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•  Acrylic%Vessel%Hold%Down%
Net%installed%

•  New%SNO+%Electronics%
and%DAQ%being%tested%
(e.g.%air%fill%runs)%

•  Water%fill%and%detector%
commissioning%starZng%
midU2012%

•  ScinZllator%purificaZon%
and%process%systems%
installed:%end%of%2012%

•  ScinZllator%fill%in%early%
2013%and%data%taking%

•  addiZon%of%Nd%to%the%
scinZllator%soon%
thereaser%
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ScintillationScintillation

IonizationIonization

AmpAmp

engineering run Dec 2010, 140 kg 136Xe filled in spring,

cathode at -8 kV,  s = 4.5% at 2.6 MeV using ionization,

design:  s=1.6% using ionization+scintilation 

0nbb T
1/2

 sensitivity 6.4x1025 y (90% CL), testing Hd-Ms

40 cm

R&D funded (3.3 M€)  by ERC, in the form of  an advanced GRANT (03/2010$03/2015) 

Scintillating bolometers to recognize the α-induced background thanks to  
the readout of the scintillation light 
  

Array of  36÷44 enriched (95%)  Zn82Se crystals. 

  Expected background in the ROI (2995 keV) is ∼ 3÷6 10-3 c/keV/kg/y  

Zn82Se crystal  
(Ø=45mm, h= 55 mm)  

W=483 g  

Reflecting Foil 

PTFE supports 

Bolometric Light Detector 
Ge crystal 

Energy resolution ∼10 keV FWHM 
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Some open questions in neutrino physics
• What is the nature of neutrinos: Dirac or Majorana particles?


• What are their masses: absolute scale and ordering?
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Double beta decay

• A second-order process that can only be detected if first order beta decay is 
energetically forbidden


• Proposed in 1935 by Maria Goeppert-Mayer


• Observed in 11 nuclei, T1/2 > 1018 y; 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 128Te, 130Te, 
136Xe, 150Nd, 238U

(A, Z+1)

(A, Z+2)

(A, Z)
��



Neutrinoless double beta decay

• Extremely rare process, T1/2 > 1022 y


• Proposed in 1937 by Ettore Majorana; not yet observed


• Requires massive Majorana neutrinos & lepton number violation*
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* In the simplest interpretation -> light neutrinos and SM interactions
* New mechanism with heavy particles in general subdominant because of smaller NME

L = 2L = 0

In an atomic nucleus:



Which nuclei can decay via          ?

• Even-even nuclei


• Natural abundance is low (except 130Te)


• Must use enriched material

0⌫��

(A, Z+1)

(A, Z+2)

(A, Z)
��

Candidate* Q [MeV] Abund [%]

48Ca -> 48Ti 4.271 0.187

76Ge -> 76Se 2.040 7.8

82Se -> 82Kr 2.995 9.2

96Zr -> 96Mo 3.350 2.8

100Mo -> 100Ru 3.034 9.6

110Pd -> 110Cd 2.013 11.8

116Cd -> 116Sn 2.802 7.5

124Sn -> 124Te 2.228 5.64

130Te -> 130Xe 2.530 34.5

136Xe -> 136Ba 2.479 8.9

150Nd -> 150Sm 3.367 5.6

* Q-value > 2 MeV



How do we look for the decay?

• Observe the 2 final-state electrons


• Expect a sharp “peak” at the Q-value of the decay


• Excellent energy resolution is essential for a discovery experiment

Q = Ee1 + Ee2 � 2me

Sum energy of the 2 electrons [keV]
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What is the observable decay rate?

• with the effective Majorana neutrino mass:


➡ a coherent sum over mass eigenstates with potentially CP violating phases


➡= a mixture of m1, m2, m3, proportional to the Uei2, with α1,α2 = Majorana CPV phases


• Uei = matrix elements of the PMNS-Matrix, mi = eigenvalues of the neutrino mass matrix

Can be 
calculated: ~ Q5

Phase 
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Matrix elements for 

• Past years: improved agreement among the various methods


• Still spread by a factor 2-3 => uncertainty of ~ 4 - 10 in T1/2

Patrick Decowski/University of Amsterdam

Nuclear Matrix Elements
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Effective Majorana neutrino mass

T1/2 ⇠ 1027 yr

T1/2 ⇠ 1029 yr

current sensitivities

normal inverted

0.1- 1 counts/(y kg)

0.5 - 5 counts/(y t)

0.1-1 counts/(y 100 t)

It is also useful to express the parametermββ as a function
of a directly observable parameter, rather than as a function
of the lightest neutrino mass. A natural choice is the
cosmological mass Σ, defined as the sum of the three active
neutrino masses (Σ≡m1 þm2 þm3). The close connec-
tion between the neutrino masses’measurements obtained in
the laboratory and those probed by cosmological observa-
tions was outlined long ago [6]. Furthermore, the measure-
ments of Σ have recently reached important sensitivities, as
discussed below. For these reasons, we also update the plot
of the dependence of the Majorana effective massmββ on the
cosmological mass Σ, using the representation originally
introduced in [7].
From the definition of Σ, we can write

Σ ¼ ml þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ a2
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ b2
q

; ð4Þ

whereml is the mass of the lightest neutrino and a and b are
different constants depending on the neutrino mass hier-
archy. Through Eq. (4) one can establish a direct relation
between Σ andml and thus, it is straightforward to plotmββ
as a function of Σ. Concerning the treatment of the
uncertainties, we use again the assumption of Gaussian
fluctuations and the prescription reported in the Appendix.
The result of the plotting in this case is shown in the right
panel of Fig. 1.

