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A new technique is applied to the search for neutrinoless double 0 decay. A Ge(Li) crystal is used both as 
source and as detector of the 76Ge 
with the lepton conservation law. 

- 76Se transition. Our negative result (T+> 3 x 1020 y) is consistent 

Double fi decay can proceed through two pos- 
sible processes: 

(A,Z)-(A,Z+2)+2e-, (1) 

(A,Z)-(A,Z+2)+2em+2i7. (2) 

Reaction (1) necessarily implies non-conserva- 
tion of the lepton number. If the transition matrix 
elements are comparable, decay (1) is favoured 
by a factor of about lo5 with respect to decay (2), 
due to the much larger available “phase space” 
[1,2]. The two electrons share the total transi- 
tion energy. 

Experimental investigations of p/3 decay have 
been carried out in two different ways: 
a) By “direct” methods [l-6] consisting of the 
detection and possibly of the energy measure- 
ment of the two electrons. The most accurate of 
these investigations [3-61, which involve the 
transition 48Ca - 48Ti, gave no evidence for 
either of the two decay modes with lower limits 
for the half-life which seem inconsistent with a 
neutrinoless J??P decay. 
b) By geological methods [1,2,7,8], where mine- 
rals of known age containing the parent nucleus 
(A,Z) are investigated as to the abundance of the 
daughter isotope (A, Z+ 2). Some of the results 
for the 139Te - 139X2, transition are positive; 
the measured half-lives, 3 X 1021~ [7] and 
8 x 1029~ [a], are inconsistent with a neutrinoless 
/3p decay. 

In the present experiment a new technique is 
applied to the study of the transition 
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i;Ge - z$Se 
As source 

+ 2 e- (+ 2 F). 
and detector a crystal of Ge(Li) was 

used. This detector is very suitable, especially 
for neutrinoless &3 decay, for three reasons. 

a) Natural germanium contains 7.67% 76Ge 
which can decay into 76 Se. The 1964 mass table 
[9] yields a transition energy of 2048 f 7 keV. 
One can exclude fl decay to the intermediate iso- 
tope (76As) because the Q value (-923 f 7 keV) is 
negative. 

b) Ge(Li) detectors have a very good energy 
resolution (f.w.h.m. of a few keV,at 2 MeV) 
which is particularly useful for the study of 
neutrinoless decay. 

c) The Ge(Li) can be prepared in samples of 
reasonable size (hundreds of grams) which allows 
both the presence of a considerable amount of 
possible active material and a high efficiency for 
stopping the decay electrons and measuring their 
energy. 

After tests of various shielding arrangements 
to reduce the background due to cosmic rays and 
natural radioactivity, the experimental setup was 
adopted shown in fig. 1. The “source” is a Ge(Li) 
coaxial type detector of 17 cm3 active volume 
with a 4.7 keV energy resolution (f.w.h.m.) for 
the 1.32 MeV 69~0 y transition. The detector is 
surrounded by an anticoincidence plastic scin- 
tillator connected to the photomultiplier with a 
light pipe to decrease the effects of radioactivity 
from the glass window. An external antenna 
twisted around the plastic scintillator and con- 
nected in anticoincidence with the Ge(Li) detector, 
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Fig. 1. Experimental setup. 

was used to reduce the background due to spuri- 
ous signals. A 10 cm thick layer of lead with a 
low radioactivity level and an external layer of 
normal lead of the same thickness are used to 
reduce the background due to y rays. Between 
these layers a “neutron shield” was placed, made 
of a 10 cm layer of resin impregnated wood act- 
ing as a neutron moderator, and of a 2 mm thick 
cadmium absorber. 

The pulse spectrum from the Ge(Li) in anti- 
coincidence with the scintillation counter, ob- 
tained in 712 hours of running time, has a con- 
tinuous shape and shows no peak in the energy 
region of neutrinoless /3p decay. The background 
counting rate in this region is 1.1 x 10-2 h-1 keV-1. 
By applying a maximum likelihood procedure we 
can exclude a half-life below 3.1 X lo20 with a 68% 
confidence level. 

