations
such as core polarization is a longstanding problem. Par-
tial summation of diagrams, a tool of traditional
effective-interaction theory, is helpful but apparently not
foolproof.

In the long term these issues will be solved. As al-
ready mentioned, the coupled-cluster approximation, an
expansion with controlled behavior, is being applied in
nuclei as heavy as 40Ca. With enough work on three- and
higher-body forces, on center-of-mass motion, and on
higher-order clusters, we should be able to handle 76Ge.
The time it will take is certainly not short, but may be
less than the time it will take for experimentalists to see
neutrinoless double beta decay, even if neutrinos are in-
deed Majorana particles and the inverted hierarchy is
realized. And the pace of theoretical work will increase
dramatically if the decay is seen. Observations in more
than one isotope will only make things better. Our opin-
ion is that the uncertainty in the nuclear matrix elements
in no way reduces the attractiveness of double beta de-
cay experiments. Given enough motivation, theorists are
capable of more than current work seems to imply.

VI. EXPERIMENTAL ASPECTS

A. Background and experimental design

Double beta decay experiments are searching for a
rare peak "see Fig. 5# upon a continuum of background.
Observing this small peak and demonstrating that it is
truly !!"0"# is a challenging experimental design task.
The characteristics that make an ideal !!"0"# experi-
ment have been discussed "Elliott and Vogel, 2002; Zde-
senko 2002; Elliott, 2003#. Although no detector design
has been able to incorporate all desired characteristics,
each includes many of them. "Section VII.C describes
the various experiments.# Here we list the desirable fea-
tures:

• The detector mass should initially be large enough to
cover the degenerate mass region "100–200 kg of iso-

tope# and be scalable to reach the inverted-hierarchy
scale region "%1 ton of isotope#.

• The !!"0"# source must be extremely low in radio-
active contamination.

• The proposal must be based on a demonstrated tech-
nology for the detection of !!.

• A small detector volume minimizes internal back-
grounds, which scale with the detector volume. It
also minimizes external backgrounds by minimizing
the shield volume for a given stopping power. A
small volume is easiest with an apparatus whose
source is also the detector. Alternatively, a very large
source may have some advantage due to self-
shielding of a fiducial volume.

• Though expensive, the enrichment process usually
provides a good level of purification and also results
in a "usually# much smaller detector.

• Good energy resolution is required to prevent the
tail of the !!"2"# spectrum from extending into the
!!"0"# region of interest. It also increases the signal-
to-noise ratio, reducing the background in the region
of interest. Two-neutrino double beta decay as back-
ground was analyzed by Elliott and Vogel "2002#.

• Ease of operation is required because these experi-
ments usually operate in remote locations and for
extended periods.

• A large Q!! usually leads to a fast !!"0"# rate and
also places the region of interest above many poten-
tial backgrounds.

• A relatively slow !!"2"# rate also helps control this
background.

• Identifying the daughter in coincidence with the !!
decay energy eliminates most potential backgrounds
except !!"2"#.

• Event reconstruction, providing kinematic data such
as opening angles and individual electron energies,
can reduce background. These data might also help
distinguish light- and heavy-particle exchange if a
statistical sample of !!"0"# events is obtained.

• Good spatial resolution and timing information can
help reject background processes.

• The nuclear theory is better understood in some iso-
topes than others. The interpretation of limits or sig-
nals might be easier for some isotopes.

Historically, most !! experiments have faced U and
Th decay-chain isotopes as their limiting background
component. A continuum spectrum arising from
Compton-scattered # rays, ! rays "sometimes in coinci-
dence with internal conversion electrons#, and $ par-
ticles from the naturally occurring decay chains can
overwhelm any hoped for peak from the !!"0"# signal.
This continuum is always present because U and Th are
present as contaminants in all materials. The level of
contamination, however, varies from material to mate-

FIG. 5. The distribution of the sum of electron energies for
!!"2"# "dotted curve# and !!"0"# "solid curve#. The curves
were drawn assuming that %0" is 1% of %2" and for a 1−&
energy resolution of 2%.

496 Avignone, Elliott, and Engel: Double beta decay, Majorana neutrinos, and …

Rev. Mod. Phys., Vol. 80, No. 2, April–June 2008

Summed electron kinetic energy/Q-value

• Two decay modes

 2νββ decay  0νββ decay
(A,Z)→(A,Z+2) + 2e- + 2νe

- (A,Z)→(A,Z+2) + 2e-

•  Second order weak process 
•  Continuous spectrum 
•  Occurs on tens of isotopes 
•  Observed half-life T1/2 ~ 1018-24 yr

•  Massive Majorana neutrino 
•  Lepton number violation 
•  Mono-energetic peak at Q value 
  (widen by the energy resolution) 
•  It has never been observed 
•  Limit on half-life T1/2 ~ 1024-26 yr
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J. Engel and  J. Menendez 
Rep. Prog. Phys. 80 (2017)
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 Neutrinoless double beta decay
In the framework of light Majorana neutrino exchange…

76Ge
82Se

96Zr 150Nd
136Xe100Mo 124Sn

130Te
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has been ignored in this analysis. We really need better
calculations. Fortunately, we are now finally in a position
to undertake them.

III. NUCLEAR MATRIX ELEMENTS AT
PRESENT

As we have noted, calculated matrix elements at
present carry large uncertainties. Matrix elements ob-
tained with di↵erent nuclear-structure approaches dif-
fer by factors of two or three. Figure 5 compares ma-
trix elements produced by the shell model [82, 113, 114],
di↵erent variants of the quasiparticle random phase ap-
proximation (QRPA) [81, 115–117], the interacting boson
model (IBM) [109], and energy density functional (EDF)
theory [118–120]. The strengths and weaknesses of each
calculation are discussed in detail later in this Section.

Some of these methods can be used to compute single-
� and 2⌫�� decay lifetimes. It is disconcerting to find
that predicted lifetimes for these processes are almost
always shorter than measured lifetimes, i.e. computed
single Gamow-Teller and 2⌫�� matrix elements are too
large [121–123]. The problems are usually “cured” by
reducing the strength of the spin-isospin Gamow-Teller
operator �⌧ , which is equivalent to using an e↵ective
value of the axial coupling constant that multiplies this
operator in place of its “bare” value of gA ' 1.27. This
phenomenological modification is sometimes referred to
as the “quenching” or “renormalization” of gA. In Sec. IV
we review possible sources of the renormalization, none
of which has yet been shown to fully explain the e↵ect,
and their consequences for 0⌫�� matrix elements.

A. Shell Model

The nuclear shell model is a well-established many-
body method, routinely used to describe the properties
of medium-mass and heavy nuclei [121, 124, 125], includ-
ing candidates for ��-decay experiments. The model,
also called the “configuration interaction method” (par-
ticularly in quantum chemistry [126, 127]), is based on
the idea that the nucleons near the Fermi level are the
most important for low-energy nuclear properties, and
that all the correlations between these nucleons are rele-
vant. Thus, instead of solving the Schrödinger equation
for the full nuclear interaction in the complete many-
body Hilbert space, one restricts the dynamics to a lim-
ited configuration space (sometimes called the valence
space) containing only a subset of the system’s nucleons.
In the configuration space one uses an e↵ective nuclear
interaction He↵, defined (ideally) so that the observables
of the full-space calculation are reproduced, e.g.