III. COMPARISON WITH THE
EXPERIMENTAL RESULTS

A. Experimental bounds

Recently, several experiments have obtained bounds on
t1=2ðexpÞ above 1025 yr. The results are summarized in the
upper part of Table I. They were achieved thanks to the
study of two nuclei: 76Ge and 136Xe. The 90% C.L. bound
from 76Ge, obtained by combining GERDA-I, Heidelberg-
Moscow, and IGEX via the recipe of Eq. (A1), 3.2 · 1025 yr,

is almost identical to the one quoted by the GERDA
Collaboration, 3.0 · 1025 yr [11]. By combining the first
KamLAND-Zen results on 0νββ (namely, KamLAND-
Zen-I [12]), and the new ones obtained after the scintillator
purification (KamLAND-Zen-II [13]), the same procedure
gives2.3 · 1025 yr,whichdiffers a little bit from the combined
limit quoted by the Collaboration [13], 2.6 · 1025 yr. When
we combine the two results of KamLAND-Zen and the one
fromEXO-200 using again the procedure of Eq. (A1), we get
2.6 · 1025 yr, which is equal to the KamLAND-Zen limit
alone. In view of the above discussion and in order to
be as conservative as possible, we will adopt as combined
90% C.L. bounds the following values:

t1=2Ge > 3.0 · 1025 yr and t1=2Xe > 2.6 · 1025 yr: ð5Þ

More experiments are also expected to produce important
new results in the coming years. A few selected ones are also
reported in the lower part of Table I.

B. Nuclear physics and 0νββ

Assuming that the transition is dominated by the
exchange of ordinary neutrinos with Majorana mass, the
theoretical expression of the half-life in an ith experiment
based on a certain nucleus is

t1=2i ðthÞ ¼ m2
e

G0ν;iM2
i m

2
ββ

; ð6Þ

where me is the electron mass, G0ν;i the phase space factor
(usually given in inverse years), andMi the nuclear matrix
element, an adimensional quantity of enormous impor-
tance. In recent works, this last term is written emphasizing
the axial coupling gA:

Mi ¼ g2A ·M0ν;i: ð7Þ
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FIG. 1 (color online). Updated predictions on mββ from oscillations as a function of the lightest neutrino mass (left) and of the
cosmological mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3σ regions due to error propagation of
the uncertainties on the oscillation parameters.

DELL’ORO, MARCOCCI, AND VISSANI PHYSICAL REVIEW D 90, 033005 (2014)

033005-2

Del’Oro, Marocci, Vissani, PRD 90, 2014
degenerate 
(m1≈ m2 ≈ m3)

m3<< m1 < m2

m1<< m2 < m3



Isotopes and sensitivity to 0⌫��February 21, 2013 16:18 WSPC/146-MPLA S0217732313500211 5–10

Empirical Survey of Neutrinoless Double Beta Decay Matrix Elements

Fig. 1. Regions in the renormalized specific phase-space g4
A
H0ν = g4

A
ln(2) NA

Am2
e

G
(0)
0ν and matrix

element squared |M0ν |2 that encompass modern theoretical calculations, for the candidate neu-
trinoless double beta decay isotopes 76Ge, 130Te, 136Xe and 150Nd. The vertical span reflects the
range of gA, which differs for the shell-model and other models, leading to nonrectangular bound-
aries. The matrix-element calculational methods are SM, generator-coordinate method (GCM),
quasiparticle random-phase approximation (QRPA), IBM and Projected Hartree–Fock Bogoliubov
method (PHFB), as given in Table 1. The lines indicate the effective Majorana mass that would
correspond to a count rate of one event per tonne per year.

Fig. 2. As Fig. 1 but with the addition of the isotopes 48Ca (2.2, 2143), 82Se (17, 514), 96Zr (13,
889), 100Mo (25, 660), 110Pd (33,181), 116Cd (9, 597) and 124Sn (10, 302). The number pairs are
the coordinates of the upper rightmost corner of each area, in lieu of labeling. It is more difficult
to see the details but the overall trend of a correlation between the phase-space factor and the
square of the nuclear matrix element is brought out.
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R. G. H. Robertson, Mod. Phys. Lett. A28 (2013) 1350021 

|M|2 uncertainty

gA4 uncertainty

Isotopes have comparable sensitivities in terms of rates per unit mass

1 event/ (tonne-year)

effective value for the axial 
vector coupling constant 
gA: ~ 0.6 - 1.269 (free 
nucleon value)
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Experimental requirements

• Experiments measure the half life of the decay, T1/2 with a sensitivity (for non-zero 
background)

Minimal requirements: 

large detector masses

high isotopic abundance

ultra-low background noise

excellent energy resolution


     Additional tools to distinguish signal 
from background: 

event topology

pulse shape discrimination

particle identification




Experimental techniques

Ionisation

PhononsScintillation

Crystals:
GERDA 
Majorana 
COBRA

Tracking:
SuperNEMO

Isotope in LS:
KamLAND-Zen 
SNO+

Bolometer:
CUORE

TPC: 
NEXT, EXO

Scintillating 
bolometers:

AMoRE 
Lucifer 
Lumineu

Crystals:
CANDLES

?



Double beta experiments in underground labs

SNOLab 
SNO+ (130Te) 
nEXO-5t (136Xe)

WIPP 
EXO (136Xe) 

Homestake 
Majorana (76Ge)

Modane 
LUMINEU 

(100Mo)  
SuperNEMO 
(82Se, 150Nd)

Canfranc 
NEXT (136Xe) 

BiPo

Gran Sasso 
CUORE (130Te) 
GERDA(76Ge) 

COBRA (116Cd) 
LUCIFER (82Se)

YangYang 
AMoRE (100Mo)

Kamioka 
Kamland-Zen 

(136Xe)  
CANDLES (48Ca) 

DCBA (150Nd) 



Overview of (selected) experiments 

Experiment Isotope Isotopic mass Start of operation

CUORE-0

CUORE

130Te 11 kg

210 kg

2013 (running)

2015

EXO-200

nEXO

136Xe 200 kg

5 t

2011

2018 (?)

