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Abstract. The global program of neutrinoless double beta decay search experiments is
reviewed, with a focus on those experiments not associated with another oral presentation
described in these Proceedings.

1. Introduction

The detection of neutinoless double beta decay would be a watershed moment in particle physics,
demonstrating that neutrinos are Majorana particles and providing direct information about the
absolute neutrino mass. As a result, the search for neutrinoless double beta decay has been given
high priority by the particle physics community, and the global program of experiments seeking
to detect neutrinoless double beta decay is rich and varied.

The central challenge in detecting neutrinoless double beta decay is the combination of the
relatively low energy deposited in neutrinoless double beta decay (< 5MeV), and the extreme
rarity of neutrinoless double beta decay events (current state-of-the-art experiments probe half
lives > 10%6yr). To address these issues, neutrinoless double beta decay search experiments
must satisfy three main criteria:

o A large mass of candidate isotope to offset the long half life of the decay. The leading
current generation experiments have fiducial isotope masses approaching 100 kg, and near-
term experiments will have a few hundred kilograms. At these masses, experiments are
able to probe to the top of the inverted neutrino mass hierarchy region, which corresponds
to effective Majorana neutrino masses (<mgg>) in the ~50meV range'. To reach the
bottom of the inverted hierarchy region (<mgg>~ 10meV), experiments with fiducial
isotope masses of ~1 T will be required. Experiments of this scale are expected to form the
next generation of neutrinoless double beta decay search experiments on a likely time scale
of a decade. To reach the normal mass hierarchy region, <mgg>~ 1meV, would require
experiments of order 10T, and likely new technology.

e Good energy resolution to prevent the relatively numerous two neutrino double beta decay

events, which have an endpoint very close to the neutrinoless double beta decay energy,
! <mgg> can be used as a measure of experiment sensitivity because neutrinoless double beta decay half life
scales as <mggs> 2. The “inverted hierarchy” region refers to the region of parameter space in which <mggs>
must fall if neutrinos have an inverted mass hierarchy; for a recent review see [1].
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from forming undue background in the region of interest. Better energy resolution can also
aid background mitigation by making the mono-energetic neutrinoless double beta decay
peak narrower and more easily distinguished.

o Very low rates of background in the energy region of interest to maintain the desired
sensitivity to very low expected neutrinoless double beta decay rates. Leading current
generation experiments have backgrounds in the 1073 counts/keV /kg/yr range, with next
generation experiments targeting background levels an order of magnitude lower still.

Satisfying these three conditions simultaneously necessarily involves tradeoffs, and different
neutrinoless double beta decay search experiments have made very different optimizations.
Table 1 lists the main current neutrinoless double beta decay search efforts. A subset of
these experiments (those not affiliated with a separate oral presentation at the Neutrino 2016
conference) are described in more detail below. The descriptions are brief by necessity, and
references to further information are provided in each case.

Table 1. A summary of current and planned neutrinoless double beta decay search experiments.
The target isotope, experimental technique, and location (where determined) of each project are
noted. Projects described further in this review are indicated with an "*’; for other projects,
relevant references in these Proceedings are noted.

Experiment Isotope Technique Location  References
Majorana Demonstrator "°Ge Point contact Ge Sanford [2-5]
GERDA II Ge Semicoax/BE Ge + veto LNGS [6-8]
CDEX 6Ge Point contact Ge CJPL *
NG-Ge76 6Ge Point contact Ge *
COBRA 116¢d CdZnTe LNGS *
CANDLES 48(Ca CaF, scintillator + veto  Kamioka *
AMoRE 100Mo Low-T MMC Y2L *
DCBA/MTD 100Mo Foils + tracker KEK *
MOON 100Mo Foils + scintillator
EX0200 136X e LXe TPC WIPP [9, 10]
nEXO 136X e LXe TPC SNOLAB [9, 11-15]
NEXT 136X e High-P TPC LSC *
PandaX III 136X e High-P TPC CJPL *
KamLAND-Zen 136X e Liquid scintillator Kamioka  [16, 17]
SuperNEMO 82Se Foils + tracker [18-28]
CUPID 130Te, 828e  Hybrid bolometers [29-34]
CUORE/CUORE-0 130T TeO2 bolometers LNGS 29, 35-38]
SNO+ 130Te Liquid scintillator SNOLAB *