H |�ii = Ei |�ii ! He↵ |�̄ii = Ei |�̄ii . (17)

The states |�ii and |�̄ii are defined in the full space and
the configuration space, respectively, and have associated
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FIG. 5. Top panel: Nuclear matrix elements (M0⌫) for 0⌫��
decay candidates as a function of mass number A. All the
plotted results are obtained with the assumption that the ax-
ial coupling constant gA is unquenched and are from di↵erent
nuclear models: the shell model (SM) from the Strasbourg-
Madrid (black circles) [113], Tokyo (black circle in 48Ca) [114],
and Michigan (black bars) [82] groups; the interacting bo-
son model (IBM-2, green squares) [109]; di↵erent versions
of the quasiparticle random-phase approximation (QRPA)
from the Tübingen (red bars) [115, 116], Jyväskylä (orange
times signs) [81], and Chapel Hill (magenta crosses) [117]
groups; and energy density functional theory (EDF), relativis-
tic (downside cyan triangles) [118, 119] and non-relativistic
(blue triangles) [120]. QRPA error bars result from the use of
two realistic nuclear interactions, while shell model error bars
result from the use of several di↵erent treatments of short
range correlations. Bottom panel: Associated 0⌫�� decay
half-lives, scaled by the square of the unknown parameter
m�� .

energy Ei.

The configuration space usually comprises only a rela-
tively small number of “active” nucleons outside a core of
nucleons that are frozen in the lowest-energy orbitals and
not included in the calculation. The active nucleons can
occupy only a limited set of single-particle levels around
the Fermi surface. Many-body states are linear combi-
nations of orthogonal Slater determinants | ii (usually
from a harmonic-oscillator basis) for nucleons in those

48Ca 116Cd
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- No perfect isotope for double beta decay
 Isotopes for double beta decay (Q-value > 2MeV)

Isotope Q-value (keV) N.A.  
(％) Pros & Cons

48Ca 4273.6 ± 4 0.19 (6.4±     ±    ) × 1019

76Ge 2039.006 ± 0.050 7.6 (1.926±0.094) × 1021 enrichment ~90%
82Se 2995.50 ± 1.87 8.7 (9.6±0.3±0.1) × 1019 enrichment >90%
96Zr 3347.7 ± 2.2 2.8 (2.35±0.14±0.16) × 1019

100Mo 3034.40 ± 0.17 9.4 (6.90±0.15±0.37) × 1018 enrichment >90% 
110Pd 2017.85 ± 0.64 7.5 -
116Cd 2813.50 ± 0.13 7.5 (2.74±0.04±0.18) × 1019 enrichment 80~90%
124Sn 2287.80 ± 1.52 5.8 -
130Te 2527.01 ± 0.32 34.2 (8.2±0.2±0.6) × 1020 N.A. high
136Xe 2457.83 ± 0.37 8.9 (2.165±0.016±0.059) × 1021 enrichment ~90%
150Nd 3317.38 ± 0.20 5.7 (9.34±0.22±      ) × 1018 enrichment difficult

T 2�
1/2
measurement 

from PDG2018 (latest value)

(year)

 Q-value biggest, N.A. small, 
enrichment difficult

0.7
0.6

1.2
0.9

0.62
0.60
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• 130Te (N.A. 34.2%, Q-value 2527keV). Located at SNOLab (Canada), ~5890 m.w.e. 
• 130Te loaded liquid scintillator (LAB/PPO with 0.5% natTe). 

SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

SNO+ Sensitivity
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T1/2	>	1.9e26	yrs	(90%	CL)	
5	years

Assumes	0.5%	
loading	for	5	years

 SNO+ Phase I

SNO+ at Neutrino 2018, Gabriel D. Orebi Gann

SNO+ Operations
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• SNO+	will	operate	in	3	phases:	

1.Water	filling	complete	(Feb	2017)	

Physics	data	taking	ongoing						
(May	4th	2017)	
Triggering	at	7	PMT	hits	~	1	MeV	(!)	

2.	LS	fill	in	July	2018																								

LAB/PPO	@	2g/L	

3.	Te	loading	in	spring	2019	

0.5%	by	mass

• Water phase analysis → see M. Askins's talk 
• LS filing has started 
• Te loading in 2019 

780 ton LAB/PPO in 6m radius 
acrylic vessel (AV) 



• 136Xe (N.A. 9.6%, Q-value 2458 keV). Located at WIPP (U.S.), ~1600 m.w.e. 
• ~175 kg of liquid Xe (80.6% enriched) in a time projection chamber 
• Energy resolution ~1.2% FWHM after electronic upgrade 

>	25	cm	

25	mm	ea	

High	purity		
Heat	transfer	fluid	
HFE7000		
>	50	cm	

1.37	mm	Wall	

VETO	PANELS	

Use liquid Xenon TPC to search for 0νββ  4 

- 8kV Charge collection 

e- 
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e- 
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e- 
e- 

e- 

Ionization Scintillation 

Example of TPC schematics (EXO-200) 

       Advantage of Xenon: 
� Xenon is used both as the source 

and detection medium. 
� 136Xe enrichment is easier and safer. 
� Easily scale to tonne scale. 
� Low background -- No long lived 

radioactive isotopes and can be 
continuously purified. 
 

Advantage of liquid Xenon TPC: 
� Simultaneous collection of both 

ionization and scintillation signals. 
� Full 3D reconstruction of all energy 

depositions in LXe. 
�Monolithic detector structure with 

excellent background rejection 
capabilities. 

� Background free measurements – 
Ba tagging. 

 EXO-200

• Scintillation collected by APDs 
• Amount and position of charge 

collected by 2 wire grids

40cm

Large area Avalanche Photo Diodes 

Topological classification of event (single site/multi site) → signal/background discrimination



 EXO-200 | Recent result

investigated for each fit observable (see Figs. 1 and 3). In
these studies, the shapes of the γ-originated background
components are corrected by using the residual differences
between calibration source data and simulation, while the
shapes of the SS β components are corrected by using the
residual differences of the measured background-subtracted
2νββ spectrum. A large number of simulated data sets were
drawn from the best-fit background model using the
corrected probability density functions, and were fit with
the original simulated shapes. The resulting bias between the
fitted and true value of backgrounds near Qββ is included as
an additional systematic error on the normalization of the
background components. Toy studies indicate that these
shape errors are 2.1% (1.7%) for Phase I (Phase II). The
contribution to this error caused by spatial and temporal
energy resolution variations that are not fully accounted for

by the MC simulation was determined to be 1.5% (1.2%) in
Phase I (Phase II).
U, Th, and Co background components simulated at

locations different from the default ones were individually
inserted into the fit, and the resulting variation in the
number of expected events nearQββ was determined. These
studies estimate the error due to uncertainty in the location
of the background model components to be 5.6% (5.9%) in
Phase I (Phase II). All sources of systematic uncertainty on
the background model near Qββ are treated as uncorrelated
and result in a total error of 6.2% for both Phase I and
Phase II, as summarized in Table I.
Two final constraints on the measured radon concen-

tration in the LXe and relative rate of cosmogenically
produced backgrounds were included in the fit, but verified
to be unchanged from previous analyses [5] for both
Phase I and Phase II.
The analysis further accounts for a possible difference

in the reconstructed energy for β-like events Eβ, relative to
the energy scale determined from the γ calibration sources
Eγ . This difference is expressed through a multiplicative
constant B that scales the energy for all β-like components,
Eβ ¼ BEγ , which is allowed to float freely in the fit. B is
highly constrained by the 2νββ spectrum, and consistent
with unity to the subpercent level.
After “unblinding” the combined data set, no statistically

significant evidence for 0νββ was observed. A lower
limit on the half-life of T1=2 > 1.8 × 1025 yr at the

TABLE I. Systematic errors on the determination of the number
of events near Qββ.