From refs. 1 and 2 one can predict half-lives 
of lO17&2y and 102k2y for neutrinoless and two- 
neutrino /3p decay, respectively. The errors 
arise mainly from the incertainty in the estimate 
of the nuclear matrix element. The present ne- 
gative result on neutrinoless decay of 76~e agrees 
with those recently obtained for 48Ca [3,6], and 
is consistent with the lepton conservation law. In 
an earlier nuclear-emulsion experiment [lo] on 
the pp decay of 76~e, yielding ~1 > 2.8 x 1017y, 
no distinction could be made bet&een the two 
possible decay modes. 

It is a pleasure to acknowledge very useful 
discussions with Prof. A. Malvicini and the help 
of Mr. G. Alberti. Most of the lead used in this 
experiment has been graciously lent by the 
Societa Tonolli, Milano. 

References 
1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 
9. 

10. 

G. F. Dell ’ Antonio and E. Fiorini, Suppl. Nuovo Ci- 
mento 17 (1960) 132; also for previous references. 
S. P. Rosen and H. Primakoff, in Alpha, beta and 
gamma spectroscopy (North Holland Publ. Co. , 
1965); also for previous references. 
V.R.Lazarenko and S.Yu.Lukyanov, Zh.Eksp.i. 
Teor. Fiz. 49 (1965) 751; Soviet Phys. JETP 22 
(1966) 521. 
E . der Mateosian and M. Goldhaber, Phys. Rev. 146 
(1966) 995. 
M. H. Shapiro, S. Frenkel, S. Koicki, W. D. Wales 
and G. T,Good, Phys.Rev. 154 (1967) 1050. 
R.K.Bardin, P.Gollon, J.D.UllmanandC.S.Wu, 
Intern. Conf. on Nuclear structure, Tokyo, 1967. 
R, J. Hayden and M. G. Inghram, Nat. Bur. Stand. 
Circ. 522 (1953) 189. 
N.Takaoka and K.Ogata, Z.Naturf.2la (1966) 84. 
J. H. E. Mattauch, W. Thiele and A. H. Wapstra, 
Nuclear Phys. 67 (1965) 1. 
J. H. Fremlin and M. C. Walters, Proc. Phys. Sot. 
A65 (1952) 911. 

***** 

603 



3

Advantages of 76Ge
• Intrinsic high-purity Ge 

detectors = source

• Excellent energy resolution: 
approaching 0.1% at 
2039 keV (~2.4 keV ROI)

• Demonstrated ability to 
enrich from 7.44% to ≥87%

• Powerful background 
rejection: multiplicity, timing, 
pulse-shape discrimination

J. Detwiler
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0nbb with Point Contact Detectors

J. Detwiler

- drift paths
- Isochrones

(Dt = 100 ns)

Hole vdrift
(mm/ns)

Luke et al., IEEE trans. Nucl. Sci. 36 , 926 (1989)
Barbeau, Collar, and Tench, J. Cosm. Astro. Phys. 0709 (2007).
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MAJORANA and GERDA

J. Detwiler

MAJORANA
“Traditional” configuration: 
Vacuum cryostats in a
passive graded shield
with ultraclean materials

GERDA
“Novel” configuration:
Direct immersion
in active LAr shield
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• Operating underground at 4850’ Sanford Underground Research Facility
• Background Goal in the 0νββ peak region of interest (4 keV at 2039 keV)

3 counts/ROI/t/y (after analysis cuts)  Assay U.L. currently ≤ 3.5

• 44.1-kg of Ge detectors
– 29.7 kg of 87% enriched 76Ge crystals
– 14.4 kg of natGe
– Detector Technology: P-type, point-contact.

• 2 independent cryostats
– ultra-clean, electroformed Cu
– 22 kg of detectors per cryostat
– naturally scalable

• Compact Shield
– low-background passive Cu and Pb

shield with active muon veto

The MAJORANA DEMONSTRATOR
Funded by DOE Office of Nuclear Physics, NSF Particle Astrophysics, NSF Nuclear Physics 
with additional contributions from international collaborators.

Goals: - Demonstrate backgrounds low enough to justify building a tonne scale experiment.
- Establish feasibility to construct & field modular arrays of Ge detectors.
- Searches for additional physics beyond the standard model.

J. Detwiler
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Assembled Detector Unit and String

J. Detwiler

Electroformed
Copper

PTFE

PFA + fine Cu
coaxial cable

Front-End Elec.

