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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

8WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

CUORE assembly

● Copper support structure

● Teflon supports

● Crystals

● Wire trays

All operations performed in glove boxes to avoid radon recontamination

Lucifer 
Lucifer will be composed by an array of  32÷36 enriched (95%)  Zn82Se crystals. 
The total 82Se nuclei will be   (6.7÷8.0) 1025 

The expected background in the ROI (2995 keV) is of the order of 1÷2 10-3 c/keV/kg/y  
The energy resolution of the single detector is expected to be  ∼ 10÷15 keV FWHM 

The mass of the single detector will be 460 g 

06-Dec-14 23/1734 Bruce Berger CLASSE Journal Club - March 28, 2014 

Mini-Balloon Inside KamLAND 
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)

Alberto Remoto

SuperNEMO: the detector

9

Assembling optical modules

Geiger cell in C0

Calorimeter:

• 5’’ and 8” PMT directly coupled to a scintillator block 
with optimised geometry: 7.8 % FWHM @ 1 MeV

• Electronics, optical modules, shield & mechanical 
structure under production

Tracker:

• Geiger cells in a Rn-tight tracker chamber surrounded 
by Optical Modules 

• C0 commissioned at sea level, ready to be shipped 
to LSM (September). C1 under commissioning

Source foils:

• Thin foils made of 7 kg of 82Se powder mixed with 
PVA glue + mylar support: under production

• Other isotopes are under consideration: 150Nd, 48Ca



–Anonymous neutrino experimentalist

“The only thing that requires more optimism  
than doing neutrino experiments is to try to 

summarise them in 30 m” 



Short base line 
experiments
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The anomalies
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Reactor Antinuetrino Flux and Spectrum

2015/7/23 Ji Xiangpan, EPS-HEP 2015 14

SpectrumFlux

� Measured IBD rate / predicted
o 0.947 ± 0.022 (Huber+Mueller)
o 0.992 ± 0.023 (ILL+Vogel) � Spectral shape is not consistent 

with models, especially between 
4-6 MeV.Publication in Preparation

� Consistent with previous short 
baseline experiments
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FIG. 2. Allowed regions in the sin2 2ϑ–∆m2 plane and
marginal ∆χ2’s for sin2 2ϑ and ∆m2 obtained from the com-
bined fit of the results of the two GALLEX 51Cr radioactive
source experiments and the SAGE 51Cr and 37Ar radioactive
source experiments. The best-fit point corresponding to χ2

min

is indicated by a cross.

The value of the likelihood ratio between the null hy-
pothesis of no oscillations and the oscillation hypothesis,

L0

L(sin2 2ϑbf,∆m2
bf)

= 8× 10−3 , (30)

is in favor of the oscillation hypothesis. It corresponds
to ∆χ2 = 9.7, which, with two degrees of freedom, dis-
favors the null hypothesis of no oscillations at 99.23%
C.L. (2.7σ). The small difference between this statisti-
cal significance of the indication in favor of the Gallium
anomaly and that obtained from Eq. (20) (3.0σ) is due to
the different analysis of the data. Although the neutrino
oscillation analysis leads to a better fit of the four data
in Eqs. (21)–(24) (the best-fit values of the oscillation
parameters in Eq. (29) give RG1 = 0.75, RG2 = 0.75,
RS1 = 0.73 and RS2 = 0.72), the correlation of the theo-
retical uncertainty of RH

B slightly disfavors a fit in which
the deviations of the data from the best-fit values do not
have the same sign.

From Fig. 2 one can see that the marginal distributions

of sin2 2ϑ and ∆m2 indicate that4

sin2 2ϑ > 0.07 , ∆m2 > 0.35 eV2 , (31)

at 99% C.L.. These bounds indicate that the short-
baseline disappearance of electron neutrinos may be
larger than that of electron antineutrinos, which is
bounded by the results of reactor neutrino experiments
[13, 19, 20]. This could be an indication of a violation
of the CPT symmetry [29] (CPT implies that Pνα→να =
Pν̄α→ν̄α for any flavor α = e, µ, τ ; see Ref. [30]). However,
according to a recent calculation [31] the ν̄e fluxes pro-
duced in nuclear reactors are about 3% larger than the
standard ones used in the analysis of reactor antineutrino
data (see Ref. [32]). A comparison of the new reactor an-
tineutrino fluxes with the data of several reactor neutrino
experiments suggests the existence of a reactor antineu-
trino anomaly [28] which is compatible with the Gallium
anomaly in a standard CPT-invariant neutrino oscilla-
tion framework. In this case, the indication in favor of
CPT violation obtained by comparing the results of the
neutrino oscillation analysis of Gallium and reactor data
is weakened, but the plausibility of the existence of a Gal-
lium anomaly is reinforced by its compatibility with the
reactor antineutrino anomaly.
CPT violation in short-baseline electron neutrino dis-

appearance can be tested with high accuracy in future ex-
periments with pure and well-known νe and ν̄e beams, as
beta-beam [33] and neutrino factory [34, 35] experiments.
Although the possibility of CPT violation is theoretically
problematic [36], it cannot be dismissed in phenomeno-
logical analyses of experimental results. It is interesting
to notice that recently another indication of a violation of
the CPT symmetry has been found in the MINOS long-
baseline νµ and ν̄µ disappearance experiment [37, 38].
There is also a growing experimental interest in favor of

possible tests of the Gallium anomaly. In addition to the
future experimental possibilities to test the short-baseline
disappearance of electron neutrinos discussed in Ref. [13],
the authors of Ref. [21] presented recently a plan to make
an improved direct measurement of the Gallium anomaly
with the liquid Gallium metal used in the SAGE exper-
iment and a new vessel divided in two zones, which can
measure a variation of the electron neutrino disappear-
ance with distance. The Borexino collaboration is study-
ing the possibility of a radioactive source experiment [39]
which could provide a “smoking gun” signal by measuring
the oscillation pattern inside the detector. Other possi-
ble measurements with radioactive sources and different
detector types has been recently discussed in Ref. [40].
The existence of at least four massive neutrinos, one of

which has a mass larger than about 0.6 eV in order to gen-
erate the squared-mass difference in Eq. (31), can have

4 These bounds are weaker than those presented in a previous
version of this paper (arXiv:1006.3244v2) in which the corre-
lation of the uncertainty of RH

B in the calculation of the com-
bined probability distribution of the four experimental ratios in
Eqs. (21)–(24) was not taken into account.

Short Baseline Neutrino Oscillation Experiments 4

Figure 1. (color online) The final MiniBooNE oscillation results [16]. The top plots
are antineutrino mode results, and bottom plots are neutrino mode results. The
left plots show the reconstructed neutrino energy distribution of oscillation candidate
events, and the right plots show the allowed region in �m2-sin22✓, where the best fit
points are shown in black stars. Both modes show excesses in the low energy region,
while the neutrino mode has higher statistical significance. On the other hand, the
compatibility with the LSND signal is better in antineutrino mode.