Source Phase I Phase II

Signal detection efficiency 3.0% 2.9%

Background errors
Spectral shape agreement 2.1% 1.7%
Background model 5.6% 5.9%
Energy scale and resolution 1.5% 1.2%

Total 6.2% 6.2%

FIG. 4. Best fit to the low-background data SS energy spectrum for Phase I (top left) and Phase II (bottom left). The energy bins are 15
and 30 keV below and above 2800 keV, respectively. The inset shows a zoomed-in view around the best-fit value for BQββ. Top right:
Projection of events within BQββ " 2σ on the BDT fit dimension. Bottom right: MS energy spectra above the 40K γ line.

PHYSICAL REVIEW LETTERS 120, 072701 (2018)

072701-5

EXO-200 Limit (90% C.L.) 

T1/2 > 1.8 × 1025 yr (Sensitivity 3.7 × 1025 yr)
mββ < 147 – 398 meV 

Phys. Rev. Lett. 120, 072701

• Phase I Sep. 2011 -2014 (122 kg yr), Phase II 2016-2018 (55.6 kg yr).

• Operation will end in Dec. 2018

= single site



J. B. ALBERT et al. PHYSICAL REVIEW C 97, 065503 (2018)
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ery potential to the 0νββ half-life of a nEXO-like experiment under
a background consisting only of the 2νββ component.

VIII. CONCLUSIONS

nEXO’s sensitivity reach is rooted in the success and
experience gained from its predecessor EXO-200 and in
the advantages provided by a large homogeneous TPC with
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FIG. 16. 90% C.L. exclusion sensitivity reach to the effective
majorana neutrino mass mββ as a function of the lightest neutrino mass
for normal (left) and inverted (right) neutrino mass hierarchy. The
width of the horizontal bands derive from the uncertainty in nuclear
matrix elements (see text) and it assumes that gA = 1.27. The width of
the inner dashed bands result from the unknown Majorana phases and
is irreducible. The outer solid lines incorporate the 90% C.L. errors
of the three-flavor neutrino fit of Refs. [61,62].

TABLE VIII. Nuclear Matrix Elements (NME) values and cor-
responding 90% C.L. exclusion sensitivity limits on the Majorana
neutrino mass ⟨mββ⟩ for nEXO after 10 yr of data taking. The values
are computed for the 136Xe 0νββ half-life sensitivity of 9.2 × 1027 yr.
(R)QRPA: (renormalized) quasirandom phase approximation; ISM:
interacting shell model; IBM: interacting Boson mode; (N)REDF:
(non)relativistic energy density functional. Majorana neutrino masses
are computed assuming gA = 1.27 [9].

Calculation Reference NME ⟨mββ⟩
M0ν [meV]

IBM-2 [65] 3.05 9.0
Skyrme-QRPA [64] 1.55 17.7
QRPA [66] 2.46 11.1
RQRPA-UCOM [67] 2.54 10.8
NREDF [63] 4.77 5.7
REDF [68] 4.32 6.3
ISM [69] 1.77 15.5

good energy resolution, position reconstruction, and ability to
identify particle type.

Making conservative assumptions on the detector and anal-
ysis performance, and using only measured radioassay inputs
to build the background model, we predict that nEXO will
reach a 3σ discovery potential of 5.7 × 1027 yr for the 136Xe
0νββ half-life. We further estimate its 90% C.L. exclusion
sensitivity to reach 9.2 × 1027 yr. Under aggressive but not
unrealistic assumptions, nEXO might reach well beyond a
sensitivity of 1028 yr.

The sensitivity to the 0νββ half-life of 136Xe can be
converted into a reach on the effective Majorana neutrino
mass ⟨mββ⟩ under the assumption of a light Majorana neutrino
exchange [Eq. (2)]. Figure 16 shows the nEXO exclusion
sensitivity to ⟨mββ⟩ as a function of the lightest neutrino mass.
The allowed neutrino mass bands are derived from neutrino
oscillation parameters from Refs. [61,62]. The ⟨mββ⟩ exclusion
band between 5.7 and 17.7 meV arises from the range of
nuclear matrix elements, with EDF [63] and QRPA [64] at
the minimum and maximum extreme respectively. A detailed
evaluation of the sensitivity for various NME choices is given in
Table VIII. Majorana neutrino masses are computed assuming
an axial-vector coupling constant of gA = 1.27 [9].

Liquid xenon TPC is a proven, competitive technology in
the search for 0νββ. 3D event reconstruction in a monolithic
detector at the tonne scale is a new powerful tool to reject,
and perhaps more importantly identify, backgrounds; this is
especially important for a discovery-class experiment. Xenon
is available at the tonne scale and is easily enriched thus
simplifying the design and reducing the cost. The nEXO
experiment is expected to increase the sensitivity to 0νββ by
about two orders of magnitude over current experiments, and
has the multiparameter dataset to make a convincing case for
the discovery of the Majorana nature of the neutrino and the
violation of lepton number.
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 nEXO
• ~5 ton of Xenon 
• Sensitivity ~ 9.2×1027 yr with 10 yrs livetime

• R&D on Ba tagging ongoing 
   136Xe → 136Ba++ + 2e-

J. B. ALBERT et al. PHYSICAL REVIEW C 97, 065503 (2018)
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FIG. 10. nEXO median sensitivity at 90% C.L. and 3σ discovery potential as a function of the experiment livetime.

variables in the multiparameter analysis, further lessening the
reliance on energy resolution. The homogeneous nature of the
detector permits to take full advantage of this multiparameter
approach.

The impact of the energy resolution on nEXO’s sensitivity is
shown in Fig. 12. The shallow slope of this curve is understood
by considering the role of the photoelectric peak from 214Bi
background, which falls only 10 keV away from the 136Xe
0νββQ value. In the range of energy resolutions considered
here, only a small fraction of SS 214Bi backgrounds lies more
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FIG. 11. nEXO exclusion sensitivity at 90% C.L. as a function
of fiducial LXe volume. The blue points (upper curve) are obtained
from the full 2D fit of energy vs. distance to surface, while the black
points (lower curve) are the result of a pure counting experiment of
events with energy in Qββ±FWHM/2. Both analyses are performed
using the method of Ref. [42].

than ±FWHM/2 away from Qββ . Even at an energy resolution
of 0.35%, 50% of the 214Bi SS background falls within
Qββ±FWHM/2. For this reason, the half-life sensitivity does
not significantly change with the energy resolution. However,
the sub-dominant contribution arising from the fraction of
SS 208Tl decays that enter the same energy window is only
2.6 × 10−5 at 1% resolution. This fraction increases rapidly
as the resolution worsens, becoming 2.8 × 10−2 at σ/Qββ ∼
1.5%.

