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WHAT DO WE KNOW ABOUT NEUTRINOS?

▸ When they propagate over macroscopic distances, they oscillate between flavours


๏ Well-studied effect in quantum mechanics 


๏ Flavour is not conserved over macroscopic distances: v states with different flavours       
mix with v states with different masses     
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Unitary neutrino mixing 
matrix (PMNS matrix)

⌫↵
⌫i

๏ the effect of the mass is to generate flavour 
oscillations as a function of distance 



WHAT DO WE KNOW ABOUT NEUTRINOS?

▸ From oscillation experiments: non-zero masses and non-trivial mixing

production detection

L = constant
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Nobel Prize 2015: Takaaki Kajita and 
Arthur McDonald “for the discovery 
of neutrino oscillations, which shows 
that neutrinos have mass”
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▸ From oscillation experiments: we know the mixing angles (or the Uαi) and the ∆m2


▸ However: 2 possible mass orderings and no information on the mass scale

WHAT DO WE KNOW ABOUT NEUTRINOS?

Normal ordering Inverted ordering

? ?
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SOME OPEN QUESTIONS IN NEUTRINO PHYSICS

๏ What are the absolute values of neutrino masses, and the mass ordering?


๏ What is the nature of neutrinos? Are they Dirac or Majorana particles?


๏ What is the origin of small neutrino masses?


๏ What are the precise values of the mixing angles, and the origin of the large ν mixing?


๏ Is the standard three-neutrino picture correct, or do other, sterile neutrinos exist?


๏ What is the precise value of the CP violating phase δ?


๏ …
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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…



THE DOUBLE BETA DECAY

▸ Some of these open questions can be addressed with an extremely rare nuclear decay 
process


๏ What are the absolute values of neutrino masses, and the mass ordering?


๏ What is the nature of neutrinos? Are they Dirac or Majorana particles?


๏ What is the origin of small neutrino masses?

+
Nucleus A Nucleus B

+
Elektrons Antineutrinos

2 2e-
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THE DOUBLE BETA DECAY

▸ If simple β- or β+-decay is forbidden on energetic 
grounds


▸ Predicted by Maria-Goeppert Mayer in 1935


▸ The probability for a decay is very small, the mean 
lifetime of a nucleus is much larger than the age of the 
universe (τU ~ 1.4×1010 a) 


๏ Thus: a very rare process


๏ However, if a large amount of nuclei is used, the 
process can be observed experimentally

⌧2⌫ ⇡ 1020y

mass parabola of isobars with even A

Ruben Saakyan, Annu. Rev. Nucl. Part. Sci. 63 (2013)
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Nobel Prize in physics, 1963 for 
her discoveries concerning the 
nuclear shell structure



THE DOUBLE BETA DECAY

▸ The Standard Model decay, with 2 neutrinos, 
was observed in a number of nuclei


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

8

(A, Z+1)

(A, Z+2)

(A, Z)

��

NEMO Experiment in Modane/Frejus

100Mo: T1/2=7.15×1018 y

Sum energy of the two electrons
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THE DOUBLE BETA DECAY

▸ The decay rate Γ2ν depends on the matrix element M2ν and on the phase space factor G2ν 
(which determines the energy spectrum):


▸ The phase space factor (Z= charge of daughter nucleus) from the leptonic degrees of 
freedom:


๏ The decay rate scales with Q11 x (GF)4  we expect indeed very long T1/2 of ~1020 y⟹

�2⌫ =
ln 2

T 2⌫
1/2

= G2⌫(Q,Z)|M2⌫ |2
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THE NEUTRINOLESS DOUBLE BETA DECAY

▸ More interesting: the decay without emission of neutrinos  ΔL = 2


▸ Expected signature: sharp peak at the Q-value of the decay

⟹

Sum energy of the two electrons

Ra
te
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0⌫��

T 0⌫��
1/2 > 1024 y
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Q = Ee1 + Ee2 � 2me

