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INTRODUCTION: NEUTRINOS

(SOME) OPEN QUESTIONS IN NEUTRINO PHYSICS

▸ What is the absolute mass of neutrinos? 

▸ Are neutrinos their own antiparticles? 

▸ These can be addressed with an extremely rare nuclear 
decay process: the double beta decay

+
Nucleus A Nucleus B

+
Elektrons (Anti)Neutrinos
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Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org

OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
  ARE…



INTRODUCTION: NEUTRINOS

THE DOUBLE BETA DECAY

▸ Predicted by Maria-Goeppert Mayer in 1935 

▸ The SM decay, with 2 neutrinos, was observed in 14 nuclei 

▸ T1/2 > 1018 y; 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 128Te, 130Te, 136Xe, 150Nd, 238U
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INTRODUCTION: NEUTRINOS

THE NEUTRINOLESS DOUBLE BETA DECAY

▸ Can only occur if neutrinos have mass and if they are their 
own anti-particles; ΔL = 2 

▸ Expected signature: sharp peak at the Q-value of the decayInterested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org
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INTRODUCTION: NEUTRINOS

OBSERVABLE DECAY RATE

▸ With the effective Majorana neutrino mass: 

▸ a coherent sum over mass ES, with potentially CP violating phases 

▸ a mixture of m1, m2, m3, proportional to U2

Phase 
space 
factor

Axial- 
vector 
cc

NME

Can be 
calculated: ~ Q5

Difficult: 
factor 2-3
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INTRODUCTION: NEUTRINOS

PHASE SPACE  AND MATRIX ELEMENTS
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matrix element. An uncertainty of a factor of three in the 
matrix element thus corresponds to nearly an order of mag-
nitude uncertainty in the amount of material required, e.g. 
to cover the parameter space corresponding to the inverted 
hierarchy. If the experiment is background-limited, the uncer-
tainty is even larger [111]. An informed decision about how 
much material to use in an expensive experiment will require 
a more accurate matrix element.

Second, the uncertainty affects the choice of material to be 
used in νββ0  decay searches, a choice that is a compromise 
between experimental advantages and the matrix element 
value. Figure  5 (top) shows nuclear matrix elements calcu-
lated in different approaches, and because of the spread of the 
results (roughly the factor of three above) we can conclude 
only that the matrix element of 48Ca is smaller than those 
of the other νββ0  decay candidates. And the differences in 
the expected rate, a product of the nuclear matrix elements 
and phase-space factors, are even more similar (see "gure 5 

bottom, and equation  (9)) [112]. Better calculations would 
make it easier to select an optimal isotope.

Finally, and perhaps most obviously, we need matrix ele-
ments to obtain information about the absolute neutrino 
masses once a νββ0  decay lifetime is known. Reducing the 
uncertainty in the matrix element calculations will be crucial 
if we wish to fully exploit an eventual measurement of the 
decay half-life. Even the interpretation of limits is hindered 
by matrix-element uncertainty. The blue band in  "gure  1 
represents the upper limit of <ββm 61–165 meV from the 
KamLAND-Zen experiment [5]. The uncertainty, again a fac-
tor of about three, is due almost entirely to the matrix ele-
ment. And the real theoretical uncertainty, at this point, must 
be taken to be larger; the ‘gA problem’, which we discuss in 
section 4, has been ignored in this analysis. We really need 
better calculations. Fortunately, we are now "nally in a posi-
tion to undertake them.

3. Nuclear matrix elements at present

As we have noted, calculated matrix elements at present carry 
large uncertainties. Matrix elements obtained with differ-
ent nuclear-structure approaches differ by factors of two or 
three. Figure  5 compares matrix elements produced by the 
shell model [82, 113, 114], different variants of the quasipar-
ticle random phase approximation (QRPA) [81, 115–117], 
the interacting boson model (IBM) [109], and energy density 
functional (EDF) theory [118–120]. The strengths and weak-
nesses of each calculation are discussed in detail later in this 
section.

Some of these methods can be used to compute single-β 
and νββ2  decay lifetimes. It is disconcerting to "nd that pre-
dicted lifetimes for these processes are almost always shorter 
than measured lifetimes, i.e. computed single Gamow–Teller 
and νββ2  matrix elements are too large [121–123]. The prob-
lems are usually ‘cured’ by reducing the strength of the spin-
isospin Gamow–Teller operator στ, which is equivalent to 
using an effective value of the axial coupling constant that 
multiplies this operator in place of its ‘bare’ value of !g 1.27A . 
This phenomenological modi"cation is sometimes referred to 
as the ‘quenching’ or ‘renormalization’ of gA. In section 4 we 
review possible sources of the renormalization, none of which 
has yet been shown to fully explain the effect, and their conse-
quences for νββ0  matrix elements.