GERDA phase I

GERDA phase II

76Ge 17 kg

40 kg

2011

2015

KamLAND-Zen 136Xe 300 kg 2012 (running)

Majorana 76Ge 30 kg 2015

NEXT 136Xe 100 kg 2016

SNO+ 130Te 800 kg 2016

SuperNEMO 82Se 7 kg 2016



HPGe diodes: GERDA

S.&Schönert&(TUM):&First&GERDA&results&results&on&0νββ&decay&search&S&LNGS,&July&16,&2013&& 30&

June&2012:&5&enrBEGe&Phase&II&detectors&deployed&in&GERDA&

• Phase II: 30 (20.5 kg) new enrBEGe detectors at LNGS


• Liquid argon light instrumentation for active veto installed/tested


• New run to start in summer 2015


• Background goal: ≤ 10-3 events/(keV kg yr)


• Explore T1/2 values in the 1026 yr range

4

TABLE I. Parameters for the three data sets with and with-
out the pulse shape discrimination (PSD). “bkg” is the num-
ber of events in the 230 keV window and BI the respective
background index, calculated as bkg/(E · 230 keV). “cts” is
the observed number of events in the interval Q��±5 keV.

data set E [kg·yr] h✏i bkg BI †) cts
without PSD
golden 17.9 0.688± 0.031 76 18±2 5
silver 1.3 0.688± 0.031 19 63+16

�14 1
BEGe 2.4 0.720± 0.018 23 42+10

�8 1
with PSD
golden 17.9 0.619+0.044

�0.070 45 11±2 2
silver 1.3 0.619+0.044

�0.070 9 30+11
�9 1

BEGe 2.4 0.663± 0.022 3 5+4
�3 0

†) in units of 10�3 cts/(keV·kg·yr).

Seven events are observed in the range Q�� ± 5 keV272

before the PSD, to be compared to 5.1 ± 0.5 expected273

background counts. No excess of events beyond the ex-274

pected background is observed in any of the three data275

sets. This interpretation is strengthened by the pulse276

shape analysis. Of the six events from the semi-coaxial277

detectors, three are classified as SSE by ANN, consis-278

tently with the expectation. Five of the six events have279

the same classification by at least one other PSD method.280

The event in the BEGe data set is rejected by the A/E281

cut. No events remain within Q�� ± �E after PSD. All282

results quoted in the following are obtained with PSD.283

To derive the signal strength N0⌫ and a frequentist284

coverage interval, a profile likelihood fit of the three data285

sets is performed. The fitted function consists of a con-286

stant term for the background and a Gaussian peak for287

the signal with mean at Q�� and standard deviation �E288

according to the expected resolution. The fit has four289

free parameters: the backgrounds of the three data sets290

and 1/T 0⌫
1/2, which relates to the peak integral by Eq. 1.291

The likelihood ratio is only evaluated for the physically292

allowed region T 0⌫
1/2 > 0. It was verified that the method293

has always su�cient coverage. The systematic uncertain-294

ties due to the detector parameters, selection e�ciency,295

energy resolution and energy scale are folded in with a296

Monte Carlo approach which takes correlations into ac-297

TABLE II. List of all events within Q�� ± 5 keV

data set detector energy date PSD
[keV] passed

golden ANG 5 2041.8 18-Nov-2011 22:52 no
silver ANG 5 2036.9 23-Jun-2012 23:02 yes
golden RG 2 2041.3 16-Dec-2012 00:09 yes
BEGe GD32B 2036.6 28-Dec-2012 09:50 no
golden RG 1 2035.5 29-Jan-2013 03:35 yes
golden ANG 3 2037.4 02-Mar-2013 08:08 no
golden RG 1 2041.7 27-Apr-2013 22:21 no
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FIG. 1. The combined energy spectrum from all enrGe de-
tectors without (with) PSD is shown by the open (filled)
histogram. The lower panel shows the region used for the
background interpolation. In the upper panel the spectrum
zoomed to Q�� is superimposed with the expectations (with
the PSD selection) based on the central value of Ref. [11],
T 0⌫
1/2 = 1.19 · 1025 yr (red dashed), and with the 90% upper

limit derived in this work, T 0⌫
1/2 = 2.1 · 1025 yr (blue solid).

count. The best fit value is N0⌫ = 0, namely no excess298

of signal events above the background. The limit on the299

half-life is300

T 0⌫
1/2 > 2.1 · 1025 yr (90% C.L.) (3)301

including the systematic uncertainty. The limit on the302

half-life corresponds to N0⌫ < 3.5 counts. The system-303

atic uncertainties weaken the limit by about 1.5%. Given304

the background levels and the e�ciencies of Table I, the305

median sensitivity for the 90%C.L. limit is 2.4 · 1025 yr.306

A Bayesian calculation [24] was also performed with307

the same fit described above. A flat prior distribution is308

taken for 1/T 0⌫
1/2 between 0 and 10�24 yr�1. The toolkit309

BAT [25] is used to perform the combined analysis on310

the data sets and to extract the posterior distribution311

for T 0⌫
1/2 after marginalization over all nuisance parame-312

ters. The best fit is again N0⌫ = 0 and the 90% credible313

interval is T 0⌫
1/2 > 1.9 · 1025 yr (with folded systematic314

uncertainties). The corresponding median sensitivity is315

T 0⌫
1/2 > 2.0 · 1025 yr.316

DISCUSSION317

The Gerda data show no indication of a peak at Q�� ,318

i.e. the claim for the observation of 0⌫�� decay in 76Ge319

is not supported. Taking T 0⌫
1/2 from Ref. [11], 5.9 ± 1.4320

decays are expected (see note [26]) in �E = ±2�E and321

2.0±0.3 background events after the PSD cuts, as shown322

in Fig. 1. This can be compared with three events de-323

tected, none of them within Q�� ± �E . The model (H1),324

PRL 111, 2013

“Claim”, PLB586 (2004)

T 0⌫
1/2 > 2.1⇥ 1025 yr (90%C.L.)

