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 Search for neutrinoless double beta (0νββ) decayExperiment

mν≠0
• Originally mν=0 in standard model
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Dirac neutrino
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Majorana neutrino MAJORANA

GOAL: < mν> ~ 0.02 -0.07 eVPNNL 
South Carolina University 
TUNL 
ITEP
Dubna 
NMSU 
Washington University

• 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 ~ 1019-24 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 ~ 1024-25 yr
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Fig. 16. – Recent NME calculations from different techniques (GCM [74], IBM [73], ISM [86, 87],
QRPA(J) [88], QRPA(T) [89, 90, 91]) with UCOM short range correlations. All the calculations
use gA = 1.25; the IBM-2 results are multiplied by 1.18 to account for the difference between
Jastrow and UCOM, and the RQRPA are multiplied by 1.1/1.2 so as to line them up with
the others in their choice of r0 = 1.2 fm. The shaded intervals correspond to the proposed
physics-motivated ranges (see text for discussion).

moments, etc.) of the final and initial nuclei. Using these wavefunctions, and the bosonic
operators of the OAI method, it is possible to calculate ββ0ν NMEs (for details, see [73]).

4
.3. Quantifying uncertainties in NME calculations . – Figure 16 shows the results of

the most recent NME calculations with the methods described in sect. 4.2. We can see
that in most cases the results of the ISM calculations are the smallest ones, while the
largest ones may come from the IBM, QRPA or GCM. For a detailed study quantifying
the spread of NME results resulting from different calculations, we refer the reader to
ref. [85]. Shall the differences between the different methods in sect. 4.2 be treated as
an uncertainty in sensitivity calculations? Should we assign an error bar to the distance
between the maximum and the minimum values? This approach, we argue, does not
reflect the recent progress in the theoretical understanding of the treatment of nuclear
matrix elements. In quantifying the uncertainties in NME calculations, we follow [92].

Each one of the major methods has some advantages and drawbacks, whose effect
in the values of the NME can be sometimes explored. The clear advantage of the ISM
calculations is their full treatment of the nuclear correlations, while their drawback is that
they may underestimate the NMEs due to the limited number of orbits in the affordable
valence spaces. It has been estimated [93] that the effect can be of the order of 25%.
On the contrary, the QRPA variants, the GCM in its present form, and the IBM are
bound to underestimate the multipole correlations in one or another way. As it is well
established that these correlations tend to diminish the NMEs, these methods should

76Ge 82Se 96Zr 150Nd136Xe100Mo  128Te 130Te

Allowed region of <mν> 
by oscillation experiment
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 Neutrinoless double beta decay
In the framework of light Majorana neutrino exchange…
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1025~1026y
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Half life
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Near future

Past & present 

Future

Experiment needs  
- capacity of large isotope mass  
- low background 
- high efficiency 
- good energy resolution
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→ Neutrino mass hierarchy 



2νββ
（normalized to１） 0νββ (5%FWHM)

2νββ short2νββ Long
T 0�/T 2�

If ratio is big 
 → Energy resolution is important

2νββ → Background of 0νββ

Isoto
pes Q-value (keV) N.A.  

(％) Pros & Cons

48Ca 4273.6 ± 4 0.19 4.4  × 1019 -
76Ge 2039.006 ± 0.050 7.6 1.84 × 1021 (2.99-7.95)×1026 2ν long, enrichment ~90%
82Se 2995.50 ± 1.87 8.7 9.6  × 1019 (0.85-2.38)×1026 enrichment >90%
96Zr 3347.7 ± 2.2 2.8 2.35 × 1019 (3.16-6.94)×1026

100Mo 3034.40 ± 0.17 9.4 7.11 × 1018 (0.59-2.15)×1026 2νshort, enrichment >90% 
110Pd 2017.85 ± 0.64 7.5 - -
116Cd 2813.50 ± 0.13 7.5 2.8  × 1019 (0.98-3.17)×1026 enrichment 80~90%
124Sn 2287.80 ± 1.52 5.8 - -
130Te 2527.01 ± 0.32 34.1 7.0  × 1020 (7.42-2.21)×1026 N.A. high
136Xe 2457.83 ± 0.37 8.9 2.165  × 1021 (1.68-7.17)×1026 2ν long, enrichment ~90%
150Nd 3317.38 ± 0.20 5.7 9.11 × 1018 - 2ν short, enrichment difficult