The double beta decay without neutrinos: 
first discussed by Wendell H. Fury in 1939 


Ettore Majorana had proposed in 1937 that 
neutrinos could be their own antiparticles



THE NEUTRINOLESS DOUBLE BETA DECAY

▸ In this decay, a light virtual neutrino could be exchanged


▸ The neutron decays under emission of a right handed ‘anti-neutrino’


๏  the          has to be absorbed at the second vertex as left handed ‘neutrino‘             


๏  for the decay to happen: neutrinos and anti-neutrinos must be identical, thus Majorana particles


๏ & the helicity must change
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has 2 spin d.o.f.

Charge conjugate spinor



MAJORANA AND DIRAC NEUTRINOS

▸ Most general Lagrangian: both type of neutrinos masses


▸ Dirac term: generated after SSB from Yukawa interactions; Majorana term: singlet of the SM 
gauge group and can appear as bare mass term


▸ Masses of physical neutrinos: from the eigenvalues of the mass matrix. In the “see saw” 
mechanism: M  mD   a very light neutrinos state ν and a heavy state N with masses:


▸ If Dirac mass term mD: of similar size as of other fermions &  M at the GUT scale (~1014 GeV)   
  explanation of the smallness of neutrino masses

≫ ⇒

⇒

LM⌫ = �1

2

⇥
mD( ̄c

R 
c
L +  ̄R L) +M  ̄c

L L

⇤
+ h.c.
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THE NEUTRINOLESS DOUBLE BETA DECAY

▸ The expected rate can be calculated as:


▸ with the phase space integral (now spanned only by 2 electrons):

13
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THE EFFECTIVE MAJORANA NEUTRINO MASS

▸ The effective Majorana neutrino mass parameter: embeds all the dependance on neutrino 
quantities 


▸ A mixture of m1, m2, m3   to the Uei2   (the complex entries in the PMNS matrix)


▸ φ1,φ2 = Majorana phases and             is for instance the probability that νe has the mass m1

∝

14

|m�� | = |m1U
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๏ fewer phases can be removed by redefining the fields



THE EFFECTIVE MAJORANA NEUTRINO MASS

▸ The value of mββ depends critically on the neutrino mass spectrum and on the values of the 
two Majorana phases in the PMNS matrix


▸ One can express mββ as a function of the lightest (mmin) mass state for the two mass orderings 
and obtain the allowed ranges

15

Inverted mass ordering

Normal mass ordering

Degenerate region
mlightest ' m1 ' m2 ' m3 �

q
|�m2

32|
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m1 < m2 ⌧ m3

m3 ⌧ m1 < m2

Data from PDG Review: PTEP 8, August 2020 

Band widths:  mainly 
from the unknown 
Majorana phases φ1, φ2



EMPLOYED NUCLEI IN SEARCHES

16

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)
��

* Q-value > 2 MeV



PHASE SPACE  AND MATRIX ELEMENTS

G0ν ∝ (Qββ
5 ,Z )

T1/2
0ν( )

−1
=G0ν M 0ν 2 mν

me

"

#
$

%

&
'

2

Dueck%et%al.%Phys,.%Rev.%D%83%113010(2011)%%

G0⌫(Q,Z) / (Z,Q5)

Matrix elements: vary by a factor of 2- 3 for a given A

17

Jonathan Engel and Javier Menéndez 2017 Rep. Prog. Phys. 80 046301 
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SOME TIME SCALES

▸ 14C: T1/2 ~ 5.7 x 104 y


▸ 40K: T1/2 ~ 1.3 x 109 y


▸ 232Th: T1/2 ~ 1.4 x 1010 y, 238U: T1/2 ~ 4.5 x 109 y


▸ Age of the universe: ~ 1.4 x 1010 y


▸ 2νββ: T1/2~ 1020 y


▸ 0νββ: T1/2 > 1026 y


▸ Proton decay > 1034 y

18



EXPRIMENTAL REQUIREMENTS

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

T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E hm��i /

1q
T 0⌫
1/2

Minimal requirements:


high isotopic abundance (a)

high efficiency (ε)

large detector masses (M)

ultra-low background noise (B)

good energy resolution (∆E)