Experiments to test MiniBooNE signal

The measured signal, especially in neutrino mode, does not quite agree with the

expected sterile neutrino signal. The MiniBooNE detector cannot distinguish an electron

(positron) and a gamma ray, therefore ⌫

µ

NC interaction with single gamma ray in the

final state is a potential misID background. Therefore, to test the MiniBooNE signal,

experiments are desired to have;

• MiniBooNE beam energy and baseline,

• ability to distinguish NC or CC interaction, or

• ability to distinguish an electron (positron) and a gamma ray.

The MiniBooNE+ was proposed to fulfil these criteria [17]. By doping scintillator

(PPO) in the MiniBooNE detector mineral oil, MiniBooNE+ can measure scintillation

light from the neutron capture. This allows statistical separation between ⌫

e

CCQE

interaction (higher proton multiplicity in the final state), and ⌫

µ

NC interactions (protons

and neutrons are half-and-half in the final state). However, the proposal of MiniBooNE+

was not accepted by Fermilab recently.
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Statistical Significance of the Gallium Anomaly

Carlo Giunti∗

INFN, Sezione di Torino, Via P. Giuria 1, I–10125 Torino, Italy

Marco Laveder†

Dipartimento di Fisica “G. Galilei”, Università di Padova, and INFN,
Sezione di Padova, Via F. Marzolo 8, I–35131 Padova, Italy

(Dated: March 29, 2011)

We calculate the statistical significance of the anomalous deficit of electron neutrinos measured in
the radioactive source experiments of the GALLEX and SAGE solar neutrino detectors taking into
account the uncertainty of the detection cross section. We found that the statistical significance of
the anomaly is about 3.0σ. A fit of the data in terms of neutrino oscillations favors at about 2.7σ
short-baseline electron neutrino disappearance with respect to the null hypothesis of no oscillations.

PACS numbers: 14.60.Pq, 14.60.Lm, 14.60.St

The GALLEX [1–3] and SAGE [4–7] Gallium solar
neutrino experiments have been tested with intense ar-
tificial 51Cr and 37Ar radioactive sources placed inside
the detectors. The results of these “Gallium radioactive
source experiments” indicate a ratio R of measured and
predicted 71Ge event rates which is smaller than unity:

RG1
B = 0.953± 0.11 , (1)

RG2
B = 0.812+0.10

−0.11 , (2)

RS1
B = 0.95± 0.12 , (3)

RS2
B = 0.791+0.084

−0.078 , (4)

where G1 and G2 denote the two GALLEX experiments
with 51Cr sources, S1 denotes the SAGE experiment with
a 51Cr source, and S2 denotes the SAGE experiment with
a 37Ar source.
Assuming Gaussian probability distributions and tak-

ing into account the asymmetric uncertainties of RG2
B and

RS2
B , we have the probability distributions shown by the

dashed, dotted, dash-dotted and dash-dot-dotted lines in
Fig. 1. The combined probability distribution pRGa

B
(r)

shown in Fig. 1 gives the average ratio

RGa
B = 0.86+0.05

−0.05
+0.10
−0.10

+0.15
−0.15 , (5)

where the uncertainties are at 68.27% C.L. (1σ), 95.45%
C.L. (2σ), 99.73% C.L. (3σ). Thus, the number of mea-
sured events is about 2.8σ smaller than the prediction.
This is the “Gallium anomaly”.
As indicated by the “B” subscript, the ratios in

Eqs. (1)–(5) have been calculated with respect to the rate
estimated using the best-fit values of the cross section of
the detection process

νe +
71Ga → 71Ge + e− (6)

∗ giunti@to.infn.it; also at Department of Theoretical Physics,
University of Torino, Italy

† laveder@pd.infn.it

calculated by Bahcall [8],

σbf
B (51Cr) =

!

58.1+2.1
−1.6

"

× 10−46 cm2 , (7)

σbf
B (37Ar) =

!

70.0+4.9
−2.1

"

× 10−46 cm2 . (8)

The uncertainties of these cross sections are not taken
into account in the experimental ratios in Eqs. (1)–(4).
These uncertainties are large [8–10], because only the
cross section of the transition from the ground state of
71Ga to the ground state of 71Ge is known with preci-
sion from the measured rate of electron capture decay of
71Ge to 71Ga. Electron neutrinos produced by 51Cr and
37Ar radioactive sources can be absorbed also through
transitions from the ground state of 71Ga to two ex-
cited states of 71Ge at 175 keV and 500 keV, with cross
sections which are inferred using a nuclear model from
p+ 71Ga → 71Ge + n measurements [11].
Hence, at least part of the deficit of measured events

with respect to the prediction could be explained by an
overestimation of the transitions to the two excited states
of 71Ge [6, 7, 12]. However, since the contribution of the
transitions to the two excited states of 71Ge is only 5%
[8], even the complete absence of such transitions would
reduce the ratio of measured and predicted 71Ge event
rates to about 0.91± 0.05, leaving an anomaly of about
1.7σ [13].
We think that for a correct assessment of the statistical

significance of the Gallium anomaly simple approaches
based on either accepting the Bahcall cross section in
Eq. (7) without taking into account its uncertainty or
suppressing without theoretical motivations the transi-
tions to the two excited states of 71Ge are insufficient.
A correct assessment of the statistical significance of the
Gallium anomaly can be done by taking into account
the large uncertainties of the transitions to the two ex-
cited states of 71Ge [8–10]. The most reliable estimate of
these transitions and their uncertainties have been done
by Haxton in Ref. [10], leading to the total cross section
for a 51Cr source

σH(
51Cr) = (63.9± 6.8)× 10−46 cm2 . (9)

• The number of observed 
Ge-71 is lower than 
predicted 

• Excess of events at low E 
(hard to describe with 
3+1 fits)



Short Baseline Experiments

5

• The goal of SBL experiments is to test 
the possible existence of a (new) mass 
square difference Δm2 ~1 eV2

Physics behind the phenomenology: Discussed by PH in 
previous talk, see also talk by Dimitry Gourbanov

Global 3+1 Fit

Our Fit Kopp, Machado, Maltoni, Schwetz
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3+1
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90.00% CL
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3+1 − 3σ
νe DIS
νµ DIS
DIS
APP

GoF = 5%

PGoF = 0.1%

GoF = 19%

PGoF = 0.01%

[Kopp, Machado, Maltoni, Schwetz, JHEP 1305 (2013) 050]

C. Giunti − Status of Light Sterile Neutrinos − EPS-HEP 2015 − 23 July 2015 − 7/15

Sterile Neutrinos from Physics Beyond the SM

! Neutrinos are special in the Standard Model: the only neutral fermions

! Active left-handed neutrinos can mix with non-SM singlet fermions often
called right-handed neutrinos Neutrino Portal [A. Smirnov, arXiv:1502.04530]

! Light anti-νR are light sterile neutrinos

νc
R
→νsL (left-handed)

! Sterile means no standard model interactions
[Pontecorvo, Sov. Phys. JETP 26 (1968) 984]

! Active neutrinos (νe , νµ, ντ ) can oscillate into light sterile neutrinos (νs)
! Observables:

! Disappearance of active neutrinos (neutral current deficit)

! Indirect evidence through combined fit of data (current indication)

! Short-baseline anomalies + 3ν-mixing:

∆m2
21 ≪ |∆m2

31| ≪ |∆m2
41| ≤ . . .