2. CDEX

The China Dark Matter Experiment (CDEX) is a relatively new germanium-based experiment
that is currently being developed at Tsinghua University, and which will be deployed at the
China Jinping Underground Laboratory (CJPL)[39]. The collaboration is currently accruing
experience in Ge enrichment, crystal growth, diode fabrication, and production of electro-formed
copper as it works towards a 10 kg-scale deployment, with an eventual goal of a 1T experiment.
The first goal of the experiment is dark matter detection; however, the collaboration plans to
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include a neutrinoless double beta decay search as part of the physics program in a future 1T
experiment [40].

3. NG-Ge76

The NG-Ge76 collaboration [41] is a recently formed effort aimed at producing a single future
tonne-scale neutrinoless double beta decay experiment combining the best technologies of the
current generation experiments to achieve a target background rate of ~0.1 counts/tonne/year
in the neutrinoless double beta decay energy region of interest. An initial meeting of interested
parties was held in Munich in April 2016.

4. COBRA

As the name suggests, the CdZnTe Ov Double Beta Research Apparatus (COBRA) experiment
is based on CdZnTe, an intrinsic semiconductor containing five neutrinoless double beta decay
isotopes: 114Cd, 128Te, 0Zn, 139Te, and '6Cd. The somewhat challenging charge drift properties
of CdZnTe means that COBRA must use smaller crystals than other semiconductor experiments
and deploy them in large arrays. The collaboration has operated a 4 x 4 x 4 array of 1cm?
(6g) crystals at the Gran Sasso Laboratory (LNGS) in Italy since November 2013, accruing
216 kg-days of exposure [42]. Using this data, the collaboration has published limits on the
neutrinoless double beta decay half lives of all five candidate isotopes [43], including a world-
leading 1.8 x 10* yr (90% C.L.) limit for 14Cd.

Moving forward, the COBRA collaboration envisions a roughly 1 m? array composed of 415 kg
of larger 2.0 x 2.0x1.5cm (36 g) crystals. The collaboration has identified a commercial supplier
of such crystals and has tested their performance with segmented readout [44, 45]. Funding has
been received for a 3 x 3 crystal test array with enhanced readout.

5. CANDLES

The CAlcium fluoride for studies of Neutrino and Dark matters by Low Energy Spectroscopy
(CANDLES) experiment searches for neutrinoless double beta decay in “8Ca using an array
of CaFq crystals suspended in a liquid scintillator based active veto. A single system of
photodetectors is used for both the crystals and the veto, with the signals from the two systems
separated using pulse shape discrimination.

The collaboration is currently operating the CANDLES III experiment, which contains
305kg of CaFy crystals in 2m? of liquid scintillator and features an upgraded passive external
shielding system, in the Kamioka underground laboratory. The initial results and background
performance [46] indicate that CANDLES III should achieve sensitivity corresponding to an
<mpgg> of 0.5eV.

Moving forward, the collaboration believes that an <mgg> sensitivity at the ~ 0.1eV
level can be achieved using the current crystals-in-liquid approach; to extend sensitivity to
<mpgg> in the 10 meV range the collaboration intends to transition to scintillating CaF5 crystal
bolometers [47].  An important step in improving the future sensitivity of the experiment
was recently realized in the demonstration of calcium enrichment of *®Ca using a chemical
technique [48].

6. AMoRE

The Advanced Mo-based Rare process Experiment (AMoRE) uses cryogenic calcium molybdate
bolometers to search for neutrinoless double beta decay in °°Mo. Both optical and heat readout
are accomplished using metallic magnetic calorimeters (MMCs), which are thin pads of an Au:Er
material whose magnetization changes with temperature. These changes in magnetization are
then read out using a SQUID device. The MMC for temperature measurement is placed directly
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on the calcium molybdate crystal, while optical readout is accomplished by suspending a thin
Si wafer a short distance away from the crystal surface to act as a photon absorber. A second
MMC on the Si wafer measures the optical signal via the heat induced in the Si wafer from
photon absorption.