     Additional tools to distinguish signal from 
background:


event topology

pulse shape discrimination

particle identification
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EXPERIMENTS: MAIN APPROACHES

β1

β2

β1

β2

Source ≠ Detector Source = Detector (calorimeters)

Source as thin foil

Electrons detected with: scintillator, TPC, drift chamber, 
semiconductor detectors


Event topology

Low energy resolution and detection efficiency

The sum of the energy of the two electrons is measured

Signature: peak at the Q-value of the decay

Scintillators, semiconductors, bolometers


High resolution + detection efficiency

No event topology

Source = Detector = Tracker 

X (mm)
0 50 100 150 200

Y
 (

m
m

)

-300

-250

-200

-150

Figure 1. Monte-Carlo simulation of a 136Xe bb0n event in xenon gas at 10 bar: the ionization track, about
30 cm long, is tortuous because of multiple scattering, and has larger depositions or blobs in both ends.

recorded primarily by the array of PMTs located at the TPC cathode. It also produces ionization
electrons which drift to the TPC anode and generate EL light (or secondary scintillation), when
entering the region of intense field (E/P � 3 kV/cm.bar) between the transparent EL grids. This
light is recorded by an array of silicon photomultipliers (SiPM) located right behind the EL grids
and used for tracking measurement. It is also recorded in the PMT plane behind the cathode for
energy measurement. The primary scintillation recorded by PMTs gives the start-of-event time t0.
The EL scintillation recorded by SiPMs, provides the transversal coordinates (x,y) of the track’s
trajectory and the longitudinal coordinate (z) from the time t of the signal.

Figure 1. The Separated Optimized Functions (SOFT) concept in NEXT TPC. EL light generated at the
anode is recorded in the photosensor plane right behind it and used for tracking. It is also recorded in the
photosensor plane behind the transparent cathode and used for a precise energy measurement.

Several NEXT prototypes with up to 1 kg of pure gaseous xenon at 10-15 bar, were recently
built. In the NEXT-DBDM prototype [2], the energy of the events from EL signals was measured
with a near 1% FWHM resolution from the 662 keV gamma rays of 137Cs, using an array of UV
sensitive PMTs. The SiPM tracking plane first developed for the NEXT-DEMO prototype [1],[3],
will allow to reconstruct the tracks of these gamma ray events and demonstrate that a large-mass
gaseous xenon TPC, enriched with 136Xe and EL readout, would provide a possible pathway for a
robust double-beta decay experiment.

SiPMs or Multi Pixel Photon Counters (MPPC) have been chosen in NEXT for their many
outstanding features for tracking purposes. SiPMs offer comparable detection capabilities as stan-
dard small PMTs and APDs with the additional advantages of ruggedness, radio-purity and cost-
effectiveness, essential for a large-scale radiopure detector. Their main drawback however is their
poor sensitivity in the emission range of the xenon scintillation (peak at 175 nm, see reference [5]).
This makes necessary the use of a wavelength-shifter (WLS) to convert the UV light into visible
light, where these sensors have their optimal photon detection efficiency (PDE).

– 2 –

Figure 2. The Separate, Optimized Functions (SOFT) concept in the NEXT experiment: EL light generated
at the anode is recorded in the photosensor plane right behind it and used for tracking; it is also recorded in
the photosensor plane behind the transparent cathode and used for a precise energy measurement.

cm pitch, of 1-mm2 MPPCs (the tracking plane).