T 0⌫
1/2 = 1.19⇥ 1025 yr

m�� < 0.2� 0.4 eV



HPGe diodes: Majorana demonstrator

Karsten Heeger, Yale University CIPANP, May 19, 2015 

Recent Progress - Majorana Dem. (76Ge)

22

Ionization

• Module 1 with more than half of all enriched 
detectors will go in-shield in a few days and 
start operation soon. 

• Assembly of strings for Module 2 is underway. 
Anticipate completion by end of 2015. 

• Expecting data from the completed 
Demonstrator in 2016. 

➔Wenqin Xu 

• MJD Prototype module installed and taking 
data in shield since July 2014. Simulations 
and analysis of data are underway .

• 29 kg enriched Ge detectors (87%)


• A prototype module was installed and is taking data since July 2014


• Module 1 (~1/2) of enriched detectors to start operation summer 2015


• Assembly of strings for module 2 is proceeding well


• Completion and starting of operation by end of 2015


• Explore T1/2 values in the 1026 yr range

MJD Strings

• Up to 5 detectors are mounted in ‘strings’ 
• Strings are constructed and up to 7 loaded to 

the module in a nitrogen purged glovebox
16The MAJORANA DEMONSTRATOR search for 0!""22 June 2015

String(with( 
3(EnrGe(PPCs((
and(1(NatGe(

BEGe
See talk by C. M. O’Shaughnessy

Calibration spectrum 



TeO2 bolometers: CUORE

Karsten Heeger, Yale University CIPANP, May 19, 2015 

Recent Progress - CUORE (130Te)

26

Phonons

All 988 bolometers (206 kg of 130Te) 
built and assembled into towers 

Cryostat Commissioning Underway 

Detector installation expected in 2015

• CUORE-0: array of 52 crystals; 9.8 kg-yr exposure, FWHM = 5.1 keV


• Recent results: T1/2 > 2.7 x 1024 y (90% CL); T1/2 > 2.7 x 1024 y (90% CL) 
combined with Cuoricino  

• CUORE: all 988 crystals (206 kg 130Te) built and assembled in towers


• Cryostat commissioning underway; detector installation in 2015


• Next step: CUPID = CUORE detectors + light read-out for alpha suppression

Karsten Heeger, Yale University CIPANP, May 19, 2015 

Next Steps - CUPID

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
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• 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.

Phonons
Light

Best fit Γ0ν:

Best fit Γbkg:

90%CL  bayesian lower limit:    T0ν1/2 > 2.7⋅1024 yr 

Median 90% C.L. lower limit sensitivity: T0ν1/2 > 2.9⋅1024 yr,                                                   

CUORE-0: 0νββ search
Simultaneous UEML fit to 233 events in ROI [2470-2570 keV].
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130Te in liquid scintillator: SNO+

• First phase: 0.3% natural Te (~ 800 kg 130Te)


• Detector and cavity being filled with water


• Start LS fill in 2016


• Load 0.3% Te in 2017


• Then upgrade PMTs and 3% load with the goal to 
cover the inverted hierarchy scenario

  

Thank you!

The detector and cavity are currently about half �lled 
with water. 

Camera above water

Camera 
underwater, light 

above water

Camera and light 
underwater

• Dominant backgrounds: 

• 8B solar ν#

• !-rays from detector parts#

• 2νββ decay from 130Te 

• The first two do not scale with 
quantity of isotope#

• 0.3% natural Te in LAB ⟶ 800 kg 
130Te 

• Possibility to go into even 
higher loadings

7

SNO+ backgrounds
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• Dominant backgrounds: 

• 8B solar ν#

• !-rays from detector parts#

• 2νββ decay from 130Te 

• The first two do not scale with 
quantity of isotope#

• 0.3% natural Te in LAB ⟶ 800 kg 
130Te 

• Possibility to go into even 
higher loadings
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Expected backgrounds in SNO+



Liquid xenon TPC: EXO and nEXO
• Dual-phase time projection chamber


• 110 kg LXe (80.6% 136Xe) in active volume


• After WIPP accident: ongoing cleanup/repair 
effort; cooling & filling LXe TPC in summer 2015, 
data taking in fall 2015


• nEXO: 5 tonnes enriched LXe


• Proposed location SNOLAB cryopit

nEXO: Next Generation of EXO-200
nEXO will continue to search for 0⌫��
of 136Xe with better sensitivity.

• 5 tonnes of enriched LXe
• Built upon known technology

with possible Ba tagging upgrade
• Proposed location: SNOLAB’s

cryopit (6010 m.w.e.)
• Potential to probe inverted

hierarchy

RHM Tsang (U of Alabama) EXO-200 & nEXO WIN 2015 15 / 20

D A V I D  W A R K

Discovering a new class of fundamental  
particle is about the biggest bang you 
can make in particle physics. The 

discovery of the Higgs boson was so excit-
ing partly because it is a fundamental parti-
cle with no spin, the first ever seen. Physicists 
have long tried to resolve whether the familiar 
neutrino actually belongs to a class of exotic 
entities called Majorana particles, which are 
their own anti particles. Majorana neutrinos 
might also help to explain why neutrinos are 
so light, and could be a clue to how the Uni-
verse came to contain so much more matter 
than antimatter. Almost the only practical 
way to reveal Majorana neutrinos would be to 
observe the rare nuclear process called neu-
trinoless double-β decay. On page 229 of this 
issue, the EXO-200 Collaboration1 announces 
the result of a high-sensitivity technique to 
search for this decay. Their results show the 
power of their technique, but demonstrate that 
there is still much work to do in the search for 
Majorana neutrinos.

