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Neutrinoless Double Beta Decay Experiments

• Short Intro with best Physics Results 

• Open Questions 

• Controversial Issues 

• Impact or Input on/from other fields

A VERY UNUSUAL REVIEW…
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Establish	the	viola&on	
of	lepton	number	in	
par.cle	physics		

Shed	light	on	the	mass	
genera&on	
mechanisms	and	the	
smallness	of	neutrino	
masses	

Open	a	window	to	
understand	ma5er	
dominance	in	the	
universe		

Provide	informa.on	on	
the	size	and	pa5ern	of	
neutrino	masses	

Experimental	observa&on	of	neutrino-less	double	beta	decay	will…

e-

e-

e-

e-

v
v

To	date,	0𝜈ββ	is	the	only	viable	op.on	to	show	that	neutrinos	are	Majorana	par.cles	(	ν	=	ν	)−

Neutrino-less Double Beta Decay: a short intro…

Caveat In order to extract the information on the neutrino mass, 
it is necessary to pass through atomic and nuclear physics
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82Se 2.4
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Inverted Ordering (IO) 

Normal Ordering (NO) 

Phys. Rev. D90, 033005 (2014) 
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AHEP, Article ID 2162659 (2016)
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Comparison of the (future) experiments

Majorana AND
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A crucial issue: background suppression

⌅ recall: S 0n
1/2 = ln 2 · T · " · nbb

n� · nB

= ln 2 · " · 1

n�
· x ⌘NA

MA

·
r

M T

B �

⌅ when B is su�ciently low ! zero background condition

⇤ transition region in between: M T B � = O(1) (no expected events in the ROI)

⌅
1/2, 0BS0n� = ln 2 · " · x ⌘NA · M T

NS�����������������������������������������������������������MA�

⇤�the�sensitivities�scales�linearly�with�the�exposure!

The zero bkg condition depends on M: the larger the detector

mass, the more strict the request on the background

⇤ the same bkg level can su�ce for a kg-size experiment, but not for a tonne-size one

13 / 20 Pp S. Dell’Oro Status of the neutrinoless double beta decay programme Warwick - October 27, 2017
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max n. of counts 
compatible with 0 bkg



Zero Background Condition? The GERDA case
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Eur. Phys. J. C (2018) 78 :388 Page 3 of 30 388
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Fig. 2 Frequentist’s estimate of the sensitivity of the Gerda experi-
ment as a function of exposure for various background indices. An over-
all detection efficiency of 60% is assumed. The scenarios for Gerda
Phase I and II are indicated

tion limited scenario where it scales approximately with the
square root of exposure divided by the background index
BI and the energy resolution ∆E,

√
(E/(BI · ∆E). An effi-

cient upgrade requires thus to re-enter the “background-free”
regime, that means to not only increase exposure (detector
mass) but also to reduce correspondingly the background
(see Fig. 2). Improvements of the already excellent reso-
lution are possible but limited to a factor of about 2 for
the given technology. Gerda thus needs to achieve a BI
of 10−3 cts/(keV kg year) in Phase II in order to reach the
desired sensitivity beyond 1026 year at an exposure of about
100 kg year (see Fig. 2).

The analysis of the Phase I data showed that most back-
ground events were due to radioactive isotopes in materials
close to the detectors [12]. The straightforward consequence
was to further reduce material close to the detectors and/or
to replace it by material of higher radiopurity. The major BI
reduction had to come, however, from a largely improved
discrimination of background events taking full advantage
of their different event topology. While 0νββ events nor-
mally deposit energy in a confined volume (a few mm3) of
the detector, the background events can also deposit energy
in the LAr around the detector, at the detector surface, or
scatter at several locations in the detector. Events can thus
be identified as background by coincident scintillation light
in the LAr, by coincidences within the detector array and/or
by the analysis of the signal pulse shape. Gerda has taken
full advantage of all these options in Phase II: the additional
batch of 20 kg of enriched Ge detectors consists of diodes of
the novel BEGe type exhibiting superior pulse shape discrim-
ination (PSD) [13] and energy resolution; a larger and more
densely packed detector array exhibits enhanced efficiency

for detector-detector (anti-)coincidences, and importantly,
the LAr around the detector array has been instrumented
for the readout of scintillation light creating thus an effec-
tive active LAr veto system. The efficacy of this approach
has indeed been proven by the first results obtained with the
upgraded Gerda experiment. Started in December 2015, the
Phase II physics run reached in June 2016 the exposure of
10.8 kg year. These accumulated data have been already suf-
ficient to demonstrate that the projected background level of
10−3 cts/(keV kg year) has been achieved and, to extract in
combination with the Phase I data set a new lower limit for
the 0νββ decay half-life of 76Ge of > 5.3×1025 year at 90%
CL [3].