T 2�
1/2 T 0�

1/2(50 meV)
measurement 
PDG2015, no error included

(year)
calculation 

PRC 79, 055501 (2009), (R)QRPA (CCM SRC)

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

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



 Techniques for double beta decay

05/11/2016 Yury Kolomensky: 0νββ & CUORE 
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CUORE

 0νββ-decay — experiments
LRP Resolution Meeting  

April 18, 2015

0νββ Detection Techniques
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J.F. Wilkerson

Source external to detector
(NEMO, SuperNEMO)

Source internal to detector
(most common)

isotopes × detection techniques = different approaches

- No perfect detection techniques for double beta decay

Experiment needs  
- capacity of large isotope mass  
- low background 
- high efficiency 
- good energy resolution

source = detector

β1

β2

source = detector

β1

β2

source

detector

Location 
- Underground is better



 Experiments in Europe and America
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76Ge 
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 130Te 
Te-LS 
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130Te 
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136Xe 

High-P TPC 
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COBRA  
116Cd 

CdZnTe 
@LNGS

Majorana demonstrator 
76Ge  

HPGe 
@Stanford

SuperNEMO demonstrator 
 82Se 

Tracking 
@Modane

I am focus on experiments colored with blue



AMoRE 
100Mo 

40Ca100MoO4 crystal 
@Y2L

PANDA X-III 
136Xe 

High-P TPC  
@Jin Ping

CANDLES 
48Ca 

CaF2 crystal 
@Kamioka

KamLAND-Zen 
 136Xe 
Xe-LS  

@Kamioka

DCBA 
 150Nd 

Drift chamber 
@KEK
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Zr-LS
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High-P TPC

Japan
Korea

China

 Experiments in Asia
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• slow, but ok for rare event searches
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PTFE 
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CUORE TeO2 bolometers
 Detector: CUORE

• Located at LNGS (Italy), ~3600 m.w.e. 
• TeO2 bolometers (988 crystals in 19 towers), a total mass of 130Te = 206 kg 
• Operated at ~10mK. 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.)

L. Canonica - Status and prospects for CUORE 4
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Phys. Rev. Lett. 115 (2015) 10, 102502
Phys. Rev. C 93, 045503 (2016)

S. Pozzi 
Poster 
P4.052

60Co

Combining the limit with 
Cuoricino experiment (90% C.L.):

T1/2 > 4.0 × 1024 yr

 b = 0.058 ± 0.004 ± 0.002 cnts/keV/kg/yr

 T1/2 > 2.7 × 1024 yr
CUORE-0 Final Limit (90% C.L.):

CUORE-0 Background Index:

CUORE-0 Final Limit 

T1/2 > 2.7 × 1024 yr (90% C.L.)

Combining the limit  
with Cuoricino experiment 

T1/2 > 4.0 × 1024 yr (90% C.L.)

 CUORE-0 Result of 0νββ decay
• CUORE-0: The first tower produced out of the CUORE assembly line 
• Operated between 2013 and 2015 
• 52 TeO2 crystals (5×5×5 cm3, ~750 g each)  
• Total detector mass: 39 kg TeO2 (10.9 kg of 130Te) 
• 130Te exposure: 9.8 kg·yr 

mββ < 270 – 670 meV 

Phys. Rev. Lett. 115, 102502 
Phys. Rev. C 93, 045503 (2016) 

C. ALDUINO et al. PHYSICAL REVIEW C 93, 045503 (2016)

TABLE II. The best-fit parameters from the ROI fit. The 60Co
peak position, ECo, is constructed from the fit parameter ! as ECo =
2614.511 − !.

RCo(0) 0.92 ± 0.24 counts/(kg yr)
ECo 2507.6 ± 0.7 keV
bROI 0.058 ± 0.004 counts/(keV kg yr)
"0ν 0.01 ± 0.12 × 10−24 yr−1

1. Consistency of model

We perform several goodness-of-fit tests of the model. We
measure a χ2 from the binned data in Fig. 10 of 43.9 for
46 degrees of freedom. In a large set of pseudoexperiments
generated from the best-fit model, we find that about 90% of
experiments return a larger χ2. We find similar consistency ac-
cording to both Kolmogorov-Smirnov and Anderson-Darling
metrics [35].