3.1. Shell model

The nuclear shell model is a well-established many-body 
method, routinely used to describe the properties of medium-
mass and heavy nuclei [121, 124, 125], including candidates 
for ββ-decay experiments. The model, also called the ‘con-
"guration interaction method’ (particularly in quantum chem-
istry [126, 127]), is based on the idea that the nucleons near 
the Fermi level are the most important for low-energy nuclear 
properties, and that all the correlations between these nucleons 
are relevant. Thus, instead of solving the Schrödinger equa-
tion for the full nuclear interaction in the complete many-body 

Figure 5. Top panel: nuclear matrix elements ( νM 0 ) for νββ0  decay 
candidates as a function of mass number A. All the plotted results 
are obtained with the assumption that the axial coupling constant 
gA is unquenched and are from different nuclear models: the shell 
model (SM) from the Strasbourg–Madrid (black circles) [113], 
Tokyo (black circle in 48Ca) [114], and Michigan (black bars) [82] 
groups; the interacting boson model (IBM-2, green squares) [109]; 
different versions of the quasiparticle random-phase approximation 
(QRPA) from the Tübingen (red bars) [115, 116], Jyväskylä (orange 
times signs) [81], and Chapel Hill (magenta crosses) [117] groups; 
and energy density functional theory (EDF), relativistic (downside 
cyan triangles) [118, 119] and non-relativistic (blue triangles) 
[120]. QRPA error bars result from the use of two realistic nuclear 
interactions, while shell model error bars result from the use of 
several different treatments of short range correlations. Bottom 
panel: associated νββ0  decay half-lives, scaled by the square of the 
unknown parameter ββm .

Rep. Prog. Phys. 80 (2017) 046301
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INTRODUCTION: NEUTRINOS

EMPLOYED NUCLEI
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Candidate Q [MeV] Abund [%]

48Ca -> 48Ti 4.271 0.187

76Ge -> 76Se 2.039 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

• Even-even nuclei 

• Natural abundance is low (except 130Te) 

• Must use enriched material

(A, Z+1)

(A, Z+2)

(A, Z)
��



INTRODUCTION: NEUTRINOS

ISOTOPES AND SENSITIVITY TO THE DECAY

▸ Isotopes have comparable sensitivities in terms of rates per unit mass

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

EXPRIMENTAL REQUIREMENTS

▸ Experiments measure the half-life, with a sensitivity (in the case 
of non-zero background)

T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E

hm��i /
1q
T 0⌫
1/2

Minimal requirements: 

large detector masses 
high isotopic abundance 
ultra-low background noise 
good energy resolution 

     Additional tools to distinguish signal from 
background: 

event topology 
pulse shape discrimination 
particle identification 
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EXPERIMENTAL TECHNIQUES
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Heat

Charge Light

nEXO, NEXT 
DARWIN

GERDA 
MAJORANA 
LEGEND 
SuperNEMO

CUORE 
CUPID 

KAMLAND-Zen 
SNO+

(not a complete list)

Energy of the 
two electrons



EXPERIMENTAL TECHNIQUES

MAIN CHALLENGES

▸ Energy resolution (ultimate background from 2νββ-decay) 

▸ Backgrounds 

▸ cosmic rays & cosmogenic activation 

▸ radioactivity of detector materials (238U, 232Th, 40K, 60Co, 
etc: α, β, γ-radiation) 

▸ anthropogenic (e.g., 137Cs, 110mAg) 

▸ neutrinos: ⌫ + e� ! ⌫ + e�
<latexit sha1_base64="nuVYcTH/MPD/BQVRYP4ff3jGgNE=">AAACCHicdVDLSgMxFM34rPVVdenCYBEEcci0xXZ2RTcuK9gHdGrJpGkbmskMSUYpQ5du/BU3LhRx6ye4829MH4qKHrhwOOde7r3HjzhTGqF3a25+YXFpObWSXl1b39jMbG3XVBhLQqsk5KFs+FhRzgStaqY5bUSS4sDntO4PzsZ+/ZpKxUJxqYcRbQW4J1iXEayN1M7seSKGR5BeHUNPsl5fYynDG/iltjNZZLulkosKENkFhArFnCF513VPEHRsNEEWzFBpZ968TkjigApNOFaq6aBItxIsNSOcjtJerGiEyQD3aNNQgQOqWsnkkRE8MEoHdkNpSmg4Ub9PJDhQahj4pjPAuq9+e2PxL68Z626plTARxZoKMl3UjTnUIRynAjtMUqL50BBMJDO3QtLHEhNtskubED4/hf+TWs528nbuopAtn87iSIFdsA8OgQOKoAzOQQVUAQG34B48gifrznqwnq2XaeucNZvZAT9gvX4AbVWYWQ==</latexit>
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COSMIC BACKGROUNDS

