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Experimental challenges
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Why ββ0ν experiments are difficult

•Earth is a very radioactive planet. There are 
about 3 grams o U-238 and 9 grams of Th-232 
per ton of rock around us. 
•This is an intrinsic activity of the order of 60 
Bq/kg of U-238 and  90 Bq/kg of Th-232. 
•The lifetime of U-238 is of the order of 109 y 
and that of Th-232 1010 y. We want to explore 
lifetimes of of the order of 1026 -1027 y. 
•The problem is much harder than finding a 
needle in a haystack 
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Measuring ββ0ν in an ideal experiment

•Get yourself a detector with perfect 
energy resolution 
•Measure the energy of the emitted 
electrons and select those with 
(T1+T2)/Q = 1 
•Count the number of events and 
calculate the corresponding half-life.  
•In Xe-136, a perfect detector of 
1ton observes 3 events for a lifetime 
of 1027 y (~20 meV). 
•Improvement with √T but if you 
must subtract background then ∜T

(T 0⌫
1/2)

�1 = G0⌫(Q,Z) |M0⌫ |2 m2
��
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Why energy resolution?

•Even in the absence of other 
backgrounds, must separate ββ2ν from 
ββ0ν 
•As the energy resolution worsens this 
becomes more difficult and limits, 
eventually the sensitivity.
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Y. G. Zdesenko et al., J. Phys. G 30 (2004) 971-981

 ββ2ν background can only be separated 
from ββ0ν signal using energy resolution.

214Bi ?!

76Ge ��0⇥ ?

Example: KK’s claim in Heidelberg-Moscow experiment.

Klapdor-Kleingrothaus et al., [arXiv: hep-ph/0302248].

Backgrounds other ββ2ν than become dominant if only total 
energy available: any energy deposition under signal peak fakes 

the signal.  Need extra handles!!

Resolution only may not be 
enough

lunes 15 de noviembre de 2010



Why energy resolution?

•Leading radioactive backgrounds for Xenon. 
•Any resolution worse than 1% (FWHM) makes very difficult to 
separate signal from background.
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Other handles
NEXT CONCEPTUAL IDEA, tracking  

reconstructed**tracks**from**
a*MC*simulated*ββ0ν*event**

The' signature' of' the'
electron' is' a' twisted' track'
with' a' strong' energy'
deposi9on'at'its'end'

Tracking'Plane'
of'NEXT>DEMO,'
with'256'SiPMs'
for'tracking'
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CdWO4 

α-smeard source 

β/γ 

C. Arnaboldi et al, Astrop. Phys 34 (2010) 143 

Scintillating bolometers show directly the energy partition that 
takes place in a calorimeter between different systems  
(lattice and scintillation groups) 

measurement the of Non Resonant Multi-Photon Ionization (NRMPI) cross section of liquid

xenon with di↵erent wavelengths of pulsed UV light is presented.

2.1 Spectroscopy

2.1.1 Ba+ Vaccuum Energy Levels

The lowest atomic energy levels of Ba+ in vacuum are shown in Figure 2.1. The ground
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Figure 2.1: Ba+ vacuum energy levels

state is the 6s 2S 1
2
state. There are two strong transitions from the ground state to the exited

6p state, 2P 1
2
and 2P 3

2
, corresponding to 455nm and 493nm, with spontaneous decay rates

of 1.11⇥108 s�1 and 9.53⇥107 s�1 respectively. According to the electron dipole selection

rules, once excited to the 6p states, the ions can decay back to the ground state or to the

metastable 5d states. The ions in the excited 6p 2P 3
2
state can decay to either the 5d 2D 3

2

or 5d 2D 5
2
states, giving o↵ 585nm (A=6.00⇥106 s�1) and 614nm (A=4.12⇥107 s�1) light

respectively. The ions in the exited 6p 2P 1
2
state, can only decay to the 5d 2D 3

2
state giving
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•Examples: tracking in NEMO, SupeNEMO, 
NEXT. 
•PSD in Ge detectors (Gerda) 
•Scintillation bolometers (Lucifer/Lumineux) 
•BaTagging (EXO, NEXT)

Pulse Shape Discrimination: EPJC 73 (2013) 2583

I PSD: distinguish between (0⌫2�) signal-like events (SSE) and background-like
events (MSE, p+, n+)

I Di↵erent PSD needed for coaxial and BEGe detectors

I Simulated current
pulse in coaxial
detector

I Simulated current
pulse in BEGe

Search of Neutrinoless Double Beta Decay with the GERDA Experiment Giovanni Benato for the GERDA Collaboration 15



The experiment’s Rubik cube
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Scalability (source ≠ detector)
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= 100 kg ?!

•Super-Nemo proposal: Target in a thin sheet  
surrounded by a tracker and a calorimeter. 
•Mass of the sheet ~5 kg.  
•Volume of detector ~10 m3 

•100 kg of target 
require 20 modules. 
•No economy of 
scale → S/N (and 
sensor coverage) 
does not improve 
when increasing 
mass.



Scalability (Source = detector)
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NEXT and the race toward the ultimate ��0⇥ experiment 37

High �� Detection Efficiency

Source � Detector Source = Detector

!��0⇥ events are so rare (if present at all) that you do not want to miss them!