We also postulate an extra signal peak at the most significant
positive fluctuation around 2535 keV, but with the position
left unconstrained. This returns an improvement in the fit of
!χ2 = 4.72. The probability of such a fluctuation occurring
by chance is 3% for 1 extra degree of freedom; however
the probability of it occurring by chance anywhere in the
100 keV ROI (i.e., the “look-elsewhere effect”) is ≈40%, so
we are unable to conclude that the fluctuation is physical. For
comparison, fitting the spectrum without a line for 60Co yields
a !χ2 = 24.3 for 2 degrees of freedom. Thus the probability
of this peak occurring by chance is 0.0005%.

D. Systematics accounting

The primary sources of systematic uncertainty are listed in
Table III. We consider two types of systematic uncertainties:
a systematic scaling σscaling which contributes an uncertainty
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FIG. 10. Bottom panel: The best-fit model (solid blue lines)
overlaid on the CUORE-0 energy spectrum (data points). For
simplicity, the data are shown with Gaussian error bars. The peak at
2507 keV is due to 60Co and the dash-dotted line indicates the position
at which we expect a potential 0νββ decay signal. The dashed black
line indicates the continuum background component in the ROI. Top
panel: The normalized residuals of the best fit model and the binned
data points. Figure from [11].

TABLE III. Summary of the systematic uncertainties and their
effect on the 0νββ decay rate. Adapted from [11].

Additive (10−24 yr−1) Scaling (%)

Signal detection – 0.7

Energy resolution 0.006 2.6
Energy scale 0.006 0.4
Bkg function 0.004 0.7
Lineshape 0.004 1.3
Fit bias 0.006 0.15

proportional to the true decay rate, and an additive systematic
uncertainty σadd which is independent of the decay rate. The
effect of the uncertainty on the signal detection efficiency ε0νββ

is a straightforward scaling uncertainty. We estimate the effect
of the other uncertainties on the measured decay rate using a
large ensemble of pseudoexperiments.

For the uncertainty on the energy resolution scaling ασ

and the uncertainty on the energy scale !µ(Qββ) we modify
the parameter value by 1σ , redo the fit, and generate a set
of Monte Carlo spectra with the new best fit parameters and
a simulated 0νββ decay rate ranging from 0–2 × 10−24 yr.
For each generated spectrum, the number of events is Poisson
distributed with the expected number of events for that set of
parameters and signal. We fit the Monte Carlo spectra with
the unmodified parameters and regress the resulting measured
decay rates against the simulated values to determine σadd and
σscaling for each systematic uncertainty.

We perform a similar procedure for the choice of back-
ground model and detector response lineshape. For the former,
we simulate spectra using best-fit background model with
either a first or second-degree polynomial and determine the
effect on the measured decay rate. For the lineshape, we
simulate data with a single Gaussian lineshape (i.e., with
ηi = 0).

Finally, we also take into account any potential bias
introduced from the fitting procedure itself. We calculate this
bias in the same way described above, but with no parameters
modified and the number of events fixed to 233. The results for
the considered sources of systematic errors are summarized in
Table III.

Including systematics, our best-fit 0νββ decay rate is

"̂0ν = [0.01 ± 0.12 (stat) ± 0.01 (syst)] × 10−24 yr−1. (10)

We follow a similar procedure to calculate the systematic
error on the background rate in the ROI, bROI, and obtain

bROI = 0.058 ± 0.004 (stat)

±0.002 (syst) counts/(keVkgyr). (11)

Using this value, we calculate the 90% C.L. sensitivity
of the experiment, as the median 90% C.L. limit of a
large number of MC pseudoexperiments generated with this
expected background and no 0νββ decay signal. The resulting
90% C.L. sensitivity is 2.9 × 1024 yr—slightly surpassing the
Cuoricino sensitivity and limit [CINO2011].

045503-12

60Co
130Te Q-value



The detectors were installed in a specially constructed               
cleanroom to protect them from naturally occurring radioactivity,    

including air filtered to remove radon gas

CUORE	tower	installation	completed!

1

On August 26, 2016, the CUORE Collaboration reached a major milestone: all 19 towers, 
consisting of 988 individual TeO2 crystals and weighing almost 750 kg (1650 lbs), are now 
installed in the cryostat! Thanks to the dedicated efforts of specially trained teams of 
scientists, engineers, and technicians, and logistical support from the entire collaboration, the 
installation went smoothly over a period of about a month. We are now preparing to close the 
cryostat and start scientific operations in search for neutrinoless double beta decay, which 
may hold keys to our understanding of matter abundance in the Universe.

Bottom view of the towers

B.Fujikawa

5-year sensitivity: T1/2(130Te) > 9.5×1025 years, m𝛽𝛽 < 50-130 meV (90% C.L.) 