Double-β decay, as the name implies, occurs 
when a nucleus undergoes two β decays simul-
taneously and so emits two β-particles (elec-
trons or antielectrons). This is realistically 
observable only in the few nuclei for which 
single-β decay would lead to a heavier daugh-
ter nucleus but two β decays would lead to a 
lighter one. The standard model of particle 
physics allows two-neutrino double-β decay 
(2νββ decay), which is just two ordinary 
β decays occurring at the same time, lead-
ing to the emission of two electrons and two 
antineutrinos. But what if, as many theorists 
believe, neutrinos are Majorana? Then another 
type of decay could also occur, in which the 
anti neutrino emitted from one of the β decays 
could be absorbed as a neutrino in the other 
β decay, and the process seen from outside the 
nucleus would just be the emission of the two 
electrons, or zero-neutrino double-β decay 
(0νββ decay).

0νββ decay has a beautiful experimental  
signature — the simultaneous emission 
of two electrons with a total energy that 
sums to the difference in mass between the  
parent and daughter nuclei. Furthermore, 
it can happen only if neutrinos have mass. 

Owing to the nature of the weak inter actions 
that cause β decay, the emitted anti neutrino 
will have a spin that is right-handed with 
respect to its direction of motion, and the 
absorbed neutrino must be left-handed. This 
coexistence of the different spin states happens 
only for particles that have mass, and there-
fore makes the observed rate of 0νββ decay a 
sensitive probe of the mass of the neutrino. 
0νββ decay is therefore a ‘two for the price of 
one’ measurement, which is one reason that 
so many groups are attacking it with different 
techniques and different nuclei.

The EXO (Enriched Xenon Observatory)- 
200 team has now moved near to the front of 
the pack with its liquid-xenon ‘time-projection 
chamber’ detector (Fig. 1). The active part of 
the detector is 110 kilograms of liquid xenon 
(which acts both as the double-β-decay source 
and the detector) enriched to 80.6% in the 
potentially double-β-decaying nucleus xenon-
136 (136Xe). Charged particles — either the 
electrons emitted in double-β decay or, much 
less desirably, background events from con-
taminant nuclei in the detector or surround-
ings — produce ionization in the xenon, and 
are drifted in an applied electric field to two 

crossed grids of wires. The grids determine the 
position of the charges in two dimensions. The 
charged particles also make the xenon emit 
scintillation light, and measuring the time dif-
ference between that light and the arrival of 
the charge at the wires gives the drift distance 
(hence the name time-projection chamber), 
allowing reconstruction of the tracks from the 
charged particles in three dimensions.

This reconstruction is crucial because, as 
in all double-β-decay experiments, the main 
challenge in EXO-200 is suppressing the back-
ground events. The first step towards this was 
to minimize the background from cosmic 
rays by locating the detector deep under-
ground in the Waste Isolation Pilot Plant site 
near Carlsbad, New Mexico. More-insidious 
background events arise from radioactive 
contaminants in and around the detector, so 
all materials that make up the detector were 
carefully selected to have the lowest possible 
levels of radioactive contamination, and the 
detector itself is heavily shielded. Background 
events still persist, however, so another advan-
tage of the time-projection chamber comes 
to the fore. By looking for events in which 
almost all of the charge is deposited at a single  
place in the detector (as one would expect for a 
double-β decay) and rejecting those in which it 
comes from more than one place (as would be 
expected for γ-rays from radioactive contami-
nants), the background is suppressed by another 
large factor. Having these separate sets of data 
also helps to validate the properties of the detec-
tor, which is calibrated with an extensive set of 
measurements using radio active sources.

The EXO-200 team has now reported the 
results of two years of running its experiment. 
The main output of the detector is a spectrum 
showing how often a particular energy was 
deposited within it. 2νββ decay produces a 

PA R T I C L E  P H Y S I C S

The hunt for Majorana 
neutrinos hots up
Finding that neutrinos are their own antiparticles would revolutionize particle 
physics. A high-sensitivity technique accelerates the search for the nuclear-decay 
process that would enable such a discovery. SEE ARTICLE P.229 

Figure 1 | Chasing Majorana neutrinos. The EXO-200 Collaboration1 has used a liquid-xenon  
‘time-projection chamber’ detector, half of which is seen here under construction, to search for the 
neutrinoless double-β-decay process that would arise if neutrinos are Majorana-type particles. The 
two crossed grids of wires that were used to determine the position of charged particles in the detector, 
which is roughly 40 cm in diameter, lie above the frame of empty circular holes that were later filled with 
scintillation-light detectors.
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track and thermalize neutrons. The resulting neutron capture rates are
used as input to the Geant4-based20 EXO-200 simulation package9, with
the respective n-capture c-spectra produced on the basis of ENSDF
information25 for the given nuclides. The produced PDFs are used
in fits to the low-background data. Good shape agreement is found
between these PDFs and data coincident with muon-veto-panel events.

Results
The fit to the low-background data minimizes the negative log-likelihood
function constructed using a signal and background model composed
of PDFs from simulation. A profile-likelihood scan is performed to search
for a 0nbb signal.

The PDFs chosen for the low-background fit model are those used in
ref. 9 plus a ‘far-source’ 232Th PDF, a 137Xe PDF and neutron-capture-
related PDFs, including 136Xe neutron capture in the LXe, 1H neutron-
capture in the HFE, and 63Cu,65Cu neutron capture in Cu components
(LXe vessel, inner and outer cryostats). The far-source 232Th PDF allows
for background contributions from Th in materials far from the TPC,
for example in the HFE and in the copper cryostat. (Remote 238U is
included in the fit model via 222Rn, simulated in the air between the

cryostat and Pb shield.) We combine the neutron-capture-related PDFs
to form one PDF, allowing the relative rates of the component PDFs to
float within 20% of their simulation-estimated values. The total rate of
this summed PDF is allowed to float unconstrained.