ν1 ν2 ν3 ν4 . . .
νe νµ ντ νs1 . . .

C. Giunti − Status of Light Sterile Neutrinos − EPS-HEP 2015 − 23 July 2015 − 4/15

Beyond Three-Neutrino Mixing: Sterile Neutrinos

ν1

m2
1 logm2m2

2

ν2 ν3

m2
3

νe

νµ

ντ
νs1 · · ·

ν4 ν5 · · ·

m2
4 m2

5

νs2

3ν-mixing

∆m2
ATM ∆m2

SBL∆m2
SOL

Terminology: a eV-scale sterile neutrino
means: a eV-scale massive neutrino which is mainly sterile

C. Giunti − Status of Light Sterile Neutrinos − EPS-HEP 2015 − 23 July 2015 − 3/15



Experimental attack
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• Test gallium anomaly with another, high precision, source + solar 
neutrino detector experiment (SOX)  

• Test reactor anomaly with very short baseline experiments capable of 
measuring the oscillation in the detector itself (SOLID, STEREO)    

• Test the MiniBooNE signal with another experiment using the same 
beam, capable of clarifying the low energy excess (MicroBooNE, 
ICARUS) —not covered in this talk  

• Some existing experiments are also sensitive to 1 eV sterile neutrinos 
(MINOS, Nova, Opera, IceCube…)  —not covered in this talk: se talk by 
Luca Stanco 



Short distance Oscillations with BoreXino (SOX)
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Detection concept
1) ⌫̄e interact via inverse beta decay:

prompt e+/e� annihilation + delayed neutron absorption (2.2MeV)
2) scintillation photons detected by PMTs (energy and time-of-flight)

5% energy resolution – 10 cm spatial resolution (at 1MeV)

3) measurement of count rate vs energy/position
4) ⇠ 104 signal events in 1.5 yr (background free)

144Ce144Ce

V

L

5% energy res
10 cm spatial res

Matteo Agostini (TU Munich & GSSI) 4



144Ce source – emitted flux

• 100–150 kCi activity (> 1015 ⌫̄e/s)

• �� decay chain:
144Ce !144 Pr + e� + ⌫̄e

&
144Nd + e� + ⌫̄e

• T1/2(
144Ce) = 285 d

• T1/2(
144Pr) = 17m

144Ce
144Pr

144Nd

696
keV

17 mn
285 d

ß-
< 318 keV

ß- < 2996 keV
97.9 %

ß- < 913 keV
1 %

ß- < 2301 keV
1 %

γ
2185 keV

0.7 % • Q-value(144Ce) = 0.3MeV

• Q-value(144Pr) = 3MeV

• detection via inverse beta decay

Matteo Agostini (TU Munich & GSSI) 3
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Sterile neutrino signature

No oscillations �m2
41=2 eV2 ! oscillations within detector

1 1.2 1.4 1.7 1.9 2.1 2.3

3579111315
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[Cribier et al., PRL 107, 201801 (2011)] P(⌫̄e ! ⌫̄e) = 1� sin2(2✓ee) sin2
�m2

41L
4E

Rate analysis of ⌫̄e events:

� particularly sensitivity for �m2
41 >eV2

� needed accurate estimate of source activity

Shape analysis (oscillatory pattern):

� very robust for �m2
41 ⇠eV2

� smoking gun signature

Matteo Agostini (TU Munich & GSSI) 5
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Analysis and sensitivity

)14θ(22 sin
-210 -110

]2
 [e

V
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m
∆ 

-110
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10

Ce - 100kCi - 1.5y - 4.25m, 95% CL144

 = 1%hσrate only,  = inf.hσshape only, 

 = 1%hσrate + shape, anomalies, 95% CL

anomalies, 99% CL Best Fit, PRD 88 073008 (2013)

— shape-only

— rate-only

— rate+shape

Matteo Agostini (TU Munich & GSSI) 6

Data taking starts in late 2016

10



STEREO and SOLID
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The'STEREO'experiment'

Vienna'23/07/15'''''''''''''''''''''
EPS'HEP'2015'

Pablo'del'Amo'Sánchez,''''''''''''''''''''''''''''
LAPP'R'IN2P3'R'CNRS/'U.'Savoie'Mont'Blanc' 3'

Closest'cell'
Furthest'cell'

•  Not'just'another'flux'measurement:'in'very'short'baselines,'
search'for'oscillaKon'imprint'on'ν'energy'spectrum'

8'm'

ILL'reactor'
core'

μ'veto'

Polyethylene'

Pb'

Liquid'scinKllator'

PMTs'



Detection concept (STEREO)
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The'STEREO'detector'

•  ν'detecKon'via'inverse'beta'decay:''

•  Signature:'prompt'(e+'annihilaKon)'

AND'delayed'(n'capture'on'Gd)'~'15'μs'later'

'

•  E(ν)'≈'E(prompt)'+'0.78'MeV'

•  Good'energy'resoluKon!'
Vienna'23/07/15'''''''''''''''''''''
EPS'HEP'2015'

Pablo'del'Amo'Sánchez,''''''''''''''''''''''''''''
LAPP'R'IN2P3'R'CNRS/'U.'Savoie'Mont'Blanc'

4'

νe + p→ e+ + n
n+Gd→Gd +γs
e+ + e− → γγ

Σγ'≈'8'MeV'

•  Segmented'detector'(6'cells)'!'L'dependence'

•  2m3'GdRloaded'target'surrounded'by'unloaded'

liquid'scinKllator'to'recover'escaping'γ’s'

GdRloaded'liquid'scinKllator'

Not'
loaded'
liquid'
scint'

Not'
loaded'
liquid'
scint'

PMTs'



Detection concept (Solid)
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Composite scintillator to detect IBD events

5 cm

PVT

6LiF:ZnS(Ag)

n

5 cm time (15.38 ns)
0 50 100 150 200 250

si
gn

al
 (A

D
C

)

0

100

200

300

400

500

600

700

800

Example EM waveform

horizontal waveform

vertical waveform

preliminary∂SoLi

Example EM waveform

time (15.38 ns)
0 50 100 150 200 250

si
gn

al
 (A

D
C

)

0

50

100

150

200

250

300

350

400

Example neutron waveform

horizontal waveform

vertical waveform

preliminary∂SoLi

Example neutron waveform

Both scintillation signals captured in 3× 3 mm square wavelength
shifting optical fibres

Scintillation signal detected by 3× 3 mm silicon photomultipliers

N. Ryder (Oxford) The SoLid Experiment EPS HEP, 23 Jul 2015 5 / 16

On behalf of the SoLid collaboration

50 collaborators from Belgium, France, UK and US.
Open to new collaborators: contact Antonin.Vacheret@physics.ox.ac.uk

N. Ryder (Oxford) The SoLid Experiment EPS HEP, 23 Jul 2015 2 / 16



Backgrounds
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• Dominant backgrounds from 
neutrons and gammas 
produced in the reactor(s)  

• STEREO approach relies on 
shielding and PSD   

• SOLID approach relies on 
background characterisation 
using detector segmentation 

• Two different reactors: 
different backgrounds, 
systematics. Good! 