The distance to surface and event type parameters in
nEXO’s multiparameter analysis have no discriminating power
against the unavoidable 2νββ background. As a result, en-
ergy resolution is the only proven method to suppress this
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FIG. 12. nEXO median exclusion sensitivity at 90% C.L. com-
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FIG. 1. Engineering design rendering of the nEXO experiment concept, for concreteness drawn in the SNOLAB cryopit (left). Cross-section
of the TPC (right).

predictions made before data taking match as well [12]. A
nontrivial conclusion follows from this observation. The event
rates derived from the radioassay results assume Th and U
decay chain equilibrium, while the data-driven analysis does
not, thus validating the equilibrium assumption. Therefore,
the methods employed during the planning and construction
of EXO-200 can be considered reliable and justify their use
during the design and construction of nEXO.

III. nEXO DETECTOR CONCEPT

A conceptual sketch of nEXO is shown in Fig. 1, with the
liquid xenon volume enclosed in several layers of active and
passive shielding. The principal parameters and dimensions of
the experiment are presented in Table I.

In this concept, the TPC consists of a single homogeneous
volume of 4038 kg of LXe enriched to 90% in the candidate
0νββ nuclide 136Xe. An electric field drifts electrons toward
the top of the TPC. Electric-field shaping rings, connected in
a chain by resistors, create a potential gradient in the LXe
to achieve a uniform drift field. A drift field of 400 V/cm,

TABLE I. Key parameters of the nEXO geometry.

Description Value

Liquid Xenon total mass 5109 kg
TPC xenon mass 4038 kg
Fiducial xenon mass 3740 kg
136Xe enrichment level 90%
TPC drift height 125.3 cm
TPC drift diameter 114.8 cm
Drift electric field 400 V/cm
TPC Vessel height 130 cm
TPC Vessel diameter 130 cm
HFE (Inner) Vessel diameter 338 cm
Vacuum (Outer) Vessel diameter 446 cm
Water Tank height 9 m
Water Tank diameter 10 m

similar to that of EXO-200, is planned. Deviating from the
EXO-200 design, no center cathode is planned in nEXO. This
is done to remove radioactivity from the center of the TPC
and thereby taking full advantage of the substantial LXe-γ -ray
attenuation, an important analytical tool. Hence, the design
results in a single Xe-volume, delimited by cathode (at negative
high voltage) and anode (at ground potential). This comes at
the expense of a larger drift length and higher drift voltage
requirements for equal field strength when compared to a
midcathode design. In addition, the cryogenic charge readout
electronics is only located at the top of the TPC (and the passive
cathode at the bottom), thus minimizing xenon convection in
the bulk of the LXe.

The field cage shaping rings are envisaged to be made of
high-purity copper. Each of the 61 rings weighs 1.2 kg and are
vertically spaced 2 cm apart. The field rings are separated by
24 1-cm-high cylindrical sapphire vertical spacers (3.17-mm
radial thickness) spread evenly along the ring circumference.
The entire structure including the cathode and anode is held
under compression by spring-tensioned sapphire rods with
1.59-mm radius that run the full length of the field cage, passing
through holes in the rings and each of the spacers.

Several concepts are being investigated for the design
and fabrication of the TPC cathode. For the purposes of
the sensitivity calculations, the cathode is assumed to be a
0.25-mm thin copper disk held between two halves of an
enlarged copper ring. The cathode sits 30 mm above the bottom
of the TPC vessel.

Electrostatic simulations using COMSOL [24] were used
to estimate the uniformity of the electric field in the drift
volume. Near the edge of the field cage, distortions of the
electric field lines prevent full charge collection for events
within ∼5-mm radial distance from the rings, radially defining
the boundary of the fiducial volume. Electrostatic simulations
are also used to position the HV components in a way such that
the maximum electric field does not exceed a surface field of
50 kV/cm. This value was derived from COMSOL simulations
of EXO-200 under high-voltage configuration that provided
stable operating conditions.

065503-5
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• 130Te (N.A. 34.2%, Q-value 2527keV). Located at LNGS (Italy), ~3600 m.w.e. 
• TeO2 bolometers (988 crystals in 19 towers), a total mass of 130Te = 206 kg 
• Operated at ~15mK (7mK as lowest). Energy resolution ~0.2% FWHM

 Kyungeun E. Lim (Yale University)

CUORE

6

CUORE-0
(2013–2015)Cuoricino

(2003–2008)

CUORE
(2016–2020)

Completed (2008) Completed (2015) Projected (2020)

The CUORE Program

Theoretical Aspects Bolometers CUORICINO The CUORE Experiment

CUORE Program

CUORICINO

2003 - 2008

CUORE-0

2011 - 2014

CUORE

2013 - 2018

Andrea Giachero (Andrea.Giachero@mib.infn.it) The status of the CUORE experiment NPA5 2011 , April 5th, 2011 8 / 22

CUORE: Cryogenic 
Underground Observatory 

for Rare Events

T1/20ν  > 9.5×1025 yr (90% C.L.)T1/20ν  > 4.0×1024 yr (90% C.L.)
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continuum background. A simultaneous fit over the full
array was not performed due to the computational demands.
A comparison of the fit results with the calibration data and a
breakdown of the fit model are shown in Fig. 2.
To characterize possible differences in the detector

response between physics and calibration data we fit
prominent background peaks in the physics data, with
known energies between 800 and 2615 keV, using the best-
fit line shape parameters determined above for each
bolometer–dataset. At each energy this fit includes a
dataset-dependent (i.e., channel independent) energy offset
variable to parametrize energy misreconstruction. In addi-
tion, as the calibration line shape study was performed near
2615 keV, each fit includes a dataset-dependent(channel
independent) energy resolution scaling variable to param-
eterize energy dependence of the resolution or a difference
between background and calibration resolution. We find the
energy misreconstruction is less than 0.5 keV over the
calibrated energy range. The best-fit resolution scaling
parameters at 2615 keV are 0.95! 0.07 and 1.01! 0.06
for the first and second dataset, respectively. To parametrize
the energy dependence of the resolution scaling, we fit the
set of scaling parameters determined at each peak energy
studied with a quadratic function. The resulting best-fit
function is then used to estimate the resolution scaling at
Qββ. The exposure-weighted harmonic mean energy reso-
lution of the detectors (denoted effective resolution) in
physics data, extrapolated to Qββ, is given for each dataset
in Table I; to quote a single characteristic energy resolution

for our entire exposure, we combine these, finding
ð7.7! 0.5Þ keV FWHM.
Before unblinding the physics data, we fix the model and

fitting strategy to search for the 0νββ decay of 130Te. The
ROI is taken from 2465 to 2575 keV. The model for each
bolometer–dataset is composed of a 0νββ decay peak, a
peak for 60Co coincident γ rays, and a flat background.
Each peak is modeled using the line shape discussed above,
with the line width scaled by the resolution scaling
extrapolated to the peak energy. All detectors are con-
strained to have the same 0νββ decay rate Γ0ν, which we
allow to vary freely in the fit; the position of the 0νββ decay
peak is fixed to Qββ for each bolometer–dataset. The 60Co
peak position is a dataset-dependent free parameter; the
60Co rate is a single free parameter but the known isotope
half-life is used to account for its decay. The background
rate is a dataset-dependent free parameter and is not scaled
by the event selection efficiency.
Figure 3 shows the 155 candidate events in the ROI that

pass all selection criteria together with the result of the
UEML fit described above. The total TeO2 exposure is
86.3 kg yr, corresponding 24.0 kg yr for 130Te. The best-fit
Γ0ν is ½−1.0þ0.4