EXO-200 (136Xe)



• Located at WIPP (U.S.), ~1600 m.w.e. 
• 80.6% enriched liquid Xe in a time projection chamber 
• Operation started in 2011 
• Latest result (2014) 

• T0ν1/2 > 1.1×1025 yr (90% C.L.) with 100 kg·yr of 136Xe exposure

>	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- 

e- 

e- 
e- 

e- 
e- 

e- 
e- 

e- 
e- 

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. 

 Detector: EXO-200

APDs

• Scintillation collected by APDs 
• Charge collected by 2 wire grids



EXO-200 Phase-II Operation
After a two year hiatus due to he February 2014 fire and radioactivity leak 
at the WIPP site,  EXO-200 has successfully re-commissioned its major 
systems and started its Phase-II Operation. 
•  Enriched liquid xenon fill completed on 1/31/2016. 
•  Initial data shows that the detector reached excellent xenon purity and 
ultra-low internal Rn level shortly after restart.  

Rn	level	in	TPC	since	Jan.	31,	2016	

Good	
Physics	
Data�

Good	
Physics	
Data�

Xenon	purity	since	Jan.	31,	2016	

• Energy	resolu-on	improved	due	to	Front	End	Read	Upgrade
Phase	I:	1.58%	in	SS	at	0νββ	Q-value	 Phase	II:	(ini-al)	1.28%	in	SS	at	0νββ	Q-value	

A. Piepke



EXO-200 Ultimate 

EXO-200 Nature 2014 

EXO-200 current 
sensitivity (90%CL):
1.9 x 1025 yr

EXO-200 ultimate 
sensitivity (90%CL):
5.7 x 1025 yr 
3 years additional running 
with detector upgrades and 
analysis improvements

EXO-200 Status and Outlook
Two detector upgrades have been implemented for Phase-II: 
•  Upgraded front end readout system to enhance detector energy resolution. 
•  A radon purge system to remove background from external Rn. 
Low background physics data is expected to begin in April, 2016. 

A. Piepke



GERDA (76Ge)



 Detector: GERDA
• Located at LNGS (Italy), ~3600 m.w.e. 
• HPGe detector array in copper shielding filled with LAr  
• Phase I: Nov. 2011 - June 2013 

• 21.6 kg·yr exposure  
• Result T0ν1/2 > 2.1×1025 yr (90% C.L.) 

• Phase II: Started in Dec. 2015. First data release on June 2016

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 × 7 

15.8 kg  
Natural × 3 

7.6 kg

590m3 pure water

Clean room

Cryostat 
with copper 

shield 
(64m3 Ar)

Detector 
array 

(7 strings)



 GERDA phase-II Result of 0νββ decay
Coaxial BEGe

• 5.8 kg·yr exposure 
• Resolution(FWHM) 3.0 keV

• Doubled target mass & reduced background by factor ~10

• 5.0 kg·yr exposure 
• Resolution(FWHM) 4.0 keV

※ AC: anti-coincidence cut, MV: muon veto, PSD: pulse shape discrimination,  
※ LAr veto: read-out LAr scintillation light 

3×10-3 cts/(kg keV yr)

Qββ±3σ

0.7×10-3 cts/(kg keV yr)

Qββ±3σ

GERDA Phase II reached it’s background goal



 GERDA phase-II Result of 0νββ decay

JJ, Nov. 201518

Phase II, first results

• Unbined profile likelihood: flat background + Gaussian signal  

profile likelihood 
2-side test stat.

Bayesian
flat prior on cts.

0νββ cts. best fit value 0 0

T1/2(0νββ) lower limit [1025 yr] > 5.2 (90% CL) >3.5 (90% CI)

T1/2(0νββ) median sensitivity [1025 yr]  > 4.0 (90% CL) >3.0(90% CI)

              

• Doubled target mass & reduced background by factor ~10

profile likelihood  
2-side test-stat

Bayesian  
flat prior on cts

Best fit value of 0νββ [cts] 0 0

T1/2 lower limit [yr] 
(90% C.L.) > 5.2 × 1025 > 3.5 × 1025

T1/2 median sensitivity [yr]
(90% C.L.) > 4.0 × 1025 > 3.0 × 1025

preliminary

mββ < 160 – 260 meV (90% C.L.)

profile likelihood: flat background + gaussian

Sensitivity with a total 100 kg yr exposure: 1026 years (90% C.L.) 