Backgrounds'
•  On'site'measurements'(γ,'n,'μ)'

•  High'γ'and'n'flux'from'reactor'
•  nfast'!'p'recoil'(prompt)'+'n'capture'(del.)'
•  Shield'STEREO'from'them:'

–  Concrete+Pb'plug'for'neutron'line'
–  B4C'and'Pb'on'walls'of'nearby'sources'
–  CH2'and'Pb'envelope'around'detector'

•  PSD'in'liquid'scinKllator'for'nfast'
•  nfast'from'cosmic'rays'

–  Water'channel'overburden'(15'mwe)'
–  Muon'veto'above'detector'
–  Reactor'OFF'measurement'

•  Check'background'models'by'shixing'
detector'along'axis'

Vienna'23/07/15'''''''''''''''''''''
EPS'HEP'2015'

Pablo'del'Amo'Sánchez,''''''''''''''''''''''''''''
LAPP'R'IN2P3'R'CNRS/'U.'Savoie'Mont'Blanc' 7'

Borated'CH2'

Muon'detector'

Pb'
Borated'CH2'

PSD'

High segmentation to discriminate IBD from backgrounds

 

N. Ryder (Oxford) The SoLid Experiment EPS HEP, 23 Jul 2015 6 / 16

IBD candidates

)

N. Ryder (Oxford) The SoLid Experiment EPS HEP, 23 Jul 2015 11 / 16



Sensitivity to 3+1 neutrino oscillations 
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Sensitivity to 3 + 1 sterile neutrino oscillations

Phase I, 1yr 2t 14

Phase II, 3yr 2t 14 1t 6

10 2 10 1 100
10 2

10 1

100

101

102

sin22

m
2

e
V

2

95 CL

3 CL

95 CL

SoLi PRELIMINARY

arXiv:1303.3011 RAA Gallium

1 calendar year corresponds 150 days of reactor on

N. Ryder (Oxford) The SoLid Experiment EPS HEP, 23 Jul 2015 15 / 16

Sensitivity

)14θ(22 sin
-210 -110

]2
 [e
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-210
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1

10

Cr - combined analysis - 95% CL51Ce + 144

Ce - 100kCi - 1.5y - 95% CL144

Cr - 10MCi - 100d - 95% CL51  
PRD 88 073008 (2013) - global fit - 95% CL
PRD 88 073008 (2013) - global fit - 99% CL

PRD 88 073008 (2013) - best fit value

PRELIMINARY

Matteo Agostini (TU Munich & GSSI) 13

Expected'sensiKvity'

Vienna'23/07/15'''''''''''''''''''''
EPS'HEP'2015'

Pablo'del'Amo'Sánchez,''''''''''''''''''''''''''''
LAPP'R'IN2P3'R'CNRS/'U.'Savoie'Mont'Blanc' 12'

"  300'days,'~480'νe/day'

"  L0'='10.0'm'

"  Eprompt>2'MeV'
''''''Edelayed>5'MeV'

"  δEscale'='2%'

"  All'syst.'of'predicted'spectra'

"  S/B'='1.5,'1/E'+'flat'

"  Norm:'
R'3.7%'absolute'norm.'
R'1.7%'relaKve'norm.'between'
cells'

• High discovery potential! The elusive sterile 
neutrino could very well be catch in the next 
few years! 

SOLID STEREO

SOX



β-decay experiments
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End-point of β decay
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• The presence of a massive neutrino affects 
the shape of the electron energy distribution 
(very) near the end point. 

• Measurement is “model independent”. 
• One measures mνe (an incoherent sum of 

mass eigenstates)

3Volker Hannen, ICHEP 2012, 5.7.2012

β-decay: absolute ν-mass

model independent, kinematics

status: m
ν
 < 2.3 eV

potential: m
ν
 ≈ 200 meV

e.g.: KATRIN, MARE-II

0νββ-decay: eff. Majorana mass

model-dependent (CP-phases)

status:   m
ββ

 ≤ 140 - 380 meV 

potential:  m
ββ

 ≈ 20-50 meV

e.g.: GERDA, CUORE, EXO, SNO+, Majorana,
         Nemo 3, COBRA, KamLAND-Zen

cosmology: ν hot dark matter Ω
ν

model dependent, analysis of LSS data

status:   Σm
ν
 < 440 meV (Hannestad et al., 

       JCAP08(2010)001)

potential:  Σm
ν
 ≈ 20-50 meV

e.g.: WMAP, SDSS, LSST, Planck

neutrino mass

measurements

m
ν m

ββ

Σm
i

Search for neutrino mass

(EXO-200),

arXiv:1205.5608v1 

4Volker Hannen, ICHEP 2012, 5.7.2012

Requirements
● low endpoint energy
● high count rate
● high energy resolution
● very low background

Tritium

● E
0    

= 18.6 keV

● T
1/2

 = 12.3 a

● superallowed transition
● simple electronic structure

 

(modified by final states, recoil corrections, 

radiative corrections)

T-decay

me
=∑

i=1

3

∣U ei∣
2
mi
2C=

GF

2

23
cos

2C∣M∣2

d 

dE
=C p EmeE0−E Eo−E 2−me

2
F Z1, E E0−E−me



Kinematic determination of m(ν
e
)



KATRIN
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Institute for Nuclear Physics (IKP) 5 

KATRIN experiment 

Florian Fränkle, “Status of the neutrino mass experiments KATRIN and Project 8” 
Neutrino Physics, EPS+HEP 2015, Vienna, Austria 

24.07.2015 

KArlsruhe TRItium Neutrino experiment 

goal: measure neutrino mass with a sensitivity of 200 meV 

Windowless Gaseous 
Tritium Source 

Differential and 
Cryogenic Pumping 

sections 

Pre-Spectro-
meter Main Spectrometer Detector 

tritium β-decay 
decay rate: 1011 1/s 
T2 pressure: 
10-3 to 10-6 mbar 

β-electron 
transport 
tritium retention 
(factor > 1012) 

energy analysis of β-electrons 
resolution 0.93 eV @ 18.6 keV 
pressure < 10-10 mbar 

counting 
of trans- 
mitted 
β-electrons 

~ 70 m 



Status
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Institute for Nuclear Physics (IKP) 11 

KATRIN status & outlook 

Florian Fränkle, “Status of the neutrino mass experiments KATRIN and Project 8” 
Neutrino Physics, EPS+HEP 2015, Vienna, Austria 

24.07.2015 

Main spectrometer commissioning measurements ongoing (focus on 
backgrounds) 

status: 

All components placed along the 
beamline by the end of this year 

Commissioning of beamline in 2016 

First tritium runs end of 2016 

outlook: Upper limit on mν 



Electron capture and ν mass 
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   1
European Physics Society Conference on High Energy Physics, Vienna, July, 24th 2015 

ECHo Electron Capture and the Neutrino Mass

The       

MI

MII

NI
NII

mn=10 eV

mn=0 eV

The excited atomic shell of daughter nucleus deexcites via
X-rays, Auger electrons and/or Coster–Kronig transitions.
The energy release can be measured calorimetrically. 