The following sections describe the modifications of
the Gerda experimental setup for Phase II including the
new detector components and their performance. Section 2
presents an overview of the properties of the coaxial and
BEGe detectors making up the Phase II detector array; it
provides also details of the new mechanical mounts, cabling,
electrical contacts and the cold electronic front end. A major
part of this paper, Sect. 3, is devoted to the LAr veto system.
Section 4 discusses the modifications of the infrastructure,
in particular the new lock needed for the largely increased
detector array and the LAr veto system. Section 5 summa-
rizes the screening results for the newly introduced compo-
nents. The performance of the individual subsystems and the
background level achieved in Phase II until April 2017 are
presented in Sect. 6. Conclusions are given in Sect. 7.

2 Germanium detectors

2.1 Characteristics of Phase II detectors

The Gerda Phase II detector array includes 7 strings, which
carry 40 detectors in total. The detectors can be divided into
three groups: the newly produced BEGe detectors, the semi-
coaxial ANG and RG detectors, and the semi-coaxial GTF
detectors [5]. The detectors of the first two groups are made
of germanium enriched in 76Ge (enrBEGe, enrCoax), while
those of the third group are made of germanium with natu-
ral isotopic abundance (natCoax). The main properties of the
individual detectors groups are discussed below, the proper-
ties of the individual detectors are listed in the Appendix (see
Table 14).

2.1.1 The semi-coaxial detectors

The 7 semi-coaxial 76Ge enriched detectors (ANG, RG),
which originated from the former Heidelberg-Moscow and
IGEX experiments, represented the core of Gerda Phase I
[5]. In Gerda Phase II, they have again been included.

123

Eur. Phys. J. C (2018) 78:388

An efficient upgrade needs to 
increase exposure together with 
improving the BI towards the 
“zero-bkg regime”

GERDA Phase 1: 
BI = 10-2 cts/(keV kg y)  enough 

GERDA Phase 2: 
BI = 10-3 cts/(keV kg y)  needed 
(and reached…)
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Sensitivity or Discovery Potential? The GERDA - LEGEND case
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In THIS case  
GERDA Phase 2  
has already left the  
“zero bkg regime”

LEGEND bkg goal: 
BI = 0.1 cts/(FWHM t y) 
to ALMOST cover  
the IO mbb range in 10 t y
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Courtesy of J. Detwiler
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2𝜈ββ: a (searched) signal, a MC test, a (major?) bkg

C. Brofferio - INVISIBLES 2018 - Karlsruhe Sept. 3-7 2018
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- Total 136Xe exposure = 126 kg yr 
- Consistent with previous KamLAND-Zen results and EXO-200 results

 Result of 2νββ decay (2016) PRL 117, 082503 (2016) 

AJ Zsigmond 18

Background suppression with PSD

● Both K lines and high energy α events strongly suppressed

● High 0νββ signal efficiency
(71.2 ± 4.3)% for Coax and (87.6 ± 2.5)% for BEGe detectors

Preliminary

*Coax: new dataset with improved PSD
BEGe: full Phase II dataset
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investigated for each fit observable (see Figs. 1 and 3). In
these studies, the shapes of the γ-originated background
components are corrected by using the residual differences
between calibration source data and simulation, while the
shapes of the SS β components are corrected by using the
residual differences of the measured background-subtracted
2νββ spectrum. A large number of simulated data sets were
drawn from the best-fit background model using the
corrected probability density functions, and were fit with
the original simulated shapes. The resulting bias between the
fitted and true value of backgrounds near Qββ is included as
an additional systematic error on the normalization of the
background components. Toy studies indicate that these
shape errors are 2.1% (1.7%) for Phase I (Phase II). The
contribution to this error caused by spatial and temporal
energy resolution variations that are not fully accounted for

by the MC simulation was determined to be 1.5% (1.2%) in
Phase I (Phase II).
U, Th, and Co background components simulated at

locations different from the default ones were individually
inserted into the fit, and the resulting variation in the
number of expected events nearQββ was determined. These
studies estimate the error due to uncertainty in the location
of the background model components to be 5.6% (5.9%) in
Phase I (Phase II). All sources of systematic uncertainty on
the background model near Qββ are treated as uncorrelated
and result in a total error of 6.2% for both Phase I and
Phase II, as summarized in Table I.
Two final constraints on the measured radon concen-

tration in the LXe and relative rate of cosmogenically
produced backgrounds were included in the fit, but verified
to be unchanged from previous analyses [5] for both
Phase I and Phase II.
The analysis further accounts for a possible difference

in the reconstructed energy for β-like events Eβ, relative to
the energy scale determined from the γ calibration sources
Eγ . This difference is expressed through a multiplicative
constant B that scales the energy for all β-like components,
Eβ ¼ BEγ , which is allowed to float freely in the fit. B is
highly constrained by the 2νββ spectrum, and consistent
with unity to the subpercent level.
After “unblinding” the combined data set, no statistically

significant evidence for 0νββ was observed. A lower
limit on the half-life of T1=2 > 1.8 × 1025 yr at the

TABLE I. Systematic errors on the determination of the number
of events near Qββ.