CANDLES (48Ca)



Toward “Background Free Measurement”  
Designed the shields Æ  finished the construction. 

Lead Bricks ( 10 ~ 12 cm thick) 
Boron loaded sheet 

Number of BG after shield installation estimated 
Rock : 0.34±0.14 event/year 
Tank :  0.4±0.2 event/year 

CANDLES is the project to search for 0νββ decay of 48Ca (Qββ = 4.27 MeV) 
The CANDLES-III detector is currently installed in Kamioka Underground.  

CANDLE III detector 

CaF2 Module 
CaF2(Pure) ; 96 Crystal Æ 305 kg 
WLS Phase ; 280 nm Æ 420 nm 

Thickness ; 5 mm 
Mineral Oil＋bis-MSB (0.1 g/L) 
 

Liquid Scintillator (LS) 
1.37 m f x 1.4 m height 
Volume ; 2.1 m3 (1.65 ton) 
Composition 

Solvent；Mineral Oil(80%) + PC(20%) 
WLS’s；PPO (1.0g/L) + bis-MSB (0.1g/L) 

PMTs + Light pipe 
13 inch (Side) ; x 48 
20 inch (Top and Bottom) ; x 14 
Reflector Film : reflectivity ~93% 

 

 4π Active shield  

 Highest Q-valued  

 Installed in 2016  

Physics run in 2014 

BG from high energy γ-rays 
    induced by (n,γ) in surroundings 

S.Yoshida



Exploring  Inverted hierarchy  Æ Normal hierarchy region 

Development 1 : 48Ca Enrichment, to increase the ββ source amount 
Difficulties of 48Ca enrichment 

Centrifugal method is not possible due to unavailability of gas compounds.  
Commercial Æ  expensive (~ M$/10g),  too small amount for ton-scale. 

Challenges in CANDLES: cost effective  
Multi-channel counter current electrophoresis  

 
Crown ether resin + chromatography 
Crown ether liquid + micro reactor  
Laser: recoil by laser light momentum 
 

 
The enrichment techniques were established for the small 
amount of Calcium. The techniques are promising, we are on 
the stage of stable driving. 

Achieved (43/40): 3.08 ≒ (48/40): ~ 6  

S.Yoshida



Exploring  Inverted hierarchy  Æ Normal hierarchy region 

Developent2 : Improving Energy Resolution 
Unavoidable BG of 2νββ tail events 

Impossible to further improve the energy resolution of CaF2 scintillator 
      Î Development of 48CaXX (scintillating) bolometer 

Development in CANDLES 
Bolometer Æ expect much improving energy resolution. 
Scintillating Æ to avoid BG of 238U (α) by α/β particle ID 
CaF2 crystal Æ Highly radio-pure CaF2 scintillator is 

  already developed in CANDLES !  
 (less than a few μBq/kg of U/Th chain impurity) 

Dilution refrig. & detector for this 
study, developed by Minowa-group  

The cooling operation is in progress. We will soon achieve the 
temperature at 10mK, and detect the heat signal from CaF2 
crystal through NTD-Ge thermistor. 

S.Yoshida



KamLAND-Zen (136Xe)



• Located in Kamioka (Japan), 2700 m.w.e. 
• Modification of KamLAND (ν detector)

Xe loaded LS in R=1.54m 
inner balloon

20 inch PMT × 225  
for outer detector

17 inch PMT × 1325 
+ 20 inch PMT × 554

136Xe loaded LS  
→ into KamLAND center  

with inner balloon.

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

welding machine 
(handy type, 30-cm-long)

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

  Detector: KamLAND-Zen 
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- Most stringent limit at that time.  
- But many background at ROI. It is 110mAg (Q value of 136Xe : 2.458 MeV)

DS-1KL-Zen 
Started

Large 
amount

Small 
amount

Backgrounds in 0νββ region:  
(1) Unexpected peak  
     around 2.6MeV 
      → All nuclei were checked.  
           4 possible isotopes          
           (lifetime longer than 30 days) 
      110mAg (250d), 208Bi (3.7×105y),  
         60Co (5.27y), 88Y (107d) 
(2) 214Bi from inner balloon 
(3) Spallation product 10C 
(4) 136Xe 2νββ decay

  History 
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2012 
Jun.