!Homogeneous approach (source = detector) can provide close to 100% efficiency,
at least for purely calorimetric technique

!Not so for inhomogeneous approach (source � detector):
! geometric acceptance, absorption in foil, backscattering, tracking requirement,...
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High �� Detection Efficiency

Source � Detector Source = Detector

!��0⇥ events are so rare (if present at all) that you do not want to miss them!

!Homogeneous approach (source = detector) can provide close to 100% efficiency,
at least for purely calorimetric technique

!Not so for inhomogeneous approach (source � detector):
! geometric acceptance, absorption in foil, backscattering, tracking requirement,...

Economy of scale 
•Homogenous detectors (such as TPCs): L→Lx2 -> V (Mass) →V(Mass)x 8 
•S/N (and detector coverage) improve with L.



Radiopurity
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•Build everything out of extremely 
radiopure materials. 
•Solide state apparatus (GERDA, 
CUORE), display very low activities in 
detector material in the range of μBq/kg.

•TPCs (EXO, NEXT), have larger radioactive budget, due 
to their sensors (PMTs, APDs, SiPMs), but their ability to 
define a fiducial region away from surfaces, eliminates a 
whole class of backgrounds (α particles). 
•In Super-NEMO the signal is constrained to come from 
the target, but the background also accumulates in the 
target and α particle background is relevant.  
•LS calorimeters are capable of self-shielding from most 
backgrounds.KamLAND inner view 

KamLAND Experiment 

6/11/2013 7 CYGNUS2013 

~1000m depth 
2700 m.w.e 

R9m 
stainless 
tank 

R6.5m ballon 
(125μ  thickness) 

20
m

 

20m 

Water Cerenkov Outer Detector 
225 tubes of 20inch PMT in pure water 

Muon veto, Water shield 

1,000𝒕  Liquid Scintillator 
Dodecan(80%), Pseudocumene(20%), PPO(1.36g/ℓ𝓁) 

238U 3.8 × 10 g/g,  232Th 5.2 × 10 g/g 

Mineral Oil 
1,325 tubes of 17inch + 554 tubes of 20inch PMT 

34% photo coverage 

� Many physics results  
solar neutrinos, geo neutrinos,  
reactor neutrinos, supernova neutrinos  
etc… 

� Wide energy range,  ultra-low BG  

Majorana Baseline Concept

3-D model of baseline configuration

Segmentation (6x2) results in
2500 individual 200g segments

210 2.35 kg crystals

Example of a future large experiment with source = detector

Up to 500 kg of 85% enrichedGe76.

• high resolution ~0.2% at 2 MeV
• low bkgrd construction materials
• S/N improvement due to crystal

segmentation and PSD. 

Ultimate reach to perhaps 20 meV

Igor Ostrovskiy - PATRAS Workshop - 2014 8

APDs are very clean and light, highly sensitive to VUV
Gain is set to ~200 with V~1.5kV
Characterization of APDs: NIM A608 68-75 (2009)



The signal and the noise
Signal
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Background

Nbkg = M · t ·B · E

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

Period

N0⌫ =

a ·NA

mA

log 2

T 0⌫
1/2

✏ ·M · t

• The background depends on the exposure (Mt) and on 
the product ΔExB.  The signal depends on Mt. 

• Increasing Mt without decreasing ΔExB implies that the 
background grows at the same rate of the signal, and 
therefore the sensitivity to the period only increases 
with the √Mt and the sensitivity to mββ only increases 
with (MT)1/4 

• Thus, a Golden Law: every time that you increase the 
mass by a factor α you must reduce the background 
by the same factor. 



Building the perfect ββ0ν experiment

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

NEXT and the race toward the ultimate ��0⇥ experiment 31

High Isotope Enrichment

!130Te has best natural isotopic abundance

!However, all next-generation experiments will be
isotopically-enriched! 

Isotope Natural 
Abundance (%)

48Ca 0.2
76Ge 7.8
82Se 9.2
96Zr 2.8
100Mo 9.6
110Pd 11.8
116Cd 7.5
124Sn 5.6
130Te 34.5
136Xe 8.9
150Nd 5.6

T 1"2
#1

$ a%&'M%t "()E%B*

!Easiest to enrich are noble elements: 136Xe
        Xe TPCs (NEXT, EXO)

!Enrichment also provides purification against
radioactive contaminants

NEXT and the race toward the ultimate ��0⇥ experiment 37

High �� Detection Efficiency

Source � Detector Source = Detector

!��0⇥ events are so rare (if present at all) that you do not want to miss them!

!Homogeneous approach (source = detector) can provide close to 100% efficiency,
at least for purely calorimetric technique

!Not so for inhomogeneous approach (source � detector):
! geometric acceptance, absorption in foil, backscattering, tracking requirement,...

Find an isotope with large Q, no long 
lived radioactive isotopes, easy to 
procure and cheap. 

Isotope

Scalability 

Build a detector with no dead 
areas, and economy of scale

∆E

Build a detector with 
the best possible 
resolution

Background

Detector provides extra 
handles to reduce 
background

measurement the of Non Resonant Multi-Photon Ionization (NRMPI) cross section of liquid

xenon with di↵erent wavelengths of pulsed UV light is presented.
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Figure 2.1: Ba+ vacuum energy levels
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