We constrain the single-site fractions, SS/(SS 1 MS), of all compo-
nents to be within 9.6% of their value calculated from simulation. An
additional 90% correlation between single-site fractions of c compo-
nents is introduced into the likelihood function, owing to the consist-
ent behaviour observed in these parameters in calibration studies (for
example, Fig. 3). The overall normalization is allowed to float within
the estimated systematic errors (8.6%). The background-PDF ampli-
tudes within the ROI are also allowed to vary within their estimated
systematic errors (10.9%). The b-scale is not allowed to float during the
fit, but is manually profiled while performing the profile-likelihood
scan for 0nbb.

The final step before performing the fit was the unmasking of live-
time around the SS ROI. However, before unmasking the full data set,
we investigated backgrounds associated with Xe feeds, irregular occur-
rences in which additional Xe gas is introduced into the purification
circulation loop. (These Xe feeds occurred 10 times over the run period
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Figure 4 | Fit results projected in energy. a, b, Main panels show SS (a) and
MS (b) events, as counts versus energy, with a zoom-in (inset) around the ROI:
2250–2600 keV (2100–2700 keV) for SS (MS); the bin size is 14 keV, and data
points are shown in black. Lower panels in a and b show residuals between data
and best fit normalized to the Poisson error, ignoring bins with 0 events. The
green (blue) shaded regions in the lower panels represent 61s (62s)
deviations. The 7 (18) events between 4,000 and 9,800 keV in the SS (MS)

spectrum have been collected into an overflow bin for presentation here. The
vertical (red) lines in the SS spectra indicate the 62s ROI. The result of the
simultaneous fit to the standoff distance is not shown here. Several background
model components (including Rn, 135Xe and 137Xe, n-capture, 232Th (far),
Vessel, 0nbb and 2nbb, all described further in the text) are indicated in the
main panel of b to show their relative contributions to the spectra. Error bars on
data points, 61 s.d.

RESEARCH ARTICLE

2 3 2 | N A T U R E | V O L 5 1 0 | 1 2 J U N E 2 0 1 4

Macmillan Publishers Limited. All rights reserved©2014

track and thermalize neutrons. The resulting neutron capture rates are
used as input to the Geant4-based20 EXO-200 simulation package9, with
the respective n-capture c-spectra produced on the basis of ENSDF
information25 for the given nuclides. The produced PDFs are used
in fits to the low-background data. Good shape agreement is found
between these PDFs and data coincident with muon-veto-panel events.

Results
The fit to the low-background data minimizes the negative log-likelihood
function constructed using a signal and background model composed
of PDFs from simulation. A profile-likelihood scan is performed to search
for a 0nbb signal.

The PDFs chosen for the low-background fit model are those used in
ref. 9 plus a ‘far-source’ 232Th PDF, a 137Xe PDF and neutron-capture-
related PDFs, including 136Xe neutron capture in the LXe, 1H neutron-
capture in the HFE, and 63Cu,65Cu neutron capture in Cu components
(LXe vessel, inner and outer cryostats). The far-source 232Th PDF allows
for background contributions from Th in materials far from the TPC,
for example in the HFE and in the copper cryostat. (Remote 238U is
included in the fit model via 222Rn, simulated in the air between the

cryostat and Pb shield.) We combine the neutron-capture-related PDFs
to form one PDF, allowing the relative rates of the component PDFs to
float within 20% of their simulation-estimated values. The total rate of
this summed PDF is allowed to float unconstrained.

We constrain the single-site fractions, SS/(SS 1 MS), of all compo-
nents to be within 9.6% of their value calculated from simulation. An
additional 90% correlation between single-site fractions of c compo-
nents is introduced into the likelihood function, owing to the consist-
ent behaviour observed in these parameters in calibration studies (for
example, Fig. 3). The overall normalization is allowed to float within
the estimated systematic errors (8.6%). The background-PDF ampli-
tudes within the ROI are also allowed to vary within their estimated
systematic errors (10.9%). The b-scale is not allowed to float during the
fit, but is manually profiled while performing the profile-likelihood
scan for 0nbb.

The final step before performing the fit was the unmasking of live-
time around the SS ROI. However, before unmasking the full data set,
we investigated backgrounds associated with Xe feeds, irregular occur-
rences in which additional Xe gas is introduced into the purification
circulation loop. (These Xe feeds occurred 10 times over the run period
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Figure 4 | Fit results projected in energy. a, b, Main panels show SS (a) and
MS (b) events, as counts versus energy, with a zoom-in (inset) around the ROI:
2250–2600 keV (2100–2700 keV) for SS (MS); the bin size is 14 keV, and data
points are shown in black. Lower panels in a and b show residuals between data
and best fit normalized to the Poisson error, ignoring bins with 0 events. The
green (blue) shaded regions in the lower panels represent 61s (62s)
deviations. The 7 (18) events between 4,000 and 9,800 keV in the SS (MS)

spectrum have been collected into an overflow bin for presentation here. The
vertical (red) lines in the SS spectra indicate the 62s ROI. The result of the
simultaneous fit to the standoff distance is not shown here. Several background
model components (including Rn, 135Xe and 137Xe, n-capture, 232Th (far),
Vessel, 0nbb and 2nbb, all described further in the text) are indicated in the
main panel of b to show their relative contributions to the spectra. Error bars on
data points, 61 s.d.
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T 0⌫
1/2 > 1.1⇥ 1025 y (90%C.L.)

m�� < 0.19� 0.45 eV



High pressure xenon TPC: NEXT

• NEXT-100: 100 kg 136Xe (90% enriched) HP Xe TPC


• Tracking capabilities and < 1% (FWHM) resolution


• Under construction (vessel, sensors, gas system etc)


• Installation and commissioning at LSC by 2017: explore 
the effective Majorana mass to 100 meV 

• 10 kg prototype in deployment at LSC (validate bg model)
NEXT-100

8

R11410-10 
Hamamatsu PMT S10362-11-050P 

SiPM

8x8 SiPM board 
and cable

Vessel

NEXT-100

8

R11410-10 
Hamamatsu PMT S10362-11-050P 

SiPM

8x8 SiPM board 
and cable

Vessel

NEXT-Concept

electron excites and ionizes Xe 

excited Xe emit scintillation light (S1) (t0 of  events) 

electrons from ionization drift (0.3 kv/cm) toward the anode 

electrons pass  electro-luminiscence (EL) region, emits light (proportional) (S2) 

measured by PMTs in the Energy plane (cathode): provide the Energy  

measured in SiPMs (1 cm2 grid) in the tracking plane: provide (x,y, time)
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NEXT-DEMO Topology

Topology reconstruction: 

Barycenter using SiPM signal integrated in 4 µs 
slices and track reconstrured using 3D splines 

Energy of  each slice given by the Energy plane12

‘blob’ of  the electron clearly visible!