The collaboration is currently operating the AMoRE-Pilot experiment, which includes five
40Cal%®MoQy (i.e. the material is enriched in °°Mo and also depleted in **Ca which could induce
background from its higher energy two neutrino double beta decay events) crystals totaling
1.5 kg at the YangYang underground laboratory (Y2L). The observed pulse shape discrimination,
energy resolution, and background levels suggest that AMoRE-Pilot should achieve a sensitivity
to <mpgg> in the 0.21-0.49 eV range [49, 50].

An upgraded experiment, AMoRE I, with 5.0kg of 4°Ca'®MoOy, crystals is currently being
installed at Y2L and is expected to be operational before the end of 2016. AmoRE I is expected
to achieve sensitivity to <mpgg> in the 70-140meV range and act as a step towards the 200 kg
AMORE II experiment, which could deploy in 2018, and which is expected to have sensitivity
to <mpgg> in the 12-22meV range [50].

7. DCBA

The Drift Chamber Beta-ray Analyzer (DCBA) is a tracking detector consisting of thin source
foils sandwiched between gas-filled drift regions with wire readouts. A uniform magnetic field
(0.8 kG in the most recent DCBA-T2.5) in the tacking region enables charge and momentum to
be measured [51].

The DCBA collaboration has pursued a staged scale-up program at the KEK Laboratory in
Japan, initially with 1°°Nd as the target isotope [52, 53] and most recently in DCBA-T2.5 with
30g of "Mo. The operation of these detectors in the surface building at the KEK laboratory
has allowed the collaboration to demonstrate the powerful background rejection enabled by the
magnetic tracking technique [54].

The collaboration is currently working towards the Magnetic Tracking Detector (MTD)
experiment, which is envisioned as consisting of modules containing 32 kg of Mo foil each in a
layered source foil and tracking region geometry within a cylindrical magnetic coil. Components
of MTD are currently under development at KEK.

8. NEXT

The Neutrino Experiment with a Xenon TPC (NEXT) searches for neutrinoless double beta
decay in 13Xe. As the name implies, the project is based around high pressure (~10 bar)
xenon gas time projection chambers. Energy readout is accomplished by detection of the xenon
scintillation light with an array of photomultiplier tubes, while track reconstruction is achieved
by drifting the ionization electrons under an applied electric field to one end of the cylindrical
field cage where they produce electroluminescence light which is detected using an array of
silicon photomultipliers.

NEXT is pursuing a staged scale-up program. Between 2010 and 2014 the collaboration
operated ~1kg prototype detectors to demonstrate the energy resolution [55, 56] and topological
track identification [57, 58, 59] required for larger detectors. The collaboration is currently
commissioning the 10kg scale NEXT-White (NEW) detector in the Canfranc underground
laboratory (LSC) [60]. NEW will be operated with natural xenon until mid 2017 to characterize
backgrounds and detector response, after which the detector will be filled with enriched xenon
with the goal of measuring the 2v33 decay rate.

Concurrently with the deployment of NEW, the collaboration is developing the 100 kg scale
NEXT-100 detector [61]. Based on the results of current NEXT detectors, NEXT-100 is expected
to be sensitive to neutrinoless double beta decay half lives of 6 x 10% years (90% C.L.) in a three
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year run, which corresponds to <mgg> in roughly the 80-150meV range. Backgrounds are
expected to be < 4 x 10™* counts/keV /kg/yr in the region of interest [62, 63].

9. PandaX-III

With the next generation detector, PandaX-III, the Particle and Astrophysical Xenon (PandaX)
collaboration plans to branch from its initial focus on direct dark matter detection with two-
phase xenon TPCs to searching for neutrinoless double beta decay. PandaX-III will be a
high pressure xenon gas TPC with a central cathode plane and charge readout via arrays of
Micromegas detectors at either end of the cylindrical drift region [64].