−0.3ðstatÞ ! 0.1ðsystÞ& × 10−25 yr−1. With zero
signal, the best-fit background in the ROI averaged over
both datasets is ð0.014! 0.002Þ counts=ðkeV kg yrÞ.
To evaluate the goodness of fit, we prepare a large set of

pseudoexperiments, each with a number of events deter-
mined by a Poisson distribution with a mean of 155 and
energy distributed according to the best-fit zero-signal
model. Repeating our 0νββ decay search fit on each of
these, we find that 68% yield a negative log likelihood
(NLL) larger than that obtained with our data.
We conclude there is no evidence for 0νββ decay and

set a 90% confidence Bayesian upper limit on the rate,
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UEML fits we use to estimate the line shape parameters of each
bolometer–dataset in calibration data. The solid red line is the
sum of the best-fit line shape model of each bolometer–dataset;
the components of this summed best-fit model are shown by the
blue dashed lines. We identify (a) the multi-Gaussian photopeak
that describes the detector response function, (b) a multiscatter
Compton contribution, (c) multiple peaks due to 27–31 keV Te
x-ray escape following an incident 2615-keV γ ray, (d) a linear
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232Th decay chain followed by escape of a 511-keVannihilation γ
from pair production. Top: Ratio between calibration data and
line shape model.
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 CUORE | Recent result
• Data collected in summer 2017 (7 weeks) 
• Exposure: 86.3 kg·yr  (24 kg·yr of 130Te)

Combining the limit  
with Cuoricino and CUORE-0 
T1/2 > 1.5 × 1025 yr (90% C.L.)

mββ < 110 – 520 meV 

Phys. Rev. Lett. 120, 132501

finding Γ0ν < 0.50 × 10−25 yr−1 (stat only) or T0ν
1=2 >

1.4 × 1025 yr. In constructing the posterior pdf for Γ0ν,
we approximate the marginalized likelihood with the
profile likelihood and use a flat prior for Γ0ν >¼ 0. This
approximation speeds up the computation and is valid
when the marginalization is dominated by the most
probable values of the nuisance parameters. We expect
this for our likelihood as the number of events is large
and the background dominates. To confirm this we
perform an independent analysis using the BAT toolkit
[54] with the same prior but marginalize over the
nuisance parameters. The results agree with those above
to the percent level.
We repeat our analysis on a large set of pseudoexperi-

ments generated in the same way as for the goodness of
fit study. We find the median 90% confidence lower limit
(sensitivity) for T0ν

1=2 is 7.0 × 1024 yr, and there is a 2%
probability of obtaining a more stringent limit than the one
obtained with our data.
We estimate the systematic uncertainties following the

same procedure used for CUORE-0 [33]. We perform a large
number of pseudoexperiments with zero and nonzero signals
assuming different detector line shape models and back-
ground shapes (flat and first-order polynomial), varying the
energy resolution scaling parameters within their uncertainty,
and shifting the position ofQββ by"0.5 keV to account for
the energy reconstruction uncertainty. The results are sum-
marized inTable II.We find the fit bias onΓ0ν to be negligible.
Including these systematic uncertainties, the 90% confidence
limits are Γ0ν<0.52×10−25 yr−1 and T0ν

1=2 > 1.3 × 1025 yr.
A frequentist analysis, using the bounded method of
Ref. [55], yields T0ν

1=2 > 2.1 × 1025 yr at 90% C.L. with a
median 90% C.L. lower limit sensitivity for T0ν

1=2

of 7.6 × 1024 yr.
We combine our profile likelihood curve with those

from 9.8 kg yr of 130Te exposure from CUORE-0 [32]
and 19.8 kg yr from Cuoricino [56] (see Fig. 4). The
combined 90% C.L. limits are Γ0ν < 0.47 × 10−25 yr−1 and
T0ν
1=2 > 1.5 × 1025 yr. The frequentist technique yields

Γ0ν < 0.31 × 10−25 yr−1 and T0ν
1=2 > 2.2 × 1025 yr.

We interpret the combined half-life limit, T0ν
1=2 >

1.5 × 1025 yr, as a limit on the effective Majorana neutrino
mass (mββ) in the framework of models of 0νββ decay
mediated by light Majorana neutrino exchange. We use
phase-space factors from Ref. [57], nuclear matrix elements
from a broad range of models [58–68], and assume the
axial coupling constant gA ≃ 1.27; this yields mββ <
ð110–520Þ meV at 90% C.L., depending on the nuclear
matrix element estimate employed.
In summary, we find no evidence for 0νββ decay

of 130Te and place the most stringent limit to date on
this decay half-life. The observed background, ð0.014"
0.002Þ counts=ðkeVkg yrÞ, is in line with our expectations
[51]. The characteristic energy resolution at Qββ is
ð7.7" 0.5Þ keV, which we foresee improving to ∼5 keV
by optimizing operating conditions and through analysis
improvements. A study of our future sensitivity for a
number of scenarios is presented in Ref. [69]. The
experimental progress in 0νββ decay searches has been
dramatic in recent years; half-lives greater than 1025 yr are
now probed by several experiments [70–75]. CUORE is the
first ton-scale cryogenic detector array in operation, more
than an order of magnitude larger than its predecessors. The
successful commissioning and operation of this large-mass,
low-background, cryogenic bolometer array represents a
major advancement in the application of this technique to
0νββ decay searches.

The CUORE Collaboration thanks the directors and staff
of the Laboratori Nazionali del Gran Sasso and our technical
staff for their valuable contribution to building and operating
the detector. We thank Danielle Speller for contributions to
detector calibration, data analysis, and discussion of the
manuscript. We thank Giorgio Frossati for his crucial
support in the commissioning of the dilution unit. This
work was supported by the Istituto Nazionale di Fisica
Nucleare (INFN); the National Science Foundation under
Grants No. NSF-PHY-0605119, No. NSF-PHY-0500337,

TABLE II. Systematic uncertainties on Γ0ν for zero signal
(additive) and as a percentage of nonzero signal (scaling). The
dots (% % %) indicate the contribution of the corresponding entry is
negligible.

Additive (10−25yr−1) Scaling (%)

Line shape 0.02 2.4
Energy resolution % % % 1.5
Fit bias % % % 0.3
Energy scale % % % 0.2
Background shape 0.05 0.8
Selection efficiency 2.4
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• Restarted physics data taking in 2018 May  
• Projected sensitivity: 9 × 1025 yr in 5yrs live time, mββ < 50 – 200 meV 

CUORE First Limit (90% C.L.) 

T1/2 > 1.3 × 1025 yr (syst. included)

sensitivity 7.0 × 1024 yr



CUPID: Zn82Se

• 82 Se embedded in ZnSe scintillating bolometers 

• Q-value:  2998 keV  

• CUPID-0 Se demonstrator now operating at LNGS See L. M. Pattivina’s talkCUPID-0
CUPID-0 is the first array of scintillating bolometers 

for the investigation of 82Se 0νββ

30 cm

•  82Se Q-value 2998 keV 

•  95% enriched Zn82Se bolometers 

•  26 bolometers (24 enr + 2 nat) arranged in 5 towers 
•  10.5 kg of ZnSe 
•  5.17 kg of 82Se -> Nββ = 3.8x1025 ββ nuclei 

•  LD: Ge wafer operated as bolometer 

•  Simplest modular detector ➜ scale up 
•  Copper structure (ElectroToughPitch) 
•  PTFE holders  
•  Light Reflector (VIKUITI 3M)

CUPID-0 Coll., Eur. Phys. J. C (2018) 78:428. 8

CUPID-0
CUPID-0 is the first array of scintillating bolometers 

for the investigation of 82Se 0νββ

This design has the main goal of
Minimize mass of passive materials

Cu ~22% - PTFE/Vik. ~0.1% - ZnSe+Ge ~78%

CUPID-0 Coll., Eur. Phys. J. C (2018) 78:428.