GO UNDERGROUND

▸ Network of underground 
laboratories

GERDA XENON1T

OPERA

XENON100

LVD

Borexino
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COSMOGENIC BACKGROUNDS

AVOID EXPOSURE TO COSMIC RAYS

▸ Spallation reactions can produce long-
lived isotopes 

▸ Activate and compare with predictions 
(Activia, Cosmo, etc)

Before

Copper - after 1 y at 
the “top of Europe”

Jungfraujoch, 3454 m

L. Baudis et al., Eur. Phys. J. C75 2015 
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BACKGROUNDS AND SCREENING

MATERIAL SCREENING AND SELECTION

▸ Ultra-low background, 
HPGe detectors 

▸ Mass spectroscopy 

▸ Rn emanation facilities

Background

Photosensors

XENON collaboration, EPJ-C 75 (2015) 11

 14

226Ra/228Th: ~1 mBq/PMT

L. Baudis et al., JINST 6, 2011

Gator HPGe detector at LNGS

110mAg (T1/2 = 249.8 d): 
up to 1 mBq/PMT



DOUBLE BETA DECAY EXPERIMENTS

CURRENT STATUS OF THE FIELD

▸ No observation of this extremely rare nuclear decay (so far) 

▸ Best lower limits on T1/2: 1.07x1026 y (136Xe), 0.9x1026 y (76Ge), 2.7x1024 y (130Te) 

▸ Running and upcoming experiments (a selection)  

▸ 130Te: CUORE, SNO+ 

▸ 136Xe: KAMLAND-Zen, KAMLAND2-Zen, EXO-200, nEXO, NEXT, DARWIN 

▸ 76Ge: GERDA Phase-II, Majorana, LEGEND (GERDA & Majorana + new groups) 

▸ 100Mo AMoRE, LUMINEU; 82Se: LUCIFER, CUPID = CUORE with light read-out 

▸ 82Se (150Nd, 48Ca): SuperNEMO
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|hm��i|  (0.07� 0.16) eV
<latexit sha1_base64="51YifxujqrGI1U+pnie57JVfeqg="></latexit>



GERDA AND LEGEND

SEARCH FOR THE NEUTRINOLESS DECAY OF 76GE
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▸ HPGe detectors enriched in 76Ge 

▸ Source = detector: high detection efficiency 

▸ High-purity material: no intrinsic backgrounds 

▸ Semiconductor: energy resolution σ/E < 0.1% at 
Qββ (2039.061 ± 0.007 keV) 

▸ High stopping power: β absorbed within O(1) mm

σ/E = 2.5% σ/E = 0.5% σ/E = 0.1%
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MAJORANA, GERDA AND LEGEND

EXISTING AND FUTURE GERMANIUM EXPERIMENTS

MAJORANA DEMONSTRATOR
Searching	for	neutrinoless	double-beta	decay	of	76Ge	in	HPGe	detectors	and	

additional	physics	beyond	the	standard	model

Operating underground at the 4850’ level of the Sanford Underground Research Facility

Source & Detector: Array of p-type, point contact detectors
29.7 kg of 88% enriched 76Ge crystals  

Low Background: 2 modules within a compact graded shield and 
active muon veto using ultra-clean materials

Excellent Energy resolution: 2.5 keV FWHM @ 2039 keV

6

Credit:	Majorana	collaboration

MAJORANA at SURF 

29.7 kg of 88% enriched 
76Ge crystals 

2.5 keV FWHM at 2039 keV 

26 kg y exposure; PRL 120 
(2018) 

T1/2 > 2.7 x 1025 y (90% CL)

GERDA at LNGS 

35.6 kg of 86% enriched 
76Ge crystals 

3.0 keV FWHM at 2039 keV 

58.9 kg y exposure; 
published in Science 2019 

T1/2 > 0.9 x 1026 y (90% CL)