  

   2
European Physics Society Conference on High Energy Physics, Vienna, July, 24th 2015 

ECHo 163Ho Electron Capture

The       

MI

MII

NI
NII

mn=10 eV

mn=0 eV

 
Halflife of τ

1/2
 = 4570 a, lowest known Q

EC
 of 2.555(16) keV



Principle of calorimetric measurement 
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   4
European Physics Society Conference on High Energy Physics, Vienna, July, 24th 2015 

ECHo Principles of Calorimetric Measurement

fast coupling phonon–spin

Direct SQUID readout of the change in magnetic flux

Example:

Metallic Magnetic Calorimeter

  

ECHo

Stephan Scholl 

on behalf of the 

ECHo Collaboration

Kepler Center for Astro and Particle Physics, 

Eberhard–Karls–Universität Tübingen  

The

Electron Capture in 163Ho 
experiment

European Physics Society Conference on High Energy Physics, Vienna, July, 24th 2015 

Sensitivity ~10 eV.



ββ0ν-experiments
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Neutrinoless double beta decay

23

n1 n2

e- e-

νββ0ν ν dL uL

W

W

e−L

e−L

dL uL

ν

Neutrinoless mode 
•Requires Majorana neutrinos 
•Not observed yet in Nature 
•>1025 yr half-lives 
•Would signal Beyond-SM physics

 (eV)lightm

-410 -310 -210 -110 1

 (e
V)

ββ
m

-310

-210

-110

1

Inverted ordering

Normal ordering

ν1

ν2

ν3

ν1

ν2

ν3

Measure mββ  ⇔ 
constrain mlight

Majorana ν mass:  
mββ ≡ ｜∑i mi Uei2｜

(Rate)ββ0ν ∝ mββ2

eState with

mass mi

μ
τ

|Uei|2



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. 

(T 0⌫
1/2)

�1 = G0⌫(Q,Z) |M0⌫ |2 m2
��

24

N0⌫ =

a ·NA

mA

log 2

T 0⌫
1/2

✏ ·M · t



Recipe for a 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.

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

2P1/2 
 

2D5/2  

2S1/2 

2D3/2  

2P3/2 
 6p 

5d 

6s 

650 nm 

493 nm 

614 nm 

454 nm 

585 nm 

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

15
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Approaches: Calorimeters
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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

8WIN13, Natal – September 2013 S. Di Domizio for the CUORE collaboration

CUORE assembly

● Copper support structure

● Teflon supports

● Crystals

● Wire trays

All operations performed in glove boxes to avoid radon recontamination

Lucifer 
Lucifer will be composed by an array of  32÷36 enriched (95%)  Zn82Se crystals. 
The total 82Se nuclei will be   (6.7÷8.0) 1025 

The expected background in the ROI (2995 keV) is of the order of 1÷2 10-3 c/keV/kg/y  
The energy resolution of the single detector is expected to be  ∼ 10÷15 keV FWHM 

The mass of the single detector will be 460 g 

GERDA (GE-76) CUORE (TeO2) LUCIFER/MINEUX (ZnSE82)

High resolution 
calorimeters

06-Dec-14 23/1734 Bruce Berger CLASSE Journal Club - March 28, 2014 

Mini-Balloon Inside KamLAND 

KamLAND-ZEN (Xe-136+LS) SNO+ (Te + LS)

Large calorimeters



Approaches: Xenon TPCs

27NEXT (Xe-136) HPXe

Lisa Kaufman Rencontres de Blois 2014 12*

Class 100-1000 
clean room Xe*Vessel*

Vacuum*insulaNon*

HFE*(Heat*transfer*fluid)*

Copper*cryostat*

25cm*enclosure*of*low8
acNvity*lead*

40*cm*

TPC*

cryostat*

  EXO-200 Detector 

44*cm*

EXO 
(Xe-136) LXe

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)



Approaches: Traco-Calo
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Alberto Remoto

Once upon a time: NEMO-3

3

• ββ decay experiment combining tracker and 
calorimetric measurement

• Allows reconstruction of the final state topology 
and particle identification

• Located in the Modane underground laboratory 
(LSM) in the Frejus tunnel at ~4800 m.w.e.

• Measured 10 kg of different ββ isotopes

• Taking data from February 2003 to January 2011

Alberto Remoto

NEMO-3: unique feature

5

50 cm

5
0

 c
m

Y

X

50 cm

5
0

 c
m

Z

R

source

1256 keV sector

832 keV

832 keV

1256 keV

source

Full reconstruction of 2e- kinematics: unique!

Potential discrimination of mechanism behind 0νββ 
decay: angular distribution, single electron spectra

Reconstruction of different final state topologies: 
excellent background rejection

Competitive with the fore-front techniques 
employing much more isotopic mass

NEMO-3 2⌫2� of 100Mo Measurement

50 cm

5
0

 c
m

Y

X

50 cm

5
0

 c
m

Z

R

source

1256 keV sector

832 keV

832 keV

1256 keV

source

I 6.9 kg of 100Mo
I ⇠700 000 2⌫2� events collected
I E�ciency E2⌫ = 4.3 %
I Signal to background ratio S/B = 76
I Preliminary half-life:

T 2⌫
1/2 = 7.16± 0.01 (stat)± 0.54 (syst) 1018 y

compatible with previously published [Phys. Rev. Lett. 95, 182302 (2005)]

E1 + E2 [MeV] Emin [MeV] cos ✓

I 0.7 % systematical uncertainty on the 2⌫2� e�ciency above 2 MeV

Mathieu BONGRAND - LAL - NEUTRINO 2014 13 / 28

Alberto Remoto

SuperNEMO: toward the new generation

8

Extrapolate a well known technique:

• 100 kg of ββ emitter in 20 detection modules 

• Approach Inverted Hierarchy region

The SuperNEMO Experiment 

- Source foil: 
5-7 kg of 82Se (or 150Nd/48Ca) 

- Tracker: 
Drift chamber (2000 cells) 

- Calorimeter: 
500 PMTs & plastic scintillator 

2 

• SuperNEMO is a next-generation 0vββ experiment. 

Source 

Tracker 

Calorimeter Calorimeter 

• Phase 1: Demonstrator Module (7 kg of 82Se) 

• Phase 2: Up to 20 identical modules (100 kg of source) 

CalorimeterTrackerCalorimeter

ββ source
Bfield

NEMO-3 SuperNEMO

Efficiency

Isotope

Exposure

Energy res.

208Tl (source)

214Bi (source)

Rn (in tracker)

⟨mν⟩

18% ~30%

7 kg 100Mo ~100 kg 82Se 
(150Nd, 48Ca)

35 kg y ~500 kg y

8% @ 3 MeV 4% @ 3 MeV

~100 µBq/kg < 2 µBq/kg

~ 300 µBq/kg < 10 µBq/kg

5 mBq/m3 0.15 mBq/m3

0.33 - 0.62 eV 0.04 - 0.1 eV

[Eur. Phys. J. C70: 927-943,2010]

Demonstrator → 7 kg 82Se running ~2.5 y

• To be installed @ LSM (replacing NEMO-3)

• Match SuperNEMO requirements

• Sensitivity:  ⟨mν⟩ ~ 0.20 - 0.40 eV

Alberto Remoto 11

Assembling optical modules Calorimeter main wall

Geiger cell production

Tracker module ready for shipment

At LSM (the Frejus Tunnel) 

#  Installation at LSM in 2015-2016 
#  Commissioning in 2016 
#  External backgrounds run 

(passive shielding off end 2016 
#  ββ physics run start 2017 

Karol*Lang*(University*of*Texas*at*Aus8n)*******CERN,*June*16,*2015* 41"

Now at LSM

Populating the tracker

Geiger cell production

82Se foil prototype



GERDA 
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Shielding strategy and apparatus

• bare Ge detectors in liquid Argon (LAr)
• shield: high-purity LAr/H2O

• radio-pure material selection
• deep underground (LNGS, 3800 m.w.e.)