•  82Se Q-value 2998 keV 

•  95% enriched Zn82Se bolometers 

•  26 bolometers (24 enr + 2 nat) arranged in 5 towers 
•  10.5 kg of ZnSe 
•  5.17 kg of 82Se -> Nββ = 3.8x1025 ββ nuclei 

•  LD: Ge wafer operated as bolometer 

•  Simplest modular detector ➜ scale up 
•  Copper structure (ElectroToughPitch) 
•  PTFE holders  
•  Light Reflector (VIKUITI 3M)
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Background data selection

T1/2(82Se ➜82Kr) > 4.0·1024 yr @ 90C.L.

NEMO3 measurement 3.6·1023 yr @ 90C.L.
 A. S. Barabash and V. B. Brudanin, NEMO, Phys.Atom.Nucl.74, 312 (2011),

mββ < (290-596)1 meV

UEML Simultaneous fit over the datasets

Exposure: 5.46 kg·y of ZnSe 

Energy resolution in ROI: 23.0±0.6 keV 
Total signal efficiency: 75±2%

(εntrigger  + εsignal + εββ)
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 CUPID (Cuore Upgrade with Particle ID)

mββ < 290 – 596 meV 

Latest Results from the CUORE Experiment

NEUTRINO 2018, Heidelberg, Germany June 6, 2018

CUORE Upgrade with Particle ID (CUPID) R&D
▸ Next generation of 0νββ decay experiments seek to be sensitive to 

the full IH region (mββ ~ 6 - 20 meV, T1/2 ~ 10
27

 yr) 

▸ ~1000 enriched light emitting bolometers mounted in the CUORE 
cryostat 

▸ Nearly zero background goal of ~ 0.1 cnts/(ROI∙yr) 

▸ Worldwide effort focused on demonstrating readiness to construct a 
tonne-scale bolometric experiment

21

Detector installation

13

In March 2017 the commissioning was 
finalized and the data taking has started

Detector installed in the former Qino/C0 cryostat 
with major upgrades: 

• Double stage pendulum for low vibrational 
noise 
• LD performance 

• Cryostat wiring: can host up to 120 channels 
• CUPID-0 uses 67 chns

CUPID-0/Se at LNGS 
Zn82Se

CUPID-Mo at Modane 
Li2100MoO4

22  (A)bI
0.4− 0.3− 0.2− 0.1− 0 0.1 0.2 0.3 0.4

3−10×

 (V
)

ou
t

V

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

 (80.00 mK)b vs  IoutV  (80.00 mK)b vs  IoutV

 (A)tesI
0.04− 0.02− 0 0.02 0.04

3−10×

 (V
)

te
s

V

8−

6−

4−

2−

0

2

4

6

8

6−10×

 (80.00 mK)tes vs  ItesV  (80.00 mK)tes vs  ItesV

 (A)tesI
0.04− 0.02− 0 0.02 0.04

3−10×

)
Ω (

te
s

R

0

0.05

0.1

0.15

0.2

0.25

 (80.00 mK)tes vs  ItesR  (80.00 mK)tes vs  ItesR

 (W)tesP
0 0.05 0.1 0.15 0.2 0.25 0.3

9−10×

)
Ω (

te
s

R

0

0.05

0.1

0.15

0.2

0.25

 (80.00 mK)tes vs  RtesP  (80.00 mK)tes vs  RtesP

,LIG ADFGM NI 7 IH DH C ?D G N L D A L
‣ Ir/Au TES on 2 inch wafer sputtered at 

room temperature 
‣ Tc consistent with that obtained with films 
‣ AC current bias using Magnicon squid with 

a local Nb can on squid 
‣ Working on noise mitigation, measurement 

of Gep and testing of Ir/Pt towards using 
lower Tc recipes found on films already

Neganov-Luke and 
TES-based light 

detectors for TeO2

➡Talk: Andrea Giuliani

CUPID-0 (the first enriched bolometer) 
82Se (N.A. 8.7%, Q-value 2998keV) 
95% enriched Zn82Se bolometer 
Now operating at LNGS

Exposure 5.46kg yr of ZnSe 

T1/2 > 4.0 × 1024 yr (90% C.L.)

CUPID-Mo at 
Modane 

Li2100MoO4 

Phase I  
under  

commissioning

Target sensitivity  
@ 90% C.L. 

100Mo 2×1027 yr, 9-15meV  
130Te 5×1027 yr, 6-28meV 

• Target: fully cover the inverted hierarchy 
• Baseline target isotope 100Mo (Q value 3034 keV) in Li2100MoO4 (scintillating bolometer) 
• Viable alternative 130Te in 130TeO2 (bolometer with Cherenkov readout)

CUPID: CUORE Upgrade with Particle ID
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•Dominant background is degraded alphas from 
surface contamination  

Karsten Heeger, Yale University UMass, December 16, 2015 38

• Cherenkov light or scintillation to distinguish α from 
β/γ (130TeO2, Zn82Se, 116CdWO4, and Zn100MoO4)

• More rejection power needed: 99.9% α background 
suppression. Light detector R&D for better 
resolution. 

• Background free search.

116CdWO4

130TeO2

phonon+photon

CUORE Collaboration 
Eur.Phys.J. C74 (2014) 10, 3096 
 

Casali et al
Eur.Phys.J. C75 (2015) 1, 12

Cherenkov signal

scintillation signal

Beyond CUORE: Particle ID with Light Detectors
•Leverage other energy loss mechanisms to tag particle  
type

•Maturing R&D and demonstrator efforts 

Enriched Li100MoO4 scintillating bolometers  

Enriched Zn82Se scintillating bolometers  

Enriched 130TeO2 bolometer with  
Cherenkov readout  
 

Scintillating bolometers

If the absorber is also an efficient scintillator the 
energy is converted into heat + light

Bolometer features: 

 high energy resolution O(1/1000) 

 wide choice of compound 130TeO2, Li2100MoO4, Zn82Se

 high detection efficiency (source = detector) 

 scalable to large masses 

 particle ID
A background-free experiment is possible: 
α-background: identification and rejection 

β/γ-background: ββ isotope with large Q-value

A bolometer is a highly sensitive calorimeter 
operated @ cryogenic temperature (~10 mK). 

Energy deposits are measured as temperature 
variations of the absorber.

 7

Fig. from L. Pattivina

• Other demonstrators for R&D
LUCIFER 



 GERDA
• 76Ge (N.A. 7.6%, Q-value 2039 keV). Located at LNGS (Italy), ~3600 m.w.e. 
• HPGe detector array in copper shielding filled with LAr  
• Excellent energy resolution O(0.1)%@Qvalue 

Eur. Phys. J. C (2013) 73:2330 Page 3 of 29

10−2 cts/(keV kg yr) [1]). This will be sufficient to make a
strong statement on the existence of 0νββ decay in 76Ge
for the best value given in Ref. [34]. Phase II of GERDA

is planned to acquire an exposure of 100 kg yr at a BI of
10−3 cts/(keV kg yr). For pure Majorana exchange and the
case that no signal is seen, this will constrain the effec-
tive neutrino mass ⟨mββ⟩ to less than about 100 meV with
the precise value depending on the choice of matrix ele-
ments [38].