LEGEND-200 at LNGS 

200 kg of 76Ge crystals at LNGS 

Goal: 1 tonne year exposure 

Goal: T1/2 ~ 1 x 1027 y (90% CL) 

Start in 2021

LEGEND-1t 

Goal: T1/2 ~ 1 x 1028 
y (90% CL) 

Location: tbd

8

FIG. 5. Extended Data Fig 1

FIG. 6. Extended Data Fig 2
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SMALL HISTORICAL EXCURSION

THE HEIDELBERG-MOSCOW EXPERIMENT
▸ Detectors in conventional shield: five 76Ge detectors, mass 10.96 kg 

▸ Concept to operate directly in cryogenic liquid: Genius - now GERDA

A first “bare” HPGe detector
GENIUS background and technical studies: 
L. Baudis et al, NIM A 426 (1999)

 18

Limits on the Majorana neutrino mass in the 0.1 eV range, 
L. Baudis et al., Phys. Rev. Lett. 83, 1999

T1/2 > 1.6⇥ 1025 y 90%C.L.
<latexit sha1_base64="133xiA0JvC7XaiGHbbUYQC7FL3Y="></latexit>

SensitivityHeidelberg-Moscow detector  in 
conventional shield



GERDA OVERVIEW

THE GERDA EXPERIMENT

▸ Liquid Ar (64 m3) as cooling 
medium and shielding, 
surrounded by 590 m3 of ultra-
pure water as muon Cherenkov 
veto 

▸ U/Th in LAr < 7x10-4 µBq/kg 

▸ A minimal amount of 
surrounding material  

▸ Phase I: 2011-2014 

▸ Phase II: 2015-2019

GERDA collaboration, EPJ C78 (2018) no.5
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GERDA OVERVIEW

THE GERDA PHASE II PROJECT
▸ Seven string with 40 detectors (30 BEGe*, 7 coaxial, 3 natural coaxial -> enriched IC) 

▸ Liquid argon veto, equipped with optical fibres and SiPMs, plus 2 arrays of 3-inch PMTs 

▸ Science run started in December 2015 

▸ Summer 2018: central string replaced with enriched, inverted coaxial detectors

8

FIG. 5. Extended Data Fig 1

FIG. 6. Extended Data Fig 2

 20

* GERDA collaboration, Characterisation of 30 76Ge enriched Broad Energy Ge detectors for GERDA Phase II; arXiv:1901.0650



16 INSTITUTES, 132 MEMBERS

THE GERDA COLLABORATION

ITEP 
Moscow

Kurchatov  
Institute

INR 
Moscow
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COLLABORATION MEETING IN ZURICH, JUNE 2019

THE GERDA COLLABORATION

16 INSTITUTES, 132 MEMBERS  22



DETECTORS

GERDA PHASE-II DETECTORS
• BEGe and coaxial 

• p+ electrodes:  

• 0.3 μm boron implantation 

• n+ electrodes:  

• 1-2 mm lithium layer 
(biased up to +4.5 kV) 

• Low-mass detector holders (Si, 
Cu, PTFE)

9

p+ electrode
(read-out)

0 V
n+ electrode

3-4 kV

60-80 mm

7
0

-1
1

0
 m

m

65-80 mm

2
5

-5
0

 m
m

p-type
Ge

BEGe

Coaxial

Extended Data Fig. 2. Cross section through the germanium detector types (left) and the corresponding photos (right). The
p+ electrode is made by a ⇠0.3 µm thin boron implantation. The n+ electrode is a 1-2 mm thick lithium di↵usion layer and
biased with up to +4500 V. The electric field drops to zero in the n+ layer and hence energy depositions in this fraction of the
volume do not create a readout signal. The p+ electrode is connected to a charge sensitive amplifier.

S.!Schönert!(TUM):!GERDA!Phase!II!!&!LEGEND,!XVII!NuTel,!Venice!15.3.2017!

GERDA!Phase!II!experimental!setup!at!LNGS!

New!lowHmass!detector!
holder!(silicon,!copper,!
PTFE)!

New!signal!and!HV!
contac<ng!by!wire!bonding!
flat!ribbon!cables!!

New!TBP!coated!nylon!miniH
shrouds!to!reduce!aPrac<on!
K42!ions!to!n+!surface!

New!thickHwindow!BEGe!
detectors!