AMETEK (ORTEC) fabricated enriched detectors. 
35 Enriched detectors at SURF 29.7 kg, 88% 76Ge.
20 kg of modified natural-Ge BEGe (Canberra) 
detectors in hand (33 detectors UG).

All detector assembly performed 
in N2 purged gloveboxes.
All detectors’ dimensions recorded 
by optical reader.

Assay Program: NIMA 828 (2016) 22.
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228Th Calibration Spectrum

J. Detwiler
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Full detector hit spectrum in Module 1. FWHM = 2.4 keV at Qbb:
best resolution of any bb experiment to date.
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The Delayed Charge Recovery Cut for a’s

Slow drift of charges along 
passivated surface results in  
very slow signal component 

•  Alpha background response observed in Module 1 commissioning (DS0) 
•  Identified as arising from alpha particles impinging on passivated surface. 
•  Results in prompt collection of some energy, plus very slow collection of remainder. 
•  Produces a distinctive waveform allowing a high efficiency cut. 

Example pole-zero  
corrected waveforms 
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J. Detwiler

Slow signal component 
associated with delayed 
collection of charge
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Initial Results from the DEMONSTRATOR

1
1

First results from Modules 1 and 2 in-shield
• Exposure: 1.39 kg y
• After cuts, 1 count in 400 keV window 

centered at 2039 keV (0νββ peak)
• Projected background rate is 

5.1 +8.9
-3.2  c /(ROI t y)

for a 2.9 keV (Modue 1- DS3) and 2.6 keV 
(Module 2 - DS4) ROI, (68% CL).

• Background index of 1.8 x 10-3 c/(keV kg y)
• Analysis cuts are still being optimized.
• Through mid-May, have 10x more exposure 

in hand.  Analysis is in progress.

Q value
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The GERDA Collaboration

J. Detwiler
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GERDA Configuration

J. Detwiler

30 BEGe (20 kg) and 
7 Coax (15.6 kg) (Phase II)
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Detector Performance

J. Detwiler

Direct immersion
and active rejection
work beautifully!
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GERDA Phase I

J. Detwiler

Mostly refurbished coaxial detectors
from previous-generation 
experiments, no LAr active veto

Analysis cuts:
• Anti-coincidence (AC)
• Muon veto (MV)
• Pulse-shape discrimination (PSD)
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Phase II Upgrades

J. Detwiler

Double the mass
with BEGe’s (PPCs),
lower-BG mounts Instrument the

LAr veto with
SiPM’s plus 
WLS fibers

Enshroud
strings in 
WLS nylon
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Phase II Background Performance

J. Detwiler Nature 544, 47–52 (2017).

ARTICLE RESEARCH
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energy dependence of the mean and the resolution σae of A/E are 
 measured for every detector with calibration events. After correcting 
for these dependences and normalizing the mean A/E of DEP events 
to 1, the acceptance range is determined for each detector individually: 
the lower cut is set to keep 90% of DEP events and the upper position 
is twice the low-side separation from 1. Figure 3a shows a scatter plot 
of the PSD parameter ζ =  (A/E − 1)/σae versus energy. Accepted SSE-
like events around ζ =  0 are marked in red. Figure 3b displays the 

energy spectrum before and after PSD selection. A survival fraction of 
−
+85 %1

2  is determined for 2νββ events which dominate the low energy 
part of the spectrum. The two potassium peaks and Compton scattered 
photons are reconstructed at ζ <  0. All 234 α events at higher energies 
exhibit ζ >  0 and are easily removed. The average 0νββ survival fraction 
is31 (87 ±  2)%. The uncertainty takes into account the systematic 
 difference between the A/E centroids of DEP and 2νββ events, and the 
different fractions of MSEs in DEP and 0νββ events.
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Figure 1 | Energy scale and resolution. Average energy resolution 
(FWHM) for γ lines of the calibration spectrum (filled symbols) and for 
the average of 40K and 42K lines from physics data (open symbols) for 
BEGe (symbols and solid line in blue) and coaxial (symbols and dashed 

line in red) detectors; error bars (± 1 s.d.) are derived from the fit. Insets 
show the spectrum of physics data in the energy region around the 
potassium lines (left) and the spectrum of the 2,615 keV calibration peak 
(right).
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Figure 2 | Energy spectra for the two detector types. Energy spectra of 
Phase II data sets before (open histogram) and after (filled histogram) the 
argon veto cut, for a, the enriched coaxial detectors (exposure 5.0 kg yr), 
and b, the enriched BEGe detectors (exposure 5.8 kg yr). The blue lines are 

the expected 2νββ spectra from our recent half-life measurement. Inset, 
the BEGe spectrum in the energy region around the two potassium lines. 
We note that the 40K line is not suppressed since no energy is deposited in 
the LAr. Various background contributions are labelled in b.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

coax

BeGe
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Phase I + II Results
• Phase I and II Exposure: 