The GERDA experiment is described in detail in the fol-
lowing sections. An overview of experimental constraints
and the design is presented first. This is followed by a de-
scription of the Ge detectors. Then, the experimental setup,
electronic readout, data acquisition (DAQ) and data process-
ing are described. As GERDA Phase I has been fully com-
missioned and has started data production, the main charac-
teristics of its performance are given in the final section.

2 Design and general layout

The experimental challenge is to have nearly background
free conditions in the ROI around Qββ . Typically, back-
ground levels are quoted in units of counts per keV per kilo-
gram per year, cts/(keV kg yr), since the number of back-
ground events roughly scales with the detector mass, energy
resolution and running time. Defining ∆ as the width of the
ROI where a signal is searched for, the expected background
is the BI multiplied by ∆ in keV and the exposure in kg yr.
GERDA has set the goal to keep the expected background
below 1 event. For ∆ = 5 keV and exposures mentioned
above, this implies a BI of 0.01 and 0.001 cts/(keV kg yr),
respectively, for the two phases of GERDA.

The main feature of the GERDA design is to operate bare
Ge detectors made out of material enriched in 76Ge (enrGe)
in LAr. This design concept evolved from a proposal to oper-
ate Ge detectors in liquid nitrogen (LN2) [37]. It allows for
a significant reduction in the cladding material around the
diodes and the accompanying radiation sources as compared
to traditional Ge experiments. Furthermore, the background
produced by interactions of cosmic rays is lower than for
the traditional concepts of HDM, IGEX or MAJORANA due
to the lower Z of the shielding material. Other background
sources include neutrons and gammas from the decays in
the rock of the underground laboratory, radioactivity in sup-
port materials, radioactive elements in the cryogenic liquid
(intrinsic, such as 39Ar and 42Ar, as well as externally in-
troduced, such as radon) as well as internal backgrounds in
the Ge diodes. These backgrounds were considered in the
design and construction phase of GERDA and resulted in
specific design choices, selection of materials used and also
in how detectors were handled.

Natural Ge (natGe) contains about 7.8 % 76Ge, and could
in principle be used directly for a 0νββ decay experiment.

Indeed, the first searches for 0νββ decay used natural Ge de-
tectors [18–28]. Enriched detectors allow for a better signal-
to-background ratio and also yield reduced costs for a fixed
mass of 76Ge in the experiment. The improvement in signal-
to-background ratio originates from two sources: (i) many
background sources, such as backgrounds from external
gamma rays, are expected to scale with the total mass of the
detector; and (ii) the cosmogenic production of 68Ge and
60Co in the Ge diodes occurs at a higher rate for natGe than
for enrGe. The lower overall cost is due to the fact that the
high cost of enrichment is more than offset by the cost of
producing the extra crystals and diodes required for natGe
detectors.

Figure 1 shows a model of the realized design: the core of
the experiment is an array of germanium diodes suspended
in strings into a cryostat filled with LAr. The LAr serves both
as cooling medium and shield. The cryostat is a steel vessel
with a copper lining used primarily to reduce the gamma
radiation from the steel vessel. The cryostat is placed in a
large water tank, that fulfills the functions of shielding the
inner volumes from radiation sources within the hall, such
as neutrons, as well as providing a sensitive medium for a
muon veto system. A similar experimental setup has been
proposed previously in Ref. [39]. The detectors are lowered
into the LAr volume using a lock system located in a clean
room on top of the water tank. A further muon veto system
is placed on top of the clean room in order to shield the neck
region of the cryostat. These installations are supported by
a steel superstructure. All components are described in the
subsequent sections.

Fig. 1 Artists view (Ge array not to scale) of the GERDA experiment
as described in detail in the following sections: the germanium detec-
tor array (1), the LAr cryostat (2) with its internal copper shield (3)
and the surrounding water tank (4) housing the Cherenkov muon veto,
the GERDA building with the superstructure supporting the clean room
(5) and the lock (6, design modified). Various laboratories behind the
staircase include the water plant and a radon monitor, control rooms,
cryogenic infrastructure and the electronics for the muon veto

+

Coaxial
BEGe

Enriched × 30 
20.0 kg Enriched(~87%) × 7 

15.6 kg  
Natural × 3 

7.6 kg

590m3 pure water

Clean room

Cryostat 
with copper 

shield 
(64m3 Ar)

Detector 
array 

(7 strings)
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• Phase II Dec. 2015 - Apr. 2018, 58.9 kg yr exposure (82.4 kg yr in total)
 GERDA | Recent Result

NEUTRINO2018 result

GERDA Limit (90% C.L.) 
T1/2 > 0.9 × 1026 yr (sensitivity 1.0 × 1026 yr) mββ < 0.11-0.26 eV 



 MAJORANA Demonstrator

Neutrino 2018 - Heidelberg - 6 June 2018V. E. Guiseppe

The MAJORANA DEMONSTRATOR

Funded by DOE Office of Nuclear Physics, NSF Particle 
Astrophysics, NSF Nuclear Physics with additional contributions 

from international collaborators.

Energy resolution of 2.5 keV FWHM @ 2039 keV is the best of any ββ-decay 
experiment
Background Goal in the 0νββ peak after analysis cuts:

- With the achieved resolution: 2.5 counts/(FWHM t yr)
- Projected backgrounds based on assay results ≤ 2.2 counts/(FWHM t yr)

44.1-kg of Ge detectors
- 29.7 kg of 88% enriched 76Ge crystals
- 14.4 kg of natGe
- Detector Technology: P-type, point-contact.

2 independent cryostats
- Ultra-clean, electroformed Cu
- 22 kg of detectors per cryostat
- Naturally scalable

Compact Shield
- Low-background passive Cu and Pb  

shield with active muon veto

2

[N. Abgrall et al. Adv. High Energy Phys 2014, 365432 (2014)]

Operating underground at the 4850’ Sanford Underground Research Facility
- Demonstrating backgrounds low enough to justify building a tonne scale experiment. 

  - Establishing feasibility to construct & field modular arrays of Ge detectors. 
- Searching for additional physics beyond the standard model.

Goals:

• 76Ge (N.A. 7.6%, Qvalue 2039 keV). Located at SURF (USA), ~4300 m.w.e. 
• HPGe detector array in 2 independent cryostat 
• Best energy resolution: 2.5 keV FWHM@Qvalue

54ton (90cm)

Tot. 2.7 ton

- 29.7 kg of 88% enriched 76Ge crystals. 
- 14.4 kg of natural Ge. 
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New 0νββ Result
All data (all open and previously blinded) up until 15 April 2018

- All data: 26 kg-yr (enrGe)

Lowest background configuration
- Active Exposure: 21.3 kg yr (enrGe)
- Background rate:                                                ; 

15

Full Exposure Background
15.4± 2.0 cts/(FWHM tyr)

4.7± 0.8⇥ 10�3 cts/(keV kg yr)11.9± 2.0 cts/(FWHM tyr)

The expected counts in the 
optimal ROI (4.13 keV): 0.66 

After final unblinding:
 1 event at 2040 keV

PRELIMINARY

DS0-6a

Energy [keV]
1000 2000 3000 4000 5000 6000

Co
un

ts
/(2

.5
 k

eV
 k

g 
yr

)

1−10

1

10

Data Cleaning, Muon, & Multiplicity Cuts
All Cuts

M
AJ

O
RA

NA
-1

80
6.