DETECTORS

GERDA PHASE-II DETECTORS

▸ 7 strings, 40 detectors in total: 

▸ 7 semi-coax (15.8 kg), 30 BEGe (20 kg), 3 nat semi-coax (7.6 kg) s

S.!Schönert!(TUM):!GERDA!Phase!II!!&!LEGEND,!XVII!NuTel,!Venice!15.3.2017!

•  7!strings,!40!detectors!in!total!
•  7!enriched!semiHcoax!(15.8!kg)!
•  30!enriched!thickHwindow!BEGe!(20!kg)!
•  3!natural!semiHcoax!(7.6!kg)!

•  HPGe!array!enclosed!by!liquid!argon!veto!
•  Phase!II!data!started!Dec.!2015!!

Germanium!Phase!II!detector!array!

Replaced with 
inverted coax in 
spring 2018 

(upgrade)



}
OVERVIEW

PHASE II DATA TAKING

Start Dec 2015

58.9 kg y unblind

24.9 kg y in 
May 2019 blind

100 kg y, end 2019

Upgrade
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OVERVIEW

BACKGROUND SUPPRESSION 

▸ Event topology + anti-coincidence between HPGe 
detectors + pulse shape discrimination + liquid argon veto

event topology

 26



GERDA PHASE II

ENERGY CALIBRATION

▸ Three low neutron-emission 228Th sources in SIS, deployed once every week  

▸ FWHM at Qββ: (3.0 ± 0.1) keV for BEGe, (3.6 ± 0.1) keV for coaxial detectors
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Energy calibration
3	weak 228Th	sources
lowered every ~ week

3.6(1)	keV	FWHM

3.0(1)	keV	FWHM

NuPhys18,	21.12.18 Yoann	Kermaïdic 23

2	years of	calibrations!

 27

Custom-made 228Th sources 
encapsulated in stainless steel, on 
tantalum holders 

Two position determination systems

L. Baudis et al., JINST 10 (2015) no. 12



GERDA PHASE II

ENERGY CALIBRATION

▸ Three low neutron-emission 228Th sources in SIS, deployed once every week  

▸ FWHM at Qββ: (3.0 ± 0.1) keV for BEGe, (3.6 ± 0.1) keV for coaxial detectors
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NuPhys18,	21.12.18 Yoann	Kermaïdic 23

2	years of	calibrations!
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GERDA BACKGROUND DATA

ENERGY SPECTRA

GERDA collaboration, arXiv:1909.02522

▸ Intrinsic 2νββ-events, 39Ar, 42Ar (Τ1/2 = 33 y) and 85Kr in liquid argon 

▸ 60Co, 40K, 232Th, 238U in materials, α-decays (210Po) on the thin p+ contact



GERDA BACKGROUND DATA

BACKGROUND MODEL
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GERDA collaboration, arXiv:1909.02522

▸ Intrinsic 2νββ-events, 39Ar, 42Ar (Τ1/2 = 33 y) and 85Kr in liquid argon 

▸ 60Co, 40K, 232Th, 238U in materials, α-decays (210Po) on the thin p+ contact



GERDA BACKGROUND DATA

PULSE SHAPE DISCRIMINATION

▸ Cut based on 1 parameter: max of current pulse (A) normalised to total energy (E) (BEGe) 

▸ Tuned on calibration data (90% 208Tl DEP acceptance) 

▸ Acceptance at 0νββ: (87.6±2.5)%
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GERDA BACKGROUND DATA

LIQUID ARGON VETO

▸ Anti-coincidence with signals in PMTs and SiPMs (0.5 p.e. threshold) 

▸ Acceptance at 0νββ: (97.7±0.1)%



GERDA PHASE II

DOUBLE BETA DECAY RESULTS

▸ Measured T1/2 of the 2νββ-decay: 1.92 x 1021 y 

▸ LAr veto: factor 5 background suppression at 1525 keV (42K line) 

▸ Background level: 5.6 x 10-4 events/(keV kg y) in 230 keV window around Q-value

T 0⌫
1/2 > 0.9⇥ 1026 y (90%C.L.)

New constraints on the 
0νββ-decay of 76Ge 

m�� < 0.11� 0.26 eV (90%C.L.)

Median sensitivity 

T 0⌫
1/2 > 1.1⇥ 1026 y (90%C.L.)