Source Phase I Phase II

Signal detection efficiency 3.0% 2.9%

Background errors
Spectral shape agreement 2.1% 1.7%
Background model 5.6% 5.9%
Energy scale and resolution 1.5% 1.2%

Total 6.2% 6.2%

FIG. 4. Best fit to the low-background data SS energy spectrum for Phase I (top left) and Phase II (bottom left). The energy bins are 15
and 30 keV below and above 2800 keV, respectively. The inset shows a zoomed-in view around the best-fit value for BQββ. Top right:
Projection of events within BQββ " 2σ on the BDT fit dimension. Bottom right: MS energy spectra above the 40K γ line.

PHYSICAL REVIEW LETTERS 120, 072701 (2018)

072701-5

EXO

From Nu2018

KL-Zen

GERDA

DBD
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Technological Requirements

All detector parameters have to 
be more and more optimised
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Increase of: 
• Complexity 
• Costs 
• Development time

Many aspects are in common 
to different experimental 
searches

There could (should?) be common developments 
Higher integration among different communities 
Identification of common strategies
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An example: ultrapure materials
What has been learned in a field/experiment is utilized in other applications

Scintillator: From BOREXINO to JUNO
40K <10-16 g/g (10-8 Bq/kg)
232Th <10-15 g/g (4 10-9 Bq/kg)
238U <10-15 g/g (10-8 Bq/kg)

Cu: from HD-M to GERDA and CUORE
40K <10-12 g/g (10-4 Bq/kg)
232Th <10-13 g/g (4 10-7 Bq/kg)
238U <10-13 g/g (10-6 Bq/kg)

and more:  KamLAND --> KamLAND-Zen  SNO --> SNO+  ...

ICP-MS
HPGe gamma spectr.
radio-chemestry
...

In the future the today-det. will be the 
screening instrument for the future exp.

Production but also certification are important
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Choice of the isotope: theoretical side

No preferred isotope ... within a factor 2-3

In principle, isotopes with the 
best Nuclear Factor of Merit 

(𝐺0ν・∣𝑀0ν∣2) should be favoured

R. Robertson, Mod. Phys. Lett. A, Vol. 28, No. 8 (2013) 1350021

A surprising inverse correlation has been 
observed between (specific) phase space and 
the square of the nuclear matrix element.
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Constraints from oscillations: mᵦᵦ vs mlightest
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Since you can put constraints on the half-life 
trough constraints on mᵦᵦ 



Constraints from cosmology: mᵦᵦ vs 𝛴
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S. Dell’Oro, S.Marcocci, M. Viel, F. Vissani, J. Cosm. Astropart. Phys. 1512, 023 (2015)

•  Σ < 140 meV (95% C.L.) by combining: 

Lyα-forest from BOSS + CMB data from Planck + BAO data from BOSS 
(limits within the ΛCDM model)

At the 1σ level, the IO is excluded, as (recently) claimed also from oscillations

Σ < 84 meV (1σ C.L.)  

Σ < 146 meV (2σ C.L.) 

Σ < 208 meV (3σ C.L.)

From oscillation data: 
Σ min  ∼ 60 meV (NO) 

           ∼ 100 meV (IO)
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Implications for the 0𝜈ββ search

Mass 
spectrum

Max mᵦᵦ [meV]   (C.L. on 𝛴)

1σ 2σ 3σ

NO 16 41 64

IO - 57 75

��

��

�σ

�σ

�σ

�σ
�σ

����� ���� ���

�����
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���
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�
ββ
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�
]

S. Dell’Oro, S.Marcocci, M. Viel, F. Vissani, J. Cosm. Astropart. Phys. 1512, 023 (2015)
Depending on the ordering and on the 
C.L. we want to consider, mββ can at 
most  have the following values:

Except for the 1σ C.L. they are still at the 
level reachable by the present experiments

C. Brofferio - INVISIBLES 2018 - Karlsruhe Sept. 3-7 2018
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Discovery probabilities: a shot in the arm?

M. Agostini, G. Benato and J. A. Detwiler, Phys. Rev. D96 (2017) 053001

3

FIG. 1: Heat map of posterior probability density for both combinations of cosmological data sets and choices of the
prior on mlightest. The upper panels depict the flat prior while the lower panels show the log prior. Note that the

color coding also changes from linear to logarithmic. See text for definitions of the di↵erent quantities.

a length of 4 ⇥ 106 samples each. The results derived
from the posterior samples are presented in figs. 1, 2, 3.