The collaboration envisions a 1T experiment consisting of 5 modules deployed in a large water
tank at CJPL. With a predicted background of 1 x 10~* counts/keV /kg/yr, the experiment is
projected to achieve a half life sensitivity of 1026 yr (90% C.L.) in 3 years of running. A 20 kg-scale
prototype was recently commissioned by the PandaX team at Shanghai Jiao Tong University,
the first batch of 20 cm x 20 cm Micromegas modules has been produced and commissioned, and
200 kg of enriched xenon has already been procured. The first PandaX-III module is projected
to be deployed in 2017, with the full array of five modules expected to be online by 2022.

10. SNO+

The SNO+ experiment is a 7807 liquid scintillator based neutrino experiment located at
SNOLAB. The experiment has a broad physics program including low energy solar neutrinos,
supernova neutrinos, geo-neutrinos, and reactor antineutrinos, but has a main focus on
neutrinoless double beta decay [65, 66].

SNO+ will search for neutrinoless double beta decay in '*°Te by dissolving "*Te into
the liquid scintillator in the form of a novel organometallic tellurium complex that will be
synthesized underground from purified telluric acid [67, 68]. In the first phase of the experiment
the scintillator will be loaded with tellurium at 0.5% by weight, which corresponds to 3.9 T
of tellurium or 1.3T of 3%Te (260kg fiducial). Coupled with the low expected background
levels, 13.4 counts/year, in the region of interest (corresponding to 3 x 10 *counts/keV /yr/kg
of isotope or 1 x 10~ %counts/keV /yr/kg of scintillator) [69, 70], this loading level is expected to
allow SNO+ to achieve a half life sensitivity of 2.0 x 1026 yr (90 % C.L.), corresponding to an
<mpgg> sensitivity of 38-92meV in a 5 year run.

The SNO+ experiment is currently being readied for data taking[71, 72, 73]. The detector
is being filled with ultra-pure water, after which it will be operated in the water-filled state for
a few months. The liquid scintillator purification system is concurrently being commissioned,
and it is expected that the filling of the detector with scintillator will begin early in 2017. The
tellurium purification and loading systems are expected to be installed underground beginning
in autumn 2016, with tellurium deployment beginning early in 2018. Roughly 4T of telluric
acid has already been procured and is being stored underground at SNOLAB as an additional
safety factor against cosmogenic activation.

Further in the future, the excellent optical transmission of the Te-loaded scintillator raises
the prospect of increasing the neutrinoless double beta decay sensitivity of SNO+ by increasing
the tellurium loading level. Scintillator cocktails with Te concentrations as high as 15-20% have
been produced, and R&D towards reducing the scintillation quenching observed at these higher
loadings is ongoing. Since internal backgrounds in SNO+ are expected to be sub-dominant to
the background provided by the ®B solar neutrino signal, the total background level will not
scale directly with tellurium loading and the sensitivity of the experiment is expected to scale
roughly linearly with loading level. Increasing the loading level to 5%, therefore, might increase
the half life sensitivity to the vicinity of 10?7 yr, allowing SNO+ to probe a large portion of the
inverted hierarchy phase space.



Neutrino2016 IOP Publishing
IOP Conlf. Series: Journal of Physics: Conf. Series 888 (2017) 012036 doi:10.1088/1742-6596/888/1/012036

Acknowledgments

The author wishes to acknowledge those who provided slides and information used here and in
the related presentation: Juan José Gomez Cadenas, Michel Sorel and Paola Ferrario; Mark Chen
and Steven Biller; Nobuhiru Ishihara; Yeongduk Kim and Hyon-Suk Jo; Tadafumi Kishimoto
and Saori Umehara; Stefan Schonert and Steven Elliott; Xiangdong Xi and Han Ke; Qian Yue;
and Kai Zuber and Stefan Zatschler.