DS-2
Phase-I

DS-1KL-Zen 
Started

Confirm 110mAg 
remains in LS.

new LS

Replace with 
new purified LS

new Xe-LS

110mAg reduction to 
< 1/10 (next page)

Distillation system

3 times 
purification and  

circulation

Water extraction 
&distillation 

Phase-I

Phase-II

Xe concentration 
(2.44 ± 0.01)%  

by weight

Xe concentration 
increased to 

(2.96 ± 0.01)%  
by weight

new LS

Replace 
with new 

purified LS 
again

Purification

Xe-LS + 110mAg LS + 110mAg

Xe	purifica-on	Xe	collec-on
(dis-lla-on	&	geNer)

Dissolving	Xe	into	LS

2015 
Oct.

Phase-II
Period-1 Period-2

2013 
Dec.

Xe extraction

  History 
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τ = 27.8 sec

2.2 < E < 3.5 MeV
 Outer-LS without Xe 

 Xe-LS (R < 1.0 m)
180 sec

30 events rejected

BG rejection efficiency (10C) 64 ± 4% 
signal inefficiency 7%

- Main target is 10C 
- Triple coincidence with muon,  
  neutron and 10C

Short-lived products (6He, 12B, 8Li)

Thanks to dead time free electronics, 
neutron tagging efficiency is improved.

tag

10C

n

τ=27.8 sec

τ~207.5µsec
12C

µ

n

tag

tag

reject

by 2.2 MeV  
neutron capture γ

 Spallation cut
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Position dependent bias < 1.0% 
z-dependence of energy 

z-dependence of vertex
position dependent bias < 2.0 cm 
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60Co 68Ge 137Cs

60Co 68Ge 137Cs

 Source calibration

σ ~ 7.3%/√E(MeV)
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T1/2(2ν) = 2.21 ± 0.02(stat) ± 0.07(syst) × 1021 yr

Phase-II, R<1m fiducial volume

Fiducial volume 3.0

Xenon mass 0.8

Detector energy 
scale 0.3

Efficiency 0.2

136Xe 
enrichment 0.09

Total 3.1

Systematic uncertainty (%)

- Total 136Xe exposure = 126 kg yr 
- Consistent with previous KamLAND-Zen results and EXO-200 results

 Result of 2νββ decay



 Fiducial volume selection for 0νββ analysis

Multi-volume selection for analysis optimization
Target volume for spectral fit : R < 2.0 m 

lower / upper hemisphere

R 20bin (same volume in each radius bin)× Theta 2bin (-1<cosθ<0, 0<cosθ<1)

Distribution of 214Bi background from IB film is asymmetry.  
Larger background at the bottom → Effected to fiducial volume selection. 
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 Result of 0νββ decay

Limit at 90% C.L. (events/day/kton-LS)
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0nu limit of Phase-2 (90%C.L.) 
Period-1: < 3.4 events/day/kton-LS 
Period-2: < 5.5 events/day/kton-LS 

→ combined: < 2.4 events/day/kton-LS

0νββ(90%C.L.)

total(90%C.L.)

Upper Limits from Toy MC
Distribution of 0νββ limits  

from Toy MC

this work :  
2.4 < events/day/kton-LS  

(12% of the time)

(no 0νββ signal, best-fit BG rate)

MC : 4.0 < events/day/kton-LS  
T1/2(0ν) > 4.9 × 1025 yr 

(50% of the time)

  T1/2 > 9.2×1025 yr (90% C.L.)



Phase-1: T1/2 > 1.9×1025 yr  
Phase-2: T1/2 > 9.2×1025 yr 

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.)
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 Current status
KamLAND-Zen 800 in preparation 
- 750 kg of xenon 
- New clean inner balloon (radius 1.54 m → 1.92 m) installed to KamLAND. 
- Expected sensitivity is below 50 meV 

Just after installation  
of inner balloon

Filled with “dummy” LS 
→ Replaced with Xe-LS soon

Inside of KamLAND17’’ PMT

Inner balloon production 
→ Done in Aug. 2016

New inner balloon inside



Lower limit of half-life (90% C.L.) 
  Phase-1 : T1/2 > 1.9×1025 yr  
  Phase-2 : T1/2 > 9.2×1025 yr 
  Combined : T1/2 > 1.07×1026 yr 

Effective neutrino mass 〈mββ〉< 61-165 meV

 Summary

Many thanks to: Brian Kurt Fujikawa, Peter Grabmayr, Joseph Janicsko, Andreas Piepke and Sei Yoshida

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

Recent status of 5 experiments were reviewed.  

New results from KamLAND-Zen were presented.

KamLAND-Zen limits on 0νββ at 90% C.L. 

- First experiment to reach below 100 meV