3.1 Development of the NEXT project: R&D and prototypes

During the last three years, the NEXT R&D program has focused in the construction, commissioning
and operation of three prototypes:

– 5 –

Source is the (high-pressure) gas of a TPC

Charge and light detected with electron multipliers and/or 
photosensors  


Good energy and position resolution, high efficiency

Event topology very helpful in reducing the background and 
in identifying the potential signal 20



Heat

Charge Light

nEXO, NEXT (+tracks)

DARWIN, PandaX-III

GERDA

MAJORANA

LEGEND

SuperNEMO 
(+tracking)

CUORE

CUPID


KAMLAND-Zen

SNO+

DOUBLE BETA DECAY: EXPERIMENTAL TECHNIQUES*

21(*not a complete list)

Energy of the 
two electrons



MAIN EXPERIMENTAL CHALLENGES

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


▸ Backgrounds


๏ cosmic rays & cosmogenic activation (including in situ, e.g., 77Ge, 137Xe)


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


๏ anthropogenic (e.g., 137Cs, 110mAg)


๏ neutrinos (e.g., 8B from the Sun): ⌫ + e� ! ⌫ + e�
<latexit sha1_base64="nuVYcTH/MPD/BQVRYP4ff3jGgNE=">AAACCHicdVDLSgMxFM34rPVVdenCYBEEcci0xXZ2RTcuK9gHdGrJpGkbmskMSUYpQ5du/BU3LhRx6ye4829MH4qKHrhwOOde7r3HjzhTGqF3a25+YXFpObWSXl1b39jMbG3XVBhLQqsk5KFs+FhRzgStaqY5bUSS4sDntO4PzsZ+/ZpKxUJxqYcRbQW4J1iXEayN1M7seSKGR5BeHUNPsl5fYynDG/iltjNZZLulkosKENkFhArFnCF513VPEHRsNEEWzFBpZ968TkjigApNOFaq6aBItxIsNSOcjtJerGiEyQD3aNNQgQOqWsnkkRE8MEoHdkNpSmg4Ub9PJDhQahj4pjPAuq9+e2PxL68Z626plTARxZoKMl3UjTnUIRynAjtMUqL50BBMJDO3QtLHEhNtskubED4/hf+TWs528nbuopAtn87iSIFdsA8OgQOKoAzOQQVUAQG34B48gifrznqwnq2XaeucNZvZAT9gvX4AbVWYWQ==</latexit>
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BACKGROUND REDUCTION

23

D
iff

er
en

tia
l r

at
e 

[c
ou

nt
s/

(k
eV

 s)
]

Energy [keV]
500 1000 1500 2000 2500

]
-1

 d
ay

-1
D

iff
er

en
tia

l r
at

e 
[c

ou
nt

s k
eV

-810

-710

-610

-510
OFHC copper, pre-activation
OFHC copper, post-activation

Co56

)-e+(e

Co58

Mn54

Co56

Sc46

V48

Co56

Fe59

Sc46

Co60
Co56

Fe59

Co60 V48

K40 Co56

Before

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

After

LB et al., Eur. Phys. J. C75 2015 

XENON collaboration, EPJ-C 75 (2015) 11

๏ Go deep underground

๏ Select low-radioactivity materials

๏ Use active shields

๏ Avoid cosmic activation



VERY BRIEF STATUS OF THE FIELD

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


▸ Best lower limits on T1/2: 1.07x1026 y (136Xe), 1.8x1026 y (76Ge), 3.2x1025 y (130Te)


▸ Running and upcoming experiments (a selection) 


๏ 130Te: CUORE, SNO+


๏ 136Xe: KAMLAND-Zen, KAMLAND2-Zen, EXO-200, nEXO, NEXT, DARWIN, PandaX-III


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


๏ 82Se: CUPID (= CUORE with light read-out)


๏ 82Se (150Nd, 48Ca): SuperNEMO


๏ 100Mo: NEMO-3, AMoRE, CUPID-Mo

24

m�� < (0.08� 0.18) eV (90% C.L.)
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GERMANIUM EXPERIMENTS
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76Ge �!76 Se + 2 e�
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GERMANIUM IONISATION DETECTORS