References

[1] Bilenky S and Gunti C 2015 International J. Mod. Phys. A 30 1530001

[2] Elliott S Initial Results from the MAJORANA DEMONSTRATOR These Proceedings

[3] Gruszko J, Radford D, and Detwiler J Delayed charge recovery discrimination of passivated surface alpha
events in P-type point-contact detectors These Proceedings

[4] Cuesta C and Detwiler J Background model for the MAJORANA demonstrator These Proceedings

[5] Green M The status and initial results of the MAJORANA demonstrator neutrinoless double-beta decay
ezperiment These Proceedings

[6] Agostini, M First results from GERDA Phase II These Proceedings

[7] D’Andrea V Study of the GERDA Phase II background spectrum These Proceedings

[8] Wiesinger C Active background suppression with the liquid argon scintillation veto of GERDA Phase II These
Proceedings

[9] Lang L Status and prospects for the EXO-200 and nEXO experiments These Proceedings

[10] Lin Y-H Status and improved detector performance of EXO-200 These Proceedings

[11] Tsang H-M Radioassay program for nEXO — the next generation double beta decay experiment These
Proceedings

[12] Brunner T, Fudenberg D, Lan Y, Dilling J, Gratta G, and Varentsov V Ba-ion extraction from a high pressure

Xe gas for double-beta decay studies with nEXO These Proceedings

3] Retiere F, Cao G, Graham K, and Ostrovskiy I Photon detection in nEXO These Proceedings

4] Licciardi L The sensitivity of the nEXO experiment to majorana neutrinos These Proceedings

5] Sangiorgio S Informing nEXO R&D through simulations These Proceedings

6] Shirai J Results and future plans for the KamLAND-Zen experiment These Proceedings

7] Hayashida S Preparation for KamLAND-Zen 800 These Proceedings

8] Waters D Latest results from NEMO-3 and status of the SuperNEMO Neutrinoless Double-Beta Decay

experiment These Proceedings

[19] Marquet C and Cerna C The SuperNEMO calorimeter These Proceedings

[20] Le Noblet T and Cesar J The SuperNEMO light injection and monitoring system These Proceedings
[21] Liu X Radon mitigation strategy and results for the SuperNEMO experiment These Proceedings

[22]

Loaiza P The SuperNemo 82Se BB0v source foils and their radiopurity measurement with the BiPo-3 detector
These Proceedings

[23] Vilela C and Waters D Measurement of the double-beta decay half-life and search for the neutrinoless double-
beta decay of Ca-48 with the NEMO-8 detector These Proceedings

[24] Remoto A and Le Noblet T Measurement of the Double-Beta Decay Half-Life and Search for the Neutrinoless
Double-Beta Decay of Cd-116 with the NEMO-3 Detector These Proceedings

[25] Bongrand M Status of the SuperNEMO integration in the modane underground laboratory These Proceedings

[26] Calvez C Gamma-tracking and sensitivity to gamma-emitting backgrounds in SuperNEMO These Proceedings

[27] Cascella M, Chopra A, and Dawson L Construction and commissioning of the SuperNEMO demonstrator

module tracker These Proceedings

| Huber A Development of an optical simulation for the SuperNEMO calorimeter These Proceedings

| Canonica L Status and prospects for CUORE These Proceedings

| Kolomensky Y CUPID: CUORE Upgrade with particle identification These Proceedings

] Vignati M CALDER: Kinetic inductance light detectors to search for double beta decay These Proceedings

| Schéeffner K The LUCIFER/CUPID-0 demonstrator: searching for the neutrinoless double-beta decay with

Zn®%Se scintillating bolometers These Proceedings

[33] Brofferio C and Gironi L Cherenkov light identification in TeO: crystals with Si low-temperature detectors
These Proceedings

[34] Guiliani A A neutrinoless double beta decay search based on ZnMoOs and Lia MoOy scintillating bolometers
These Proceedings