34.4 kg y
• Projected background from 

1930 to 2190 keV window 
excludes 2104 ± 5 keV and 
2119 ± 5 keV. Window of 
±20 keV around Qbb blinded.

• For Phase II BEGes, have 
achieved “background free” 
measurement with 
background index of 
1.8 c/(FWHM-t-y) or 
(0.6 +0.6

-0.4 )) x 10-3 c/kky)
• T1/2 (0nbb) ≥ 5.3 x 1025 years 

(90%CL)

J. Detwiler

ARTICLE RESEARCH
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less than one. GERDA is hence the first ‘background-free’ experiment 
in the field. The sensitivity of such a background-free experiment 
grows approximately linearly with exposure, unlike the sensitivity of 
 competing experiments that grows with the square root of exposure. 
GERDA will reach a sensitivity of the order of 1026 yr for the half-
life within 3 years of continuous operation. With the same exposure 
we have a 50% chance of detecting a signal with 3σ significance if  
the half-life is almost 1026 yr.

Phase II has demonstrated that the concept of background suppres-
sion by exploiting the good pulse shape performance of BEGe detectors 
and by detecting the argon scintillation light works. The background 
at Qββ is the best available at present: it is lower by a factor of typically 
10 compared to experiments using other isotopes after normalization 
by the energy resolution and total efficiency ε, that is, our value of 
(BI ×  FWHM)/ε is superior. This is why the GERDA half-life sensitivity 
of 4. 0 ×  1025 yr for an exposure of 343 mol yr is similar to that of the 
Kamland-Zen experiment obtained using 136Xe, that is, 5.6 ×  1025 yr 
based on a more than tenfold exposure of 3,700 mol yr (ref. 9).

A discovery of 0νββ decay would have far-reaching consequences 
for our understanding of particle physics and cosmology. Key features 
of a convincing discovery would include an ultra-low background with 
a simple flat distribution, excellent energy resolution and the possi-
bility of identifying the events with high confidence as signal-like as 
opposed to being an unknown γ line from a nuclear transition. The last 
is achieved by detector pulse shape analysis and possibly by a  signature 
in the argon. Bare germanium detectors in liquid argon, as used in 
GERDA, give the best chance of a discovery, which has  motivated 
future extensions of the programme. The GERDA cryostat can hold 
200 kg of detectors; such an experiment will remain ‘background-free’ 

until an exposure of 1,000 kg yr, provided that the background can be  
further reduced by a factor of five. The discovery sensitivity would then 
improve by an order of magnitude to a half-life of 1027 yr. The 200 kg 
set-up is conceived as a first extension towards a more ambitious 1 ton 
experiment, which would ultimately boost the sensitivity to 1028 yr  
corresponding to the mββ <  10–20 meV range. Both extensions  
are being pursued by the newly formed LEGEND Collaboration  
(http://www.legend-exp.org).

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 4 | Energy spectra in the analysis window around Qββ. Shown are 
combined Phase I data (a), Phase II coaxial detector spectra (b) and Phase 
II BEGe detector spectra (c) in the analysis window. The binning is 2 keV; 
the exposures are given in the panels at top right. The open histogram is 
the spectrum before the PSD and LAr veto cut, the filled grey one shows 
the spectrum after the LAr veto (applies only to Phase II), and the red 
histogram is the final spectrum after LAr veto and PSD. The blue line 
represents the fitted spectrum together with a hypothetical signal 
corresponding to the 90% CL limit of = . ×ν
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76Ge Discovery Sensitivity

J. Detwiler arXiv:1705:02996
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LEGEND:
Mission: The collaboration aims to develop a phased, 76Ge-based double-
beta decay experimental program with discovery potential at a half-life 
significantly longer than 1027 years, using existing resources as appropriate 
to expedite physics results.

Select best technologies, based on what has been learned from GERDA 
and the MAJORANA DEMONSTRATOR, as well as contributions from other 
groups and experiments.