▸ HPGe detectors enriched in 76Ge


๏ Source = detector: high detection efficiency


๏ High-purity material: no intrinsic backgrounds


๏ Semiconductor: σ/E < 0.1% at Qββ =2039.061±0.007 keV


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

26

Event types

● Signal is a single-site event (SSE)

● Backgrounds are mostly multi-site (MSE) or surface events

● Discrimination using the electronic signals from the crystal

2

ββ

42K β

210Po α

γ ray

AJ Zsigmond DPG-Frühjahrstagung 2017 Münster

Background-like: Multiple Site 
Events  (γ),  Surface events (α,β)

Signal-like: Single Site Events (ββ)



RECENT 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 in LAr


3.0 keV FWHM at 2039 keV


127.2 kg y exposure; PRL 125, 2020


T1/2 > 1.8 x 1026 y (90% CL)

8

FIG. 5. Extended Data Fig 1

FIG. 6. Extended Data Fig 2

27

GERDA Phase II Victoria Wagner (MPIK) DPG 2016 12/16

The Phase II Array

Integration of Phase II Array 

(Dec' 15) : 

● Full array with 40 detectors 

arranged in 7 strings 

nylon mini-shroud (see T36.9)

Qββ = 2039.061±0.007 keV



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 upcoming LEGEND→ →

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

28

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>

Sensitivity

Heidelberg-Moscow HPGe 
detector in conventional shield



THE GERDA EXPERIMENT

▸ LNGS at ~ 3600 mwe


▸ 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 


▸ Data taking: 2011-2019
GERDA collaboration, EPJ-C 78 (2018) 5
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GERDA XENONnT

OPERA

XENON100

LVD

Borexino



THE GERDA EXPERIMENT
▸ 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 (phase II) started in December 2015


๏ Summer 2018: central string replaced with enriched, inverted coaxial (IC) detectors

→
8

FIG. 5. Extended Data Fig 1

FIG. 6. Extended Data Fig 2

30

GERDA collaboration, Characterisation of 30 76Ge enriched Broad Energy Ge detectors for GERDA Phase II, EPJ-C 79, 2019;  
Characterisation of inverted coaxial 76Ge detectors in GERDA for future double beta decay experiments, EPJ-C 81, 2021



GERDA DETECTORS
• BEGe, coaxial and IC


• p+ electrodes: 


• 0.3 μm boron implantation


• n+ electrodes: 


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


• Low-mass 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!

IC

IC weighting potential and E-field in kV/cm; black: e- drift paths, 
ending at n+ contact; white: hole drift paths to signal contact
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BACKGROUND SUPPRESSION 

▸ Several handles:


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

event topology

32



ENERGY CALIBRATION

▸ Three low neutron-emission 228Th sources in source insertion system, deployed once every week 


▸ FWHM at Qββ: (2.8 ± 0.3) keV for BEGe, (4.0 ± 1.3) keV for coaxial,  (2.9 ± 0.1) keV for IC detectors

33

Custom-made 228Th sources encapsulated in 
stainless steel, on Ta holders, two position 
determination systems
L. Baudis et al., JINST 10 (2015) no. 12

GERDA collaboration, arXiv:2103.13777 [physics.ins-det], accepted in EPJ-C

https://arxiv.org/abs/2103.13777


BACKGROUND MODEL IN GERDA

GERDA collaboration, JHEP 03 (2020)

▸ Intrinsic 2νββ-events, 39Ar (Τ1/2 = 269 y), 42Ar (Τ1/2 = 33 y) and 85Kr (Τ1/2 = 11 y) in liquid argon


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

Sum spectrum, 
single-detector 
events

Sum spectrum, 
two-detector 
events

Blinded region for 0νββ: 
Qββ± 25 keV

2νββ

34



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 double escape peak acceptance)


▸ Acceptance at 0νββ: (87.6±2.5)%
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GERDA collaboration, Nature 544 (2017) 47
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LIQUID ARGON VETO