[35] Copello S Lowering the CUORE energy threshold These Proceedings

[36] Gladstone L The CUORE slow monitoring system These Proceedings



Neutrino2016 IOP Publishing

IOP Conlf. Series: Journal of Physics: Conf. Series 888 (2017) 012036 doi:10.1088/1742-6596/888/1/012036

ww
© X

=~
=

~
=

W~
S

iy
[°Y)

=~
t

N TN
>

LS O B O N

Pozzi S Analysis techniques for the evaluation of the neutrinoless double-beta decay lifetime in *3° Te with
CUORE-0 These Proceedings

Dell’Oro S The CUORE cryostat: a 10 mK infrastructure for large bolometric arrays These Proceedings

Kang K J et. al. 2013 Front. Phys. 8 412-37

Zheng Z and Qian Y Plans on Ge-76 double beta decay in China: A perspective in future Final Symposium
of the Sino-German GDT Cooperation. Oct. 23, 2015, Ringberg Castle, Germany.

Elliott S A next-generation " Ge double-beta decay experiment These Proceedings

Ebert J et. al. 2016 Nucl. Instrum. Meth. A 807 114-20

Ebert J et. al. 2016 Phys. Rev. C. 94 024603

Ebert J et. al. 2016 Nucl. Instrum. Meth. A 806 159-68

Zatschler S Pulse shape discrimination techniques for the COBRA experiment These Proceedings

Umehara S et. al. 2015 Phys. Proceedia 61 283-88

Tetsuno K Development of scintillating bolometer for *® Ca neutrinoless double beta decay search These
Proceedings.

Kishimoto T, Matsuoka K, Fukumoto T, and Umehara S 2015 Prog. Theor. Exp. Phys. 033D03

Jo H-S Status of the AMoRE experiment These Proceedings

Alenkov Y et. al. 2015 Technical Design Report for the AMoRE 0vf8 Decay Search Experiment Preprint
arXiv:1512.05957

Ishihara N, Ohama T, and Yamada Y 1996 Nucl. Instrum. Meth. A 373 325-32

Ishihara N et. al. 2000 Nucl. Instrum. Meth. A 443 101-07

Ishihara N 2010 Nucl. Instrum. Meth. A 623 457-59

Ishihara N 2012 Nucl. Phys. B - Proc. Suppl. 229-32 481

Alvarez V et. al. 2013 JINST 8 T01002

Lorca D et. al. 2014 JINST 9 P10007

Gutierrez F' The potential of discrimination methods in a high pressure zenon TPC for the search of the
neutrinoless double-beta decay of Xe-136 These Proceedings

Ferrario P Topological signature in the NEXT high pressure xenon TPC These Proceedings

Ferrario P et. al. 2016 JHEP 1601 104

Nebot-Guinot M The NEW detector: construction, commissioning and first results These Proceedings

Alvarez V et. al. 2012 JINST 7 T06001

Lopez March N Sensitivity of the NEXT100 detector to neutrinoless double beta decay These Proceedings

Martin-Albo J et. al. 2016 JHEP 1605 159

Galan J 2016 JINST 4 P04024

Back A and Arushanova E Physics capabilities of the SNO+ experiment These Proceedings

Andringa S et. al. 2016 AHEP 2016 6194250

Hans S et. al. 2015 Nucl. Instrum. Meth. A 795 132-39

Biller S A new technique to load *3° Te in liquid scintillator for neutrinoless double beta decay experiments
These Proceedings

Wilson J, Langrock S, Arushanova E, and Liggins B Background analysis for the SNO+ experiment These
Proceedings

Dunger J Pulse shape analysis techniques in liquid scintillator for the identification and suppression of
radioactive backgrounds to neutrinoless double beta decay These Proceedings

Coulter I and Caden E Commissioning the SNO+ Detector These Proceedings

Maneira J, Peeters S, Leming E, and Falk L. Calibration of the SNO+ experiment These Proceedings

| Langrock S, Lidgard J, Turner E, Segui L, Riechold A, and Wilson J Scattering length monitoring at the

SNO+ detector These Proceedings