06
c

1950 2000 2050 2100 2150 2200 2250 2300 2350
Energy [keV]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

C
ou

nt
s/

(k
eV

 k
g 

yr
)

All Cuts

M
A

JO
R

A
N

A
-1

80
6.

07
b

90% C.L. Limit

Neutrino 2018 - Heidelberg - 6 June 2018V. E. Guiseppe

New 0νββ Result
All data (all open and previously blinded) up until 15 April 2018

- All data: 26 kg-yr (enrGe)

Lowest background configuration
- Active Exposure: 21.3 kg yr (enrGe)
- Background rate:                                                ; 

15

Full Exposure Background
15.4± 2.0 cts/(FWHM tyr)

Full Exposure Limit
T 0⌫
1/2 > 2.7⇥ 1025 yr (90%CL)

Median Sensitivity:
4.8⇥ 1025 yr (90%CL)

4.7± 0.8⇥ 10�3 cts/(keV kg yr)11.9± 2.0 cts/(FWHM tyr)

The expected counts in the 
optimal ROI (4.13 keV): 0.66 

After final unblinding:
 1 event at 2040 keV

PRELIMINARY

DS0-6a

• Jun. 2015 - Apr. 2018, 26 kg yr exposure
 MJD | Recent Result

MJD Limit (90% C.L.) 

T1/2 > 2.7 × 1025 yr (sensitivity 4.8 × 1025 yr)
mββ < 200-433 meV

NEUTRINO2018 result

Preliminary

Preliminary

• Half-life sensitivity will be in the range of 1026 yr with 50-70 kg-yr exposure



 LEGEND
• Best of MJD + GERDA 

LEGEND-200 (approved by LNGS) 
• (Up to) 200kg of enriched Ge  
• Infrastructure at LNGS, modification of GERDA 
• BG goal: 0.6 cts/FWHM t yr 
• Start in 2021

LEGEND-1000 
• 1000kg of enriched Ge 
• Location TBD  
• BG goal: 0.1 cts/FWHM t yr 
• Start in mid 2020s

Neutrino 2018 - Heidelberg - 6 June 2018V. E. Guiseppe

Future Sensitivity: LEGEND
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Next Generation 76Ge: LEGEND — Large Enriched Germanium 
Experiment for Neutrinoless ββ Decay (52 Institutions, ~250 Members)

First Stage: 
- (up to) 200 kg 76Ge in upgrade of 

existing infrastructure at LNGS
- BG goal 0.6 cts/(FWHM t yr)
- Data start ~2021
- Will use existing MAJORANA & 

GERDA detectors (65 kg), plus new 
detectors (135 kg)

Subsequent Stages:
- 1000 kg 76Ge (staged) 
- BG goal: 0.1 cts/(FWHM t yr)
- Location: TBD
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Staged approach

LEGEND-1000:

• 1000kg of enrGe 

• Staged construction

• Location: TBD

• BG goal: < 0.1 cts/(FWHM-t-yr)

• Start in mid 2020s



Xe loaded LS in R=1.54/1.92m 
inner balloon

20 inch PMT × 225  
for outer detector

17 inch PMT × 1325 
+ 20 inch PMT × 554

Made of 25-um-thick clean nylon 
by welding (no glue) at class-1 
clean room

Advantage 
• Running detector 
   Well known detector response 
• Low background  
   U, Th are at 10-17 ~ -18 g/g level 
• Big detector → high scalability  
   Ton order isotopes

20 m

20
 m

Liquid scintillator 
1000 ton in R=6.5m 

balloon

 KamLAND-Zen 400/800
• 136Xe (N.A. 9.6%, Q-value 2458 keV). Located in Kamioka (Japan), 2700 m.w.e. 
• Modification of KamLAND (ν detector), 136Xe loaded liquid scintillator 
• Largest isotope mass



136Xe Half-life limit

Combined result  

It reaches below 100 meV!
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Limit for effective neutrino mass

〈mββ〉< 61-165 meV  T1/2 > 1.07×1026 yr (90% C.L.)

PRL 117, 082503 (2016)  KamLAND-Zen 400 result
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Phase-1: T1/2 > 1.9×1025 yr (Sensitivity 1.0×1025 yr)  
Phase-2: T1/2 > 9.2×1025 yr (Sensitivity 5.6×1025 yr)

• Phase I 2011-2012, Phase II 2013-2015 

R<1.0m



- Filled with 30.5m3 of dummy LS on May 19th.

 KamLAND-Zen 800

800− 600− 400− 200− 0 200 400 600 800800−

600−

400−

200−

0

200

400

600

800
h

Entries  1395013
Mean x 4.537− 
Mean y   549.1

RMS x   100.8
RMS y   348.8

1

10

210

310

410

h
Entries  1395013
Mean x 4.537− 
Mean y   549.1

RMS x   100.8
RMS y   348.8

zd:xd {dT<1200&&dR<120&&Ed<1.0&&Ed>0.3&&Ep>0.45&&Ep<5.0&&veto==0&&run<015055}

No indication of leakage observed 
Camera, Weight, Natural RI events,  
LS composition measurement by GC-analysis

Xe-loading after the purification. Physics run start: this winter.

LS monitored by 222Rn coming from  
pipe line emanation

• 750kg of Xenon (90% enriched) 
• Sensitivity ~40meV in 5yrs



 KamLAND2-Zen

σ(2.6MeV)=4% → < 2.5% 
Target ⟨mββ⟩ ~20meV in 5 yrs

Winston cone（集光ミラー）
光被覆率 >  x2
光収集量 >  x1.8

カムランド液体シンチレータ 8,000 光子/MeV
標準的な液体シンチレータ 12,000 光子/MeV  

x1.4

17” PMT 20” PMT

液体シンチレータ改良

導入部拡大
いろいろな装置を導入できる。
CaF2, CdWO4, 144Ce, NaI 他

KamLAND2-Zen

1000kg 濃縮キセノン
目標感度　~20meV/5年

σ(2.6MeV)= 4% →　2.5％

30

- Enlarge opening 
- General use: accommodate various devices 

such as CdWO4, NaI, CaF2 detectors

Winston cone（集光ミラー）
光被覆率 >  x2
光収集量 >  x1.8

カムランド液体シンチレータ 8,000 光子/MeV
標準的な液体シンチレータ 12,000 光子/MeV  

x1.4

17” PMT 20” PMT

液体シンチレータ改良

導入部拡大
いろいろな装置を導入できる。
CaF2, CdWO4, 144Ce, NaI 他

KamLAND2-Zen

1000kg 濃縮キセノン
目標感度　~20meV/5年

σ(2.6MeV)= 4% →　2.5％

30

Winstone cone & High QE PMT

Brighter LS

R&D to improve the energy resolution

Improve light collection efficiency 
and photo coverage

1 ton of 136Xe Current LS ~8,000 photon/MeV 
LAB based new LS ~12,000 photon/MeV

×1.9

×1.4

KamLAND → KamLAND2

Launch around 2027



 Summary
Neutrinoless double beta decay is a key to search for 
physics beyond the Standard Model.  

Very active field: various isotopes and technologies. 

Present experiment half life limit: 1025-26 yr with a few ten 
to hundreds kg of isotopes. 

Next target: to explore inverted hierarchy (1026-27 yr). 