Posterior probabilities For fixed mass ordering, cos-
mology, and prior on mlightest, we show the posterior
probability density in the plane of the e↵ective mass |mee|

controlling the 0⌫�� rate and the sum ⌃ of neutrino
masses in fig. 1. We combine the NO and the IO cases
into subplots in a “back-to-back” manner. We also show

theoretical envelopes bounding the regions in the ⌃–|mee|

parameter space if the Majorana phases are varied within
their full ranges while the relevant oscillations parame-
ters are kept at their best fit values (dashed lines) or
varied within their 3� ranges (solid lines).

Choosing the restrictive cosmological data sets forces
⌃ (and by means of oscillation data also mlightest) to be
smaller, resulting in more probability mass shifted to-

2 different approaches: lin prior or log prior

A. Caldwell et al., Phys. Rev. D 96, 073001



Discovery probabilities: controversial, but still interesting
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M. Agostini, G. Benato and J. A. Detwiler, Phys. Rev. D96 (2017) 053001

5
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FIG. 3: Discovery potential as a function of e↵ective exposure E✏ for di↵erent background levels. The upper left
panel defines a benchmark case (germanium, IO, conservative cosmology), while for the other panels one of these
parameters is changed: upper right – NO; lower left – restrictive cosmology; lower right – 136Xe. The kinks in the

curves are a consequence of the integer nature of Poissonian statistics.

tional data and our choices of priors do not change the
conclusions significantly.

CONCLUSIONS

In this work, we have conducted a global Bayesian
analysis of neutrino mass parameters within the minimal
framework of three light Majorana neutrinos, combining
data from oscillation experiments, 0⌫�� decay, and pre-
cision cosmology. Working with one prior flat in mlightest

and another one flat in log (mlightest), we have investi-
gated both extreme cases of uninformative priors for the
critical parameter mlightest. Combining these priors with

a more conservative cosmological data set on one hand
and a more restrictive one on the other hand, we conclude
that the posterior probability for NO is still very mild,
even in the extreme case of a restrictive cosmology and a
flat prior on mlightest. In the other cases, the slight incli-
nation towards NO is almost entirely driven by neutrino
oscillation experiments.
Furthermore we have evaluated the posterior distribu-

tions of T1/2 in the di↵erent combinations of priors and
cosmological data sets as well as for di↵erent isotopes.
This allowed us to infer the discovery potential of dif-
ferent experimental approaches for 0⌫��. Depending on
the neutrino mass ordering, the achievable e↵ective ex-
posure, and the background level, the discovery potential

A. Caldwell et al., Phys. Rev. D 96, 073001Apart presenting data in a different way, 
the 2 groups reach quite different results 

Is it a mere philosophical problem?

Will we have in a short time a hint on 
how to disentangle the issue?
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•  a convenient parametric description of the NME can be:

•   ℳ0ν  depends only mildly on gA 

•   relatively small intrinsic error of ~ 20%

• fix the gA renormalization to account for the differences between 
calculations and rates for processes ‟similar” to 0𝜈ββ (β, EC, 2𝜈ββ) 

• important effect of gA 

•    any uncertainty on its values ⇒ a larger uncertainty factor on ℳ

C. Brofferio - INVISIBLES 2018 - Karlsruhe Sept. 3-7 2018

A big Challenge for 0𝜈ββ Discovery



Size of 𝘨𝘈
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gquarkA = 1

gnucleonA = 1.27

g2⌫��A = 1.27 ·A�0.18

g0⌫��A = ??

C. Brofferio - INVISIBLES 2018 - Karlsruhe Sept. 3-7 2018

BUT WHY SHOULD IT BE THE SAME?

0𝜈ββ decay is a high-momentum transfer process 
(q ∼ 100 MeV)⇒ less quenching

(J. Menéndez, D. Gazit, A. Schwenk, PRL 107 (2011) 062501



Effect of the nuclear uncertainties: Xe case
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Courtesy of S. Dell’Oro
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How can the experimentalists help?

Suhonen: extract gA for forbidden β 
decays looking at the shape spectra

ISM +

arXiv:1806.02254v1

More shape spectra to be measured to extract a “general law”
Will not give the quenching of gA for 0𝜈ββ, but…
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A by-product from forbidden β decays studies for gA

C. Brofferio - INVISIBLES 2018 - Karlsruhe Sept. 3-7 2018

Studying the forbidden unique and non unique β decays is 
extremely important also for the Reactor Anomaly
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				λ=RH	had,	η=LH	had	

νR,L	 WL,R	

g	

	SUSY	g		

~	

~	

u	~	
u	

u	~	 π

	SUSY	π			

Warning:	don’t	s2ck	to	mββ	metric,	just	go	on	with	T1/2!	Variety	of	0νββ	mechanisms:		

	0νββ	from	any	mechanism	à	Majorana	nature	of	ν	would	be	established	anyway	
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