GERDA collaboration, Science 365, Sept 2019



GERDA RESULTS

MASS OBSERVABLES

▸ Constraints in the mββ parameters space in the 3 light ν scenario 

▸ GERDA + leading experiments in the field
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NEW DETECTORS IN GERDA

UPGRADE: INVERTED COAXIAL DETECTORS

▸ Large point-contact detectors with ~ 3 kg mass, excellent PSD performance 

▸ First 5 enriched IC detectors installed in spring 2018; baseline for LEGEND

R.J Cooper et al., 
NIM A 665 (2011) 25

Detector mass 
increase: 35.6 kg -> 
44.2 kg

FWHM at Qββ [keV]: 4.2±0.1 coax; 2.7 ± 0.1 BEGe; 2.9±0.1 IC



BEYOND GERDA

THE LEGEND EXPERIMENT

▸ Large enriched germanium experiment for 
neutrinoless double beta decay 

▸ Collaboration formed in October 2016 

▸ 2019 members, 48 institutions, 16 
countries 

▸ LEGEND-200: 200 kg in existing 
(upgraded) infrastructure at LNGS 

▸ Background goal: 0.6 events/(FWHM t y) 

▸ LEGEND-1t: 1000 kg, staged 

▸ Background goal: 0.1 events/(FWHM t y)

The Large Enriched Germanium Experiment for
Neutrinoless �� Decay

Legend-200 Preliminary Design Report

LEGEND-200 Preliminary Design Report for the NSF
Submitted: June 1, 2018



BEYOND GERDA

LEGEND-200

▸ 200 kg HPGe in existing (upgraded) 
infrastructure at LNGS 

▸ Ge detectors from Majorana & GERDA & 
new inverted coaxials 

▸ Background reduction: factor 5 
compared to GERDA (reduce 42K, 214Bi, 
208Tl background) 

▸ Discovery sensitivity:

The Large Enriched Germanium Experiment for
Neutrinoless �� Decay

Legend-200 Preliminary Design Report

LEGEND-200 Preliminary Design Report for the NSF
Submitted: June 1, 2018

T 0⌫
1/2 > 1027 y



BEYOND GERDA

LEGEND-200

▸ Existing GERDA infrastructure sufficient (800 mm cryostat neck) 

▸ New lock system, new cabling & feedthroughs  

▸ 19 string, 4 calibration systems with multiple 228Th sources

The Large Enriched Germanium Experiment for
Neutrinoless �� Decay

Legend-200 Preliminary Design Report

LEGEND-200 Preliminary Design Report for the NSF
Submitted: June 1, 2018

Precision Measurement of the Wearing of the Plastic Slide

I expected moving distance
during the lifetime, assuming
an overestimated 16m/run:
1 run/week⇥ 52week/year⇥
5 year ⇥ 16m/run = 4160m

I let the steel band go over
the plastic slide for a total
about 4 km

I measure weight change of
the slide with 10�5 g
precision scale

I tests is ongoing, will
complete on Wednesday,
October 9, 2019 Figure 2: Setup for the wearing test.

4 / 6



GERDA AND LEGEND

EXPECTED SENSITIVITY 

▸ LEGEND-200: 1027y 

▸ LEGEND-1t: 1028 y 

▸ mββ = 17 meV (for worst 
case ME = 3.5)

Predicted range for 17 meV
LEGEND-1t

LEGEND-200

GERDA

Abgrall et al., The large enriched germanium 
experiment for neutrinoless double beta decay. AIP 
Conf. Proc. 1894(1), 020027 (2017) 

Background   

GERDA:             3 events/(ROI t y) 
LEGEND-200:  0.6 events/(ROI t y) 
LEGEND-1t:      0.1/(ROI t y)



Integration/
Commissioning

GERDA (100 kg yr)

Ton-Scale Down-Select Process

LEGEND-1000 Design/Build, ~6yrs, 2021-2027

LEGEND-200 Data Runs, Goal: 1 t yr (~5-7 y)

Develop/Install New Lock, 
Experimental Apparatus

Fabricate Detectors

LEGEND-200 Purchase Isotope

MAJORANA (75 kg yr)

GERDA AND LEGEND

TIME SCALE
2018 2019 2020 2021 2022 2023

Earliest LEGEND-1t Data Start: 2025/6



L. BAUDIS: SEARCH FOR THE NEUTRINOLESS DOUBLE BETA DECAY WITH GERDA AND LEGEND; UNIVERSITY OF TOKYO, OCT 2019

SUMMARY
▸ Ton-scale experiments are required to probe the IMO scenario 

▸ 76Ge experiments: excellent resolution and very low background levels 

▸ GERDA will reach 100 kg y by the end of 2019 

▸ LEGEND-200 on track to start in 2021; LEGEND-1t being designed
Advances in High Energy Physics 27
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Figure 19: (a) Allowed regions for !!! as a function of Σ with constraints given by the oscillation parameters. *e darker regions show
the spread induced by Majorana phase variations, while the light shaded areas correspond to the 3# regions due to error propagation of
the uncertainties on the oscillation parameters. (b) Constraints from cosmological surveys are added to those from oscillations. Di+erent
CL contours are shown for both hierarchies. Notice that the 1# region for the IH case is not present, being the scenario disfavored at this
con,dence level.*e dashed band signi,es the 95% CL excluded region coming from [136]. Figure from [211].