ZY projection - 
barycenter 3D splines - ZY projection 

XY projection 3D splines - 3D view SiPM signal vs time

JINST 8 (2013) P09011



136Xe in liquid scintillator: KamLAND-Zen

• Next phase: new mini-balloon construction in 
summer 2015


• Larger LS volume: 600-800 kg 136Xe


• Lower backgrounds


• Sensitivity: 2 x 1026 yr after 2 years exposure 

• Goal: cover the inverted hierarchy region

7 Bruce Berger CIPANP – Vail, Colorado - May 21, 2015 

Phase 2 Results 
Phase 2 began December 2013 

 383 kg of 136Xe 
 
Initial results based on first 114.8 days 

 arXiv:1409.0077v1 
 
136Xe 0νββ limit from initial Phase 2 data: 

 T1/2 > 1.3 x 1025 yr (90% CL) 
 
Principal backgrounds: 
•  110mAg 

 reduced by > 10x 
 
•  Spallation 10C 

72±5% reduction 
w/coincidence tag 
 

•  214Bi on balloon  
 1-meter fiducial volume cut 

 

Karsten Heeger, Yale University CIPANP, May 19, 2015 

Recent Results - KamLAND-Zen

24

Scintillation

➔B. Berger 

• Mini-balloon with 136Xe-loaded LS in KamLAND


• Phase 1+2 (179 kg + 383 kg): 


• T1/2 > 2.6 x 1025 y (90% CL)

m�� < 0.14� 0.28 eV



Scintillating bolometers: AMoRE/LUMINEU/LUCIFER

• Measure both heat and light: particle discrimination and 
background rejection


• AMoRE: 40Ca100MoO4 in 3 stages 1.5-10-200 kg of 
crystals


• LUMINEU: Zn100MoO4 1 kg - 10 kg (LUCINEU)

Scintillating crystals ready to be measured 

• 5 detectors cells have been assembled last week.  
• installed in the cryostat with inner Pb shielding. 
• We will start to measure soon!!!  

Present and Future of AMoRE 

AMoRE-pilot (Now) 
1.5 kg of 40Ca100MoO4 

(2015~) 

AMoRE-200 
40Ca100MoO4 (D=50mm, H=60mm, 506g) 

30 layers(2.4 m height)-13 columns  
or 20 layers(1.6 m height)-19 columns 

Total mass of 40Ca100MoO4 : 200 kg 
(2018~2022) 

AMoRE-10 
10 kg of 40Ca100MoO4 

(2016~2018) 
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Advanced 0ν2β detector: scintillating bolometer 

Sensitivity to 0ν2β decay 

lim 𝑇1/2
0𝜈 ∝ 𝛿 ∙ 𝜀 ∙ 𝑀 ∙ 𝑡

𝐵 ∙ ∆𝐸 

Achieved for bolometers (CUORICINO / CUORE), 
Expected for scintillating bolometers (e.g. LUMINEU) 

δ – natural isotopic abundance of 2β nuclide ~ 35% 

   ~ 99% (enriched 2β nuclide) 

ε – detection efficiency  > 80% (detector =2β source) 

M – mass of ββ source ~ 100–1000 kg 

t – time of measurements ~ 5 yr 

∆E – energy range of interest ~ 0.2% FWHM 

B – background in ROI ~ 10-1–10-2 c/kg/keV/yr 
(nuclide with Q2β < 2.6 MeV, α’s contribute 60% to B) 

   ~ 10-4 c/kg/keV/yr  (nuclide with Q2β > 2.6 MeV,   
α/γ discrimination > 5σ) 

D.V. Poda, LRT-2015, 19 March 2015 

LUMINEU: First massive ZnMoO4 bolometers 

9 

  ZnMoO4 ∅50×40 mm 

¾ Molybdenum was purified by using double 
recrystallization from aqueous solutions 

  

¾ Advanced quality ZnMoO4 boule was grown by 
directional solidification along [001] using LTG Cz 
(crystal yield ~ 80% of initial charge)  

 

¾ ZnMoO4 crystal boule was melted and then 
crystallized again (to test recrystallization) 

 

¾ Produced ZnMoO4 elements have the size 
expected for a pilot LUMINEU 0ν2β experiment  

     334 g    

Technology of high quality large ZnMoO4 
crystal producing is developed  

[E. Armengaud et al., submitted to JINST] 

ZnMoO4  
~1 kg  

       336 g    

D.V. Poda, LRT-2015, 19 March 2015 

Background measurements with advanced ZnMoO4 
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ZnMoO4, 334 g, Bkg, 398 h, LSM 

 Heat-vs-Light scatter-plot 

Selected γ(β) and α background 

Preliminary 

Preliminary 

 

 

 

Perfect capability to get “zero” background in the ROI 

D.V. Poda, LRT-2015, 19 March 2015 



Tracking: SuperNEMO

• Separate tracker, calorimeter and source


• Sources: 82Se (150Nd, 48Ca), 100 kg


• Aim: T1/2 > 1026 yr 

• Demonstrator: 7 kg 82Se, T1/2 > 6.6 x 1024 yr


• Status: in assembly, first demonstrator 
module in 2016

R. Hodák May 25th, 2015

SuperNEMO experiment

First “demonstrator” module → in mid 2016 

2
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Frame production 
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One frame corner 