J. Detwiler

Large Enriched Germanium Experiment for
Neutrinoless bb Decay

First Phase:
• (up to) 200 kg
• modification of 

existing GERDA 
infrastructure at 
LNGS

• BG goal (x5 lower) 
0.6 c /(FWMH t y)

• start by 2021

Subsequent Stages:
• 1000 kg (staged)
• timeline connected 

to U.S. DOE down 
select process

• BG: goal (x30 lower) 
0.1 c /(FWHM t y)

• Location: TBD
• Required depth 

(77mGe) under 
investigation
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LEGEND Collaboration
Univ. New Mexico
L'Aquila Univ. and INFN
Gran Sasso Science Inst.
Lab. Naz. Gran Sasso
Univ. Texas
Tsinghua Univ.
Lawrence Berkeley Natl. Lab.
Leibniz Inst. Crystal Growth
Comenius Univ.
Lab. Naz. Sud
Univ. of North Carolina
Sichuan Univ.
Univ. of South Carolina
Jagiellonian Univ.
Banaras Hindu Univ.
Univ. of Dortmund
Tech. Univ. – Dresden
Joint Inst. Nucl. Res. Inst.
Nucl. Res. Russian Acad. Sci.
Joint Res. Centre, Geel
Chalmers Univ. Tech.

J. Detwiler

Lab. for Exper. Nucl. Phy. MEPhI
Max Planck Inst., Munich
Tech. Univ. Munich
Oak Ridge Natl. Lab.
Padova Univ. and Padova INFN
Czech Tech. Univ. Prague
Princeton Univ.
North Carolina State Univ.
South Dakota School Mines Tech.
Univ. Washington
Academia Sinica
Univ. Tuebingen
Univ. South Dakota
Univ. Zurich

Max Planck Inst., Heidelberg
Dokuz Eylul Univ.
Queens Univ.
Univ. Tennessee

Argonne Natl. lab.
Univ. Liverpool
Univ. College London
Los Alamos Natl. Lab.

Lund Univ.
INFN Milano Bicocca
Milano Univ. and Milano INFN
Natl. Res. Center Kurchatov Inst.

Collaboration formed:
• 1st: Munich April 2016
• 2nd: Atlanta October 2016
• 3rd: LNGS May 2017

47 Institutions
219 Scientists
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LEGEND 200
• Reuse existing GERDA infrastructure at LNGS.
• Modifications of internal cryostat piping so can 

accommodate up to 200 kg of detectors.
• Improvements

– use some larger Ge detectors (1.5 - 2.0 kg)
– improve LAr scintillator light collection (2x in test stand)
– lower mass, cleaner cables
– lower noise electronics

• Estimate background improvement by ~x5 over 
GERDA/MAJORANA. Goal: 0.6 cnt/(FWMH t y)

– intrinsic: including 68Ge/60Co all OK
– external Th/U: cleaner materials based on those used in 

DEMONSTRATOR

– surface events: alpha & beta rejection via PSD
– 42Ar: better suppression & mitigation
– muon induced: OK

• Contingent upon funding, data taking by 2021

J. Detwiler
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LEGEND 1000: “Baseline Design”
• 1000 kg
• BG goal (x30 lower): 0.1 c/(FWHM t y)
• 4-5 payloads in LAr cryostat in separate 

3 m3 volumes, payload 200-250 kg, with 
~100+ detectors.

• Every payload “independent” with individual 
lock

• LAr detector volume separated by thin 
(electro-formed) Cu from main cryostat 
volume.

• Use depleted LAr in inner detector volumes
• Modest sized LAr cryostat in “water tank” 

(6 m Ø LAr, 2-2.5 m layer of water) 
or

large LAr cryostat w/o water (9 m Ø) with 
separate neutron moderator

J. Detwiler
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76Ge Discovery Sensitivity / Probability

J. Detwiler arXiv:1705:02996
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Summary

• MAJORANA and GERDA are both up and running 
with their full arrays: combined mass >60 kg enrGe, 
effectively background free

• 76Ge experiments have demonstrated the highest 
resolution and lowest background of any isotope for 
0nbb searches

• Covering the inverted hierarchy is in reach for a 
ton-scale apparatus – planning is underway for 
LEGEND

J. Detwiler