[EPJ C 73 (2013) 2330]

Matteo Agostini (TU Munich & GSSI) 3

•a: expensive 
•ε: > 80 % 
•Mt: no economy of 
scale 
•ΔE Excellent (0.2 % 
FWHM) 
•b 10-2 (I) - 10-3 (II) 
ckky)

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B
Very mature technique, long 
operational experience: all 
parameters demonstrated 

GERDA collaboration

Matteo Agostini (TU Munich & GSSI) 1

Unblinding: spectrum around Q��

[PRL 111, 122503 (2013)] ⇤ w/o PSD

⌅ w/ PSD⇤
• number of counts (after PSD):

expected from bkg: 2.5
observed (Q��±5 keV): 3

• data compatible with bkg only
• no indication for a signal

Bounded profile likelihood analysis:

• best fit for N0⌫�� = 0 signal cts

• N0⌫�� < 3.5 cts at 90% C.L.

• T

0⌫
1/2 > 2.1 · 1025 yr (90% C.L.)

• MC Median sensitivity (for no signal):
T

0⌫
1/2 > 2.4 · 1025 yr (90% C.L.)

Matteo Agostini (TU Munich & GSSI) 7

Unblinding: spectrum around Q��

[PRL 111, 122503 (2013)] ⇤ w/o PSD

⌅ w/ PSD⇤
• number of counts (after PSD):

expected from bkg: 2.5
observed (Q��±5 keV): 3

• data compatible with bkg only
• no indication for a signal

Bounded profile likelihood analysis:

• best fit for N0⌫�� = 0 signal cts

• N0⌫�� < 3.5 cts at 90% C.L.

• T

0⌫
1/2 > 2.1 · 1025 yr (90% C.L.)

• MC Median sensitivity (for no signal):
T

0⌫
1/2 > 2.4 · 1025 yr (90% C.L.)

Matteo Agostini (TU Munich & GSSI) 7



CUORE
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•a: Uses natural Te 
•ε: > 80 % 
•Mt: Large mass 
•ΔE Excellent (0.2 % 
FWHM) 
•b  (5.8 x10-2 ckky 
(CUORE-0 in ROINeutrinoless double beta decay results from 

 CUORE-0 and status of the CUORE experiment  

F. Terranova on behalf of the CUORE Collaboration  

LNGS - Italy 

988 crystals 
arranged in 19 

towers 
741 kg total mass  
 206 kg of 130Te 

CUORE 

3 

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B
Technique and background well understood 
thanks to CUORICINO and CUORE0 

Neutrinoless double beta decay results from 
 CUORE-0 and status of the CUORE experiment  

F. Terranova on behalf of the CUORE Collaboration  

Neutrino-less double beta decay results from CUORE-0 
After selection cuts: 233 events in ROI [2470-2570 keV]. 

Best value fit of the 0νbb decay rate: Г0ν= 0.01 ± 0.12(stat.) ± 0.01(syst.) x 10-24 yr-1 

Background index in ROI: 0.058 ± 0.004(stat.) ± 0.002(syst.) c/keV/kg/y 

  CUORE-0  90% C.L.  lower limit from 
profile likelihood:  

yrT 240
1/2 107.2 n

CUORE-0 results combined with the existing 
19.75 kg· yr of 130Te exposure from Cuoricino  

yrT 241004  .0
1/2
n

K. Alfonso et al. [CUORE Coll.], arXiv:1504.02454  8 



KamLAND-ZEN/SNO+
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•a: Xenon-136 is 
cheap (SNO+ uses 
natural Te) 
•ε:  ~50 % (need 
strict fiducial cuts, 
relatively poor 
spacial resolution) 
•Mt: Large mass 
•ΔE  Poor (~10 
%FWHM) 
•b  5x10-4 ckky

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B KAMLAND: Operational experience 
SNO+: Detector very well understood 
NEW in the bb0n business (See talk by 
G. Prior on SNO+)

KamLAND-Zen Experiment 

6/11/2013 8 CYGNUS2013 

Xe advantage 

R1.54m 

Mini-Balloon 
25𝜇m thickness nylon film, 17m3 volume 

Xe loaded LS 
PC(18%,) Decan(82%), PPO(2.7g/ℓ𝓁) 

+ Xe gas(2.44wt%) 136Xe 91% enriched  

1. Isotopic enrichment is available  
2. Purification method is established  
3. Solubility to LS >3 wt% 
4. Slow 2𝜈 rate so good separation 

with 0𝜈 

Simulation 

𝑚 = 150meV,  Xe:400kg 
+ Large scale and Low BG  
   of KamLAND 

T1/2 > 1.9⇥ 1025 y



EXO
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•a: Xenon-136 is cheap  
•ε:  > 50 % (self-
shielding) 
•Mt: Economy of scale 
•ΔE  Moderate (3.6 % 
FWHM) 
•b  5x10-3 ckky

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

Detector well understood, operational 
experience, room to improve technology (e.g, 
APDs vs SiPMs) all parameters demonstrated 

DOE, 27 Feb 2015 GG, Status of nEXO 9 

T1/2
0νββ>1.1∙1025yr (90%CL) 

 
<mν> < 190 – 450 meV 
 
Average T1/2

0νββ sensitivity: 
 
1.9∙1025 yr 
 
J.B.Albert et al. (EXO-200) 
   arXiv:1402.6956 (27 Feb 2014) 
   Nature 510 (2014) 229 
 
 
A. Gando et al. (KamLAND-ZEN) 
   PRL 110 (2013) 062502 
 
M. Agostini et al. (GERDA) 
   PRL 111 (2013) 122503  
 

… and 0νββ decay in EXO-200 



NEXT
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•a: Xenon-136 is cheap  
•ε:  ~ 30 % (Bremss, 
topology) 
•Mt: Economy of scale 
•ΔE  Good (0.5 % 
FWHM at Qbb) 
•b  Excellent 5x10-4 
ckky

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

Resolution and topological signature from 
DEMO and DBDM prototypes, background 
model pure MC, NEW detector online in 2016 
should gain experience (See talk by Pau Novella)

Pisameet 2012  13 

How was this 1% result obtained? 

 

Data from 
LBNL-TAMU 
HP Xe TPC 

 

This result is 
important for 
both 0-νββ & 
WIMP searches 

 

 

662 keV, 
ionization 
signal only 



Super-NEMO
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•a: Se-82 foils, 
expensive  
•ε:  ~ 30 %  
•Mt: Economy of scale 
•ΔE  Moderate (4 % 
FWHM) 
•b  Excellent 5x10-4 
ckky

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

Experience from NEMO-3, DEMONSTRATOR 
online in 2016-2017 should gain experience. 