•  Frame being produced at the Mullard Space Science Laboratory 
•  One out of the four corners of the frame has been built  

–  Optical modules have been attached 
–  Cassettes are ready to be inserted 
–  12 / 113 cassettes produced so far 

calorimeter modules 
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•  Frame being produced at the Mullard Space Science Laboratory 
•  One out of the four corners of the frame has been built  

–  Optical modules have been attached 
–  Cassettes are ready to be inserted 
–  12 / 113 cassettes produced so far 

calorimeter modules 



It is also useful to express the parametermββ as a function
of a directly observable parameter, rather than as a function
of the lightest neutrino mass. A natural choice is the
cosmological mass Σ, defined as the sum of the three active
neutrino masses (Σ≡m1 þm2 þm3). The close connec-
tion between the neutrino masses’measurements obtained in
the laboratory and those probed by cosmological observa-
tions was outlined long ago [6]. Furthermore, the measure-
ments of Σ have recently reached important sensitivities, as
discussed below. For these reasons, we also update the plot
of the dependence of the Majorana effective massmββ on the
cosmological mass Σ, using the representation originally
introduced in [7].
From the definition of Σ, we can write

Σ ¼ ml þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ a2
q

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

l þ b2
q

; ð4Þ

whereml is the mass of the lightest neutrino and a and b are
different constants depending on the neutrino mass hier-
archy. Through Eq. (4) one can establish a direct relation
between Σ andml and thus, it is straightforward to plotmββ
as a function of Σ. Concerning the treatment of the
uncertainties, we use again the assumption of Gaussian
fluctuations and the prescription reported in the Appendix.
The result of the plotting in this case is shown in the right
panel of Fig. 1.

III. COMPARISON WITH THE
EXPERIMENTAL RESULTS

A. Experimental bounds

Recently, several experiments have obtained bounds on
t1=2ðexpÞ above 1025 yr. The results are summarized in the
upper part of Table I. They were achieved thanks to the
study of two nuclei: 76Ge and 136Xe. The 90% C.L. bound
from 76Ge, obtained by combining GERDA-I, Heidelberg-
Moscow, and IGEX via the recipe of Eq. (A1), 3.2 · 1025 yr,

is almost identical to the one quoted by the GERDA
Collaboration, 3.0 · 1025 yr [11]. By combining the first
KamLAND-Zen results on 0νββ (namely, KamLAND-
Zen-I [12]), and the new ones obtained after the scintillator
purification (KamLAND-Zen-II [13]), the same procedure
gives2.3 · 1025 yr,whichdiffers a little bit from the combined
limit quoted by the Collaboration [13], 2.6 · 1025 yr. When
we combine the two results of KamLAND-Zen and the one
fromEXO-200 using again the procedure of Eq. (A1), we get
2.6 · 1025 yr, which is equal to the KamLAND-Zen limit
alone. In view of the above discussion and in order to
be as conservative as possible, we will adopt as combined
90% C.L. bounds the following values:

t1=2Ge > 3.0 · 1025 yr and t1=2Xe > 2.6 · 1025 yr: ð5Þ

More experiments are also expected to produce important
new results in the coming years. A few selected ones are also
reported in the lower part of Table I.

B. Nuclear physics and 0νββ

Assuming that the transition is dominated by the
exchange of ordinary neutrinos with Majorana mass, the
theoretical expression of the half-life in an ith experiment
based on a certain nucleus is

t1=2i ðthÞ ¼ m2
e

G0ν;iM2
i m

2
ββ

; ð6Þ

where me is the electron mass, G0ν;i the phase space factor
(usually given in inverse years), andMi the nuclear matrix
element, an adimensional quantity of enormous impor-
tance. In recent works, this last term is written emphasizing
the axial coupling gA:

Mi ¼ g2A ·M0ν;i: ð7Þ
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FIG. 1 (color online). Updated predictions on mββ from oscillations as a function of the lightest neutrino mass (left) and of the
cosmological mass (right) in the two cases of NH and IH. The shaded areas correspond to the 3σ regions due to error propagation of
the uncertainties on the oscillation parameters.

DELL’ORO, MARCOCCI, AND VISSANI PHYSICAL REVIEW D 90, 033005 (2014)

033005-2

Outlook: the search continues

• Ton-scale experiments are required to explore the inverted mass hierarchy scale


• Several technologies are moving towards this scale with ultra-low backgrounds


• It remains to be seen which ones can be upgraded to 10-100 ton scale and explore the normal mass 
hierarchy scale

Future experiments 
(ton-scale)

10 meV

0.1-1 counts/(y 100 ton)
1 meV

Current reach

Cosmology

Del’Oro, Marocci, Vissani, PRD 90, 2014

Experiments in 
construction

40 meV



End



Backgrounds

• Muon induced backgrounds

• Natural radioactivity: 238U, 232Th, 40K, Radon, (alpha,n), (n,gamma) etc

• Anthropogenic radioactivity: 110mAg, 207Bi, 

• Cosmogenic activation of detector components: 60Co, 42Ar, 68Ge, 

• 8B solar neutrinos

• 2 neutrino double beta decay

Karsten Heeger, Yale University CIPANP, May 19, 2015 

Sensitivity vs Background
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J. Detwiler
J. Wilkerson

Example: 76 Ge, similar sensitivities for other isotopes 

Background control and reduction are key

ROI: Region of interest
can be single or 
multidimensional
(E, spatial, …)

Example: Ge sensitivity with/without backgrounds

J. Detwiler, J. Wilkerson

• Ultra-pure materials

• Energy resolution

• Event topology

• Pulse shape discrimination

• Particle identification

Background reduction