*e impact of the new constraints onΣ appears to be even
more evident by plotting!!! as a function of the mass of the
lightest neutrino. In this case, (62) becomes(% − !!! (!))2((# [!!! (!)])2 + !2!(Σ")2 < 1. (63)

*e plot in Figure 20 globally shows that the next generation
of experiments will have small possibilities of detecting a
signal of 0]-- due to light Majorana neutrino exchange.
*erefore, if the new results from cosmology are con,rmed
or improved, ton or even multi-ton-scale detectors will be
needed [124].

On the other hand, a 0]-- signal in the near future could
either disprove some assumptions of the present cosmologi-
cal models or suggest that a di+erent mechanism other than
the light neutrino exchange mediates the transition. New
experiments are interested in testing the latter possibility by
probing scenarios beyond the SM [118, 122, 213].

7.2. Measurements Scenario. Here we consider the implica-
tions of the following nonzero value of Σ [135]:Σ = (0.320 ± 0.081) eV. (64)

We focus on the light neutrino exchange scenario and assume
that 0]-- is observed with a rate compatible with

(1) the present sensitivity on !!!; in particular, we use
the limit coming from the combined 136Xe-based
experiments [81]; we refer to this as to the “present”
case;

(2) a value of!!! that will be likely probed in the next few
years; in particular, we use the CUORE experiment
sensitivity [83], as an example of next generation of

0]-- experiments; we refer to this as to the “near
future” case.

For the sake of completeness, it is useful to recall a few
de,nitions and relations. *e likelihood of a simultaneous
observation of some values for Σ and!!! (resp., with uncer-
tainties #(Σmeas) and #(!meas!! ) and distributed according to
Gaussian distributions) can be written as follows:

L

∝ exp[−(Σ − Σmeas)22# (Σmeas)2 ] exp[[[−(!!! − !
meas!! )22# (!meas!! )2 ]]] . (65)

Recalling the relation between 92 and the likelihood, namely,
L ∝ e−$2/2, we obtain

92 = (Σ − Σmeas)2# (Σmeas)2 + (!!! − !meas!! )2# (!meas!! )2 (66)

which represents an elliptic paraboloid. Since we are dealing
with a two-parameter 92, we need to ,nd the appropriate
prescription to de,ne the con,dence intervals. At the desired
con,dence level, we get

CL =∬$2<$20 ;< ;% 12=#%#& e−%2/2'2!−&2/2'2" (67)

and thus 920 = −2 ln (1 − CL) . (68)

*is de,nes the value for 92 correspondent to the con,dence
level CL.

Current experiments

Future, ton-scale experiments

70 meV

10 meV



OF COURSE, “THE PROBABILITY OF 
SUCCESS IS DIFFICULT TO ESTIMATE, 
BUT IF WE NEVER SEARCH, THE CHANCE 
OF SUCCESS IS ZERO”

G. Cocconi & P. Morrison, Nature, 1959



ADDITIONAL MATERIAL



RESULTS

GERDA AND OTHER EXPERIMENTS 



GERDA DATA

GERDA BACKGROUNDS

▸ Background levels 
in the 3 detector 
types before & after 
various cuts

BEGe

Coax

IC



LEGEND-200

GERMANIUM DETECTOR PRODUCTION

▸ GeO2 material from Urenco and ECP 

▸ Reduction/refinement processing at PPM; diode fabrication: Mirion & Ortec 

▸ Detector type: p-type IC detectors [R.J. Cooper et al., NIM A 665 (2011)] Li outer 
electrode, B implantation for p+ contact 

▸ Large active mass up to 3 kg 

▸ Excellent pulse shape discrimination performance 

▸  Lower surface to volume ratio 

▸  Reduced background due to lower number of channels per mass of 76Ge 

▸  Production started early 2019, ~60 detectors expected by fall 2021

 46



LEGEND-200

BACKGROUND EXPECTATION

Monte Carlo simulations 
based on experimental data 
and material assays. 
Background rate after anti-
coin., PSD, LAr veto cuts. 