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


▸ Acceptance at 0νββ: (97.7±0.1)%

36



DOUBLE BETA DECAY FINAL RESULTS
▸ Analysis cuts: liquid argon veto, pulse shape discrimination


▸ Background at low energies: dominated by 2νββ decay of 76Ge


▸ Qββ ± 25 keV for blind analysis

37

GERDA collaboration, PRL 125, 2020 



DOUBLE BETA DECAY FINAL RESULTS

▸ Measured T1/2 of the 2νββ-decay: (1.926±0.094) x 1021 y


▸ Background level: 5.2 x 10-4 events/(keV kg y) in 230 keV window around Q-value

Constraints on the 76Ge 0νββ-decay


T1/2 > 1.8 x 1026 y (90% CL); mββ  < 80 - 182 meV

38

GERDA collaboration, PRL 125, 2020 



THE FUTURE: LEGEND

▸ Large enriched germanium 
experiment for 0νββ decay


▸ GERDA + Majorana + new groups


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


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


๏ LEGEND-1000: 1000 kg, staged, 4 
modules


๏ Background goal: 0.025 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

39

LEGEND-1000 at SNOLAB



STATUS OF LEGEND-200

▸ Under construction at LNGS in modified 
GERDA infrastructure


▸ 70 kg from GERDA & Majorana, plus 130 
kg newly produced ICPC detectors


▸ Fist run to start in late 2021 or early 2022

LEGEND-200 at LNGS

In situ TPB evaporation on the WLSRNew calibration systems

40



EXPECTED SENSITIVITY 

▸ LEGEND-200: T1/2 ~ 1027y


▸ LEGEND-1000: T1/2 ~ 1028 y


▸ mββ ~ 17 meV (for worst case NME)

LEGEND-1000

LEGEND-200

GERDA

Background  


GERDA:                3 events/(FWHM t y) 
LEGEND-200:      0.6 events/(FWHM t y) 
LEGEND-1000:    0.025 events/(FWHM t y)

41

Predicted range for 17 meV

Conceptual design of 
LEGEND-1000


4 independent 250 kg 
modules (130 kg from 
LEGEND-200 + 870 kg 
new detectors)



MASS OBSERVABLES AND GLOBAL SENSITIVITY

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


▸ Global sensitivity from 0νββ-experiments & constraints from direct searches & cosmology
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SUMMARY AND OUTLOOK
▸ Ninety years after Pauli postulated his “silly child”: many open questions in neutrino physics


▸ 0νββ-decay: excellent tool to test LNV and the nature of neutrinos (Dirac vs Majorana)


▸ Existing experiments probe T1/2 up to ~ 1.8 x 1026 years, with T1/2 ~ (0.1 eV/mν)2 x 1026 y


▸ Ton-scale experiments are required to cover the inverted mass ordering scenario


๏ Several technologies move into this direction


▸ Much larger experiments needed to probe the normal mass ordering 

Current experiments

Future, ton-scale experiments

~70 meV

~10 meV

adapted from Dell’Oro, Marcocci, Viel, Vissani, 
Adv. High Energy Phys. (2016) 2162659 
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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.

Cosmology
X

i

mi < (0.11� 0.54) eV
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OTHER MECHANISMS FOR DOUBLE BETA DECAY
▸ LNV processes in extensions of the Standard Model generically contribute to 0νββ-decay (light or heavy sterile 

neutrinos, LR symmetric models, R-parity violating SUSY, leptoquarks, etc)


▸ Often classified as short- and long range processes, depending on the mass of the particles mediating the process 
(whether lighter or heavier than the momentum exchange scale ~ O(100 MeV))


▸ In the effective Lagrangian picture, the effects at low energies can be summarised in terms of higher order operators, 
added to the SM Lagrangian

Examples from F. Deppisch, A modern introduction to neutrino physics: the lowest-order contributions beyond the standard mechanism