Alberto Remoto
remoto@in2p3.fr

Laboratoire d’Annecy-le-vieux de Physique des Particules

Latest  resu l ts  f rom 
NEMO-3 and sta tus 
o f  SuperNEMO

On behalf of the NEMO-3/SuperNEMO collaboration



Forerunners
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4

Limit on T 0ν
1/2 (1024 y)

Experiment Publ. Obs. Exp. ±1σ range 1−CLb
130Te:
cuoricino 2.8 [8] 2.8 2.9 2.0 – 4.2 0.474
cuore-0 2.7 [9] 3.0 3.0 2.1 – 4.3 0.520
Combined 4.0 [9] 4.4 4.3 2.9 – 6.2 0.513
136Xe:
exo-200 11 [6] 13 21 14 – 30 0.131
kamland-zen 19 [7] 17 11 7 – 15 0.918
Combined — 21 24 16 – 34 0.360
76Ge:
gerda 21 [5] 20 21 14 – 29 0.450
100Mo:
nemo-3 1.1 [11] 1.1 0.9 0.6 – 1.4 0.634

TABLE I: The published limits on T 0ν
1/2 for each experiment

are compared to the calculated observed and expected limits.
The ±1σ range around the expected limit and the 1−CLb

value of the data are also shown.

cuore-0 Collaboration is 10% lower than the limit we
derive. Since cuoricino and cuore-0 are two phases of
the same experiment, we only use the combined cuore
limit to perform our remaining analysis.
The observed limits are also compared to the median

expected limits and the corresponding ±1σ range around
the median expected limits. All observed limits lie within
the ±1σ band, except for the kamland-zen result, where
the observed limit of T 0ν

1/2 = 17 × 1024 y is about 1.5σ
better than the expected limit, corresponding to 1−CLb

of 0.918. This is caused by the deficit of data compared
to the background expectation in the signal region.

IV. NUCLEAR MATRIX ELEMENTS

We derive limits on the effective neutrino mass for dif-
ferent NME calculations, which are summarized in Ta-
ble II. The five different models used in the combina-
tion are the Generating Coordinate Method (GCM) [18],
the Interacting Boson Model (IBM-2) [19], the Inter-
acting Shell Model (NSM) [20], and three models using
the Quasiparticle Random-Phase Approximation: (i) the
QRPA model using four different sub-calculations based
on the Argonne V18 (A) or charge-dependent Bonn (B)
nucleon-nucleon potentials with an older (old) or newer
(new) version of the parametrization of the particle-
particle interactions [21], (ii) the proton-neutron QRPA
model (pnQRPA) [22], and (iii) a QRPA model that uses
its renormalized version for evaluating uncertainties, la-
belled (R)QRPA [23].
The model calculations predict values for the NMEs

which can differ by up to a factor of ≈ 2 for a particular
isotope. The NSM model predicts the smallest NMEs for
all isotopes, apart from 100Mo which is not evaluated in
this calculation, whereas the models differ in their pre-
dictions of the isotopes with the largest NMEs.
The (R)QRPA and the IBM-2 calculations also provide

uncertainties on the NMEs. The IBM-2 model uncertain-
ties on the NMEs are 16%, which we have assumed to be
fully correlated across isotopes. The (R)QRPA model in-
cludes a correlation matrix between isotopes, which we
take into account in the limit setting. The uncertainties
are evaluated in Ref. [23] by using (i) two values of the
weak axial-vector coupling parameter, gA = 1 and 1.25,
(ii) two different approaches to short-range correlations,
(iii) two many-body models, QPRA and RQPRA, and
(iv) three different sets of single-particle states. The un-
certainties also include the experimental uncertainties on
the particle-particle coupling constant gpp extracted from
2νββ data. The resulting 24 combinations are used to ex-
tract correlation coefficients from the error ellipses which
cover the full range of possible outcomes. For our exper-
imental combination, we reinterpret these model uncer-
tainties as Gaussian uncertainties by reducing them by
a factor of 0.68. We quote the reduced uncertainties in
Table II.
The phase space factors G0ν are taken from a recent

calculation [24]. We set the weak axial-vector coupling
parameter to gA = 1.27. The uncertainties on the phase
space factors originate from the uncertainties on the Q
values and the nuclear radius. The uncertainty on the
nuclear radius dominates and leads to an uncertainty on
the phase space factor G0ν of ≈ 7%.

V. RESULTS

Only in the case of 136Xe, two independent experi-
ments, kamland-zen and exo-200, measured the same
isotope. Their data can be combined directly without
using NMEs to derive a limit on T 0ν

1/2. The combination

yields a limit of T 0ν
1/2 > 2.1× 1025 y, which is dominated

by the exo-200 measurement due to the higher exposure
compared to kamland-zen. This observed value is less
stringent than the previously published combined value
of T 0ν

1/2 > 3.4×1025 y [7] based on a smaller exo-200 data

set [17], which displays a downward fluctuation of the
data relative to the background expectation. The com-
bined sensitivity, given by the median expected limit, has
improved from T 0ν

1/2 = 1.6× 1025 y to T 0ν
1/2 = 2.4× 1025 y

due to the increased exposure.
To combine results for multiple isotopes, we include

the effects of NMEs. We show an example in Fig. 2 for
the GCM calculation. The results for mββ are shown
for each individual experiment, ordered by their sensi-
tivities using this model. The combined observed limit is
mββ < 130 meV for an expected limit ofmββ < 130 meV,
which improves upon the best individual limit obtained
by kamland-zen of mββ < 150 meV and the best indi-
vidual expected limit by exo-200 of mββ < 140 meV.
All limits are given at the 90% CL. Since the mass limit
depends on the fourth root of the exposure, these im-
provements corresponds to an increase in exposure by a
factor of 1.4–1.6.
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FIG. 1: Energy distributions for signal and background used as input for the combination with their statistical uncertainties:
(a) cuoricino, (b) cuore-0, (c) exo-200, (d) kamland-zen, (e) gerda, and (f) nemo-3 data. The signal distributions are
normalized to represent the 90% CL observed limits.

other backgrounds.

We expect small differences between our method and
the published results, since we use a different limit set-
ting procedure and only a single input distribution for
each experiment. As a first step designed to validate our
method, we determine the lower limits on the half-lives
at the 90% CL and compare them to the values published
by the collaborations (see Table I). The results for 76Ge
and 100Mo are in very good agreement with the pub-
lished values. The half-life limit for the exo-200 data

are 15% − 20% higher with our limit setting method,
whereas the result for kamland-zen is about 10% lower.
We observe the same effect for a previously published
exo-200 result [17], which has also been used by the
kamland-zen Collaboration to set a combined limit for
136Xe [7]. We combine the same two 136Xe data sets and
obtain a limit of T 0ν

1/2 = 34× 1024 y, in perfect agreement
with the published kamland-zen combination.