Assay limits correspond to 
the 90% CL upper limit. Grey 
bands indicate uncertainties 
in overall background 
rejection efficiency

Qββ BI ≤ (0.7–2.)x10-4 events/(keV kg yr) = 0.2-0.5 events/(FWHM t yr) 



LEGEND-200

BACKGROUND EXPECTATION

Monte Carlo simulations 
based on experimental data 
and material assays. 
Background rate after anti-
coin., PSD, LAr veto cuts. 

Assay limits correspond to 
the 90% CL upper limit. Grey 
bands indicate uncertainties 
in overall background 
rejection efficiency

Qββ BI ≤ (0.7–2.)x10-4 events/(keV kg yr) = 0.2-0.5 events/(FWHM t yr) 



LEGEND-1T

BACKGROUND GOAL

▸ LEGEND-200 background: ~ equal contributions of U/Th, 42Ar, surface α 
before analysis cuts 

▸ LEGEND-1000: background lower by ~ x6 than LEGEND-200.  

▸ U/Th: reduced by optimising array spacing, minimising opaque materials, 
larger detectors, better light collection, cleaner materials, improved active 
suppression 

▸ 42Ar: eliminated by using underground sourced Ar 

▸ Surface α: reduced by improved process control (hypothesis Rn in air at 
detector fabrication facility) 

▸ Larger detectors have a better surface to volume ratio 

▸ Higher isotope fraction is now cost effective.



DETECTORS

GERDA PHASE-II DETECTORS

BEGe detectors IC detectors

GERDA collaboration, arXiv:1901.0650 R.J. Cooper et al., NIM A 665 (2011) 25-32



DETECTORS

GERDA PULSE SHAPE DISCRIMINATION
• Signal-like: Single Site Events (SSE) 

• Background-like: Multiple Site 
Events (MSE) 

• BEGe detectors: E-field and 
weighting potential has special 
shape: pulse-height nearly 
independent of position

(YHQW�W\SHV

Ɣ 6LJQDO�LV�D�VLQJOH�VLWH�HYHQW��66(�

Ɣ %DFNJURXQGV�DUH�PRVWO\�PXOWL�VLWH��06(��RU�VXUIDFH�HYHQWV

Ɣ 'LVFULPLQDWLRQ�XVLQJ�WKH�HOHFWURQLF�VLJQDOV�IURP�WKH�FU\VWDO

�

ηη

��.�η

���3R�Į

θ�UD\

$-�=VLJPRQG '3*�)U×KMDKUVWDJXQJ������0×QVWHU

3XOVH�VKDSHV

�

Ɣ %URDG�HQHUJ\�JHUPDQLXP��%(*H��GHWHFWRUV�KDYH�DQ�HOHFWULF�
ILHOG�DQG�ZHLJKWLQJ�SRWHQWLDO�ZLWK�D�VSHFLDO�VKDSH�ĺ�SXOVH�
KHLJKW�QHDUO\�LQGHSHQGHQW�RI�LQWHUDFWLRQ�SRVLWLRQ

-,167����������3�����

$-�=VLJPRQG '3*�)U×KMDKUVWDJXQJ������0×QVWHU

3XOVH�VKDSHV

�

Ɣ %URDG�HQHUJ\�JHUPDQLXP��%(*H��GHWHFWRUV�KDYH�DQ�HOHFWULF�
ILHOG�DQG�ZHLJKWLQJ�SRWHQWLDO�ZLWK�D�VSHFLDO�VKDSH�ĺ�SXOVH�
KHLJKW�QHDUO\�LQGHSHQGHQW�RI�LQWHUDFWLRQ�SRVLWLRQ

-,167����������3�����

$-�=VLJPRQG '3*�)U×KMDKUVWDJXQJ������0×QVWHU



DETECTORS

GERDA PULSE SHAPE DISCRIMINATION
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• A/E: amplitude of the current pulse over energy 

• Multiple energy depositions: multiple peaks in current pulse => decreasing A/E 

• p+ surface events: shorter signals => higher A/E



BACKGROUNDS

COSMOGENIC ACTIVATION FOR LEGEND

▸ 77Ge production: n-capture by 76Ge 

▸ 77Ge: T1/2 = 11.3 h; Qβ-= 2.7 MeV 

▸ 77mGe: T1/2= 53 s; Qβ-= 2.86 MeV