5-dim Weinberg operator, 
standard mechanism 

7-dim operator, long-range 
contributions

9-dim operator, short-range 
contributions
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ISOTOPES AND SENSITIVITY TO DOUBLE BETA 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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BACKGROUND EXPECTATION IN LEGEND-200

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) 
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GERDA PULSE SHAPE DISCRIMINATION

A/E parameter

● A/E = amplitude of the current pulse / energy

● Multiple energy depositions can make multiple peaks in the 
current pulse decreasing A for the same E

● p+ surface events have shorter signal in time → higher A/E

4

E A

EPJC 73 (2013) 2583

ββ

42K β210Po α

γ ray

AJ Zsigmond DPG-Frühjahrstagung 2017 Münster

• 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



GERDA BACKGROUND MODEL
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▸ 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
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INVERTED COAXIAL DETECTORS

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


▸ First 5 enriched IC detectors installed in GERDA 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
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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)

TIME SCALE FOR GERDA, MAJORANA AND LEGEND
2018 2019 2020 2021 2022 2023

Earliest LEGEND-1000 Data Start: 2025/6



RESULTS

LEADING RESULTS: OVERVIEW

Experiment Isotope FWHM [keV] T1/2 [1026 y] mββ [meV]

CUORE 130Te 7.4 0.15 162-757

CUPID-0 82Se 23 0.024 394-810

EXO-200 136Xe 71 0.18 93-287

KamLAND-Zen 136Xe 270 1.1 76-234

GERDA 76Ge 3.3 1.8 80-182

Majorana 76Ge 2.5 0.27 157-346
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FUTURE PROJECTS: A SELECTION
Experiment Isotope Iso mass [kg] FWHM [keV] T1/2 [1027 y] mββ [meV]

CUPID 130Te 543 5 2.1 13-31

CUPID 82Se 336 5 2.6 8-38

nEXO 136Xe 4500 59 9 7-21

KamLAND2-Zen 136Xe 1000 141 0.6 25-70

DARWIN 136Xe 1068 20 2.4 11-46

PandaX-III 136Xe 901 24 1.0 20-55

LEGEND-200 76Ge 175 3 1 34-74

LEGEND-1000 76Ge 873 3 6 11-28

SuperNEMO 82Se 100 120 0.1 58-144

▸ Reminder


๏ Large exposures: 10 tonne x year, low background rates < 1 event/(FWHM tonne x year)


๏ Good energy resolution, large Q-value, high efficiency, demonstrated technology, etc


▸ Essential to use multiple isotopes to make a convincing case for LNV
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THE EFFECTIVE MAJORANA NEUTRINO MASS
▸ Probability distribution of mββ via random sampling from the distributions of mixing angles and Δm2


▸ Flat priors for the Majorana phases
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NEUTRINO MASSES

▸ Three main methods: direct mass measurements, 0νββ-decay, cosmology 


▸ the observation of flavour oscillations imply a lower bound on the mass of the heavier neutrino


▸ depending on the mass ordering, this lower bound is ≈ 0.05 eV

๏ The most direct probe: precision measurements of β-decays


๏ The effect of a non-zero neutrino masses is observed kinematically: when a ν is produced, some 
of the energy exchanged in the process is spent by the non-zero neutrino mass


๏ The effects are however very small & difficult to observe 


๏ KATRIN will probe the eff. νe mass down to 0.2 eV
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๏ Cosmology: neutrinos influence the LSS and the CMB (with the ν density ratio):


๏ The constraints are on the sum of neutrino masses


๏ Dependent on the parameters of the cosmological model (ΛCDM)


๏ In general, depending on which data is included (see e.g., review in PDG2020)

NEUTRINO MASSES

▸ Three main methods: direct mass measurements, 0νββ-decay, cosmology 


▸ the observation of flavour oscillations imply a lower bound on the mass of the heavier neutrino


▸ depending on the mass ordering, this lower bound is ≈ 0.05 eV
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Neff = 3 ~ number of active neutrinos