We also obtain perfect agreement for the cuoricino
result using 130Te, while the limit on T 0ν

1/2 obtained by the

P. Guzowski et al, Phys. Rev. D 92, 012002
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Isotope Phase Space Nuclear Matrix Element Models
Factor G0ν GCM IBM-2 NSM QRPA [21] pnQRPA [22] (R)QRPA [23]

(10−14y−1) [24] [18] [19] [20] A-old A-new B-old B-new NME Rel. Unc. Correlation Matrix
76Ge 0.615 4.60 4.68 2.30 5.812 5.157 6.228 5.571 5.26 4.315 0.191 1
100Mo 4.142 5.08 4.22 — 5.696 5.402 6.148 5.850 3.90 3.184 0.254 0.973 1
130Te 3.699 5.13 3.70 2.12 4.306 3.888 4.810 4.373 4.00 3.148 0.247 0.899 0.862 1
136Xe 3.793 4.20 3.05 1.76 2.437 2.177 2.735 2.460 2.91 1.795 0.293 0.805 0.747 0.916 1

TABLE II: Phase space factors for gA = 1.27 for the four isotopes, values of the nuclear matrix elements for the GCM, IBM-2,
NSM, QRPA, pnQRPA, and for the (R)QRPA NME calculation, together with the relative uncertainties on the (R)QRPA
NMEs and their correlation matrix. The relative uncertainties quoted for the IBM-2 calculation are 0.16 for each isotope.
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FIG. 2: Individual experiment effective mass limits, and the
combined limit, using the GCM model.

Using the GCM model, the cuore and gerda data
have sensitivities of mββ = 250 meV and 310 meV, re-
spectively, while the two experiments using 136Xe have
the best sensitivities in the range mββ = 140–190 meV.
Figure 3 shows the observed and expected limits for each
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FIG. 3: Observed and expected limit on mββ for the different
experiments and NME models without NME model uncer-
tainties.

NME model and experiment separately. For this compar-
ison, NME uncertainties are not taken into account, since

only some of the calculations provide them. The ordering
of the experimental sensitivities changes with the NME
model used to derive the mββ limit, further emphasising
the need for using a range of isotopes to search for 0νββ
decays.
The coefficients of the correlation matrix provided by

the (R)QRPA calculations for the four isotopes consid-
ered here range from 0.747 to 0.973 (see Table II). To
study the effect of these correlations, we derive the limits
on mββ assuming no NME uncertainties, the full cor-
relation matrix, and a single correlation coefficient for
all isotope combinations ranging from −0.3 to 1. The
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FIG. 4: Limit onmββ as a function of a single correlation coef-
ficient ρ in the (R)QRPAmodel. The lines at mββ = 250 meV
and 290 meV represent the limits without uncertainties and
with the full correlation matrix of the (R)QRPA model, re-
spectively. The red line shows the range of correlation coeffi-
cients.

results are shown in Fig. 4. Using no NME uncertain-
ties yields a limit of mββ < 250 meV, which increases
to mββ < 290 meV once the model uncertainties and
the full correlation matrix are taken into account, and to
mββ < 300 meV assuming 100% correlation between the
NME uncertainties for the different isotopes. The vari-
ation in limits of ≈ 40 − 50 meV is comparable to the
range observed for the different model assumptions with
the QPRA calculation, which are expected to represent
similar model uncertainties.
In Table III, we show the combined limits on mββ for
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Isotope Phase Space Nuclear Matrix Element Models
Factor G0ν GCM IBM-2 NSM QRPA [21] pnQRPA [22] (R)QRPA [23]

(10−14y−1) [24] [18] [19] [20] A-old A-new B-old B-new NME Rel. Unc. Correlation Matrix
76Ge 0.615 4.60 4.68 2.30 5.812 5.157 6.228 5.571 5.26 4.315 0.191 1
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TABLE II: Phase space factors for gA = 1.27 for the four isotopes, values of the nuclear matrix elements for the GCM, IBM-2,
NSM, QRPA, pnQRPA, and for the (R)QRPA NME calculation, together with the relative uncertainties on the (R)QRPA
NMEs and their correlation matrix. The relative uncertainties quoted for the IBM-2 calculation are 0.16 for each isotope.
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FIG. 2: Individual experiment effective mass limits, and the
combined limit, using the GCM model.

Using the GCM model, the cuore and gerda data
have sensitivities of mββ = 250 meV and 310 meV, re-
spectively, while the two experiments using 136Xe have
the best sensitivities in the range mββ = 140–190 meV.
Figure 3 shows the observed and expected limits for each
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FIG. 3: Observed and expected limit on mββ for the different
experiments and NME models without NME model uncer-
tainties.

NME model and experiment separately. For this compar-
ison, NME uncertainties are not taken into account, since

only some of the calculations provide them. The ordering
of the experimental sensitivities changes with the NME
model used to derive the mββ limit, further emphasising
the need for using a range of isotopes to search for 0νββ
decays.
The coefficients of the correlation matrix provided by

the (R)QRPA calculations for the four isotopes consid-
ered here range from 0.747 to 0.973 (see Table II). To
study the effect of these correlations, we derive the limits
on mββ assuming no NME uncertainties, the full cor-
relation matrix, and a single correlation coefficient for
all isotope combinations ranging from −0.3 to 1. The
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FIG. 4: Limit onmββ as a function of a single correlation coef-
ficient ρ in the (R)QRPAmodel. The lines at mββ = 250 meV
and 290 meV represent the limits without uncertainties and
with the full correlation matrix of the (R)QRPA model, re-
spectively. The red line shows the range of correlation coeffi-
cients.

results are shown in Fig. 4. Using no NME uncertain-
ties yields a limit of mββ < 250 meV, which increases
to mββ < 290 meV once the model uncertainties and
the full correlation matrix are taken into account, and to
mββ < 300 meV assuming 100% correlation between the
NME uncertainties for the different isotopes. The vari-
ation in limits of ≈ 40 − 50 meV is comparable to the
range observed for the different model assumptions with
the QPRA calculation, which are expected to represent
similar model uncertainties.
In Table III, we show the combined limits on mββ for
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Isotope Phase Space Nuclear Matrix Element Models
Factor G0ν GCM IBM-2 NSM QRPA [21] pnQRPA [22] (R)QRPA [23]

(10−14y−1) [24] [18] [19] [20] A-old A-new B-old B-new NME Rel. Unc. Correlation Matrix
76Ge 0.615 4.60 4.68 2.30 5.812 5.157 6.228 5.571 5.26 4.315 0.191 1
100Mo 4.142 5.08 4.22 — 5.696 5.402 6.148 5.850 3.90 3.184 0.254 0.973 1
130Te 3.699 5.13 3.70 2.12 4.306 3.888 4.810 4.373 4.00 3.148 0.247 0.899 0.862 1
136Xe 3.793 4.20 3.05 1.76 2.437 2.177 2.735 2.460 2.91 1.795 0.293 0.805 0.747 0.916 1

TABLE II: Phase space factors for gA = 1.27 for the four isotopes, values of the nuclear matrix elements for the GCM, IBM-2,
NSM, QRPA, pnQRPA, and for the (R)QRPA NME calculation, together with the relative uncertainties on the (R)QRPA
NMEs and their correlation matrix. The relative uncertainties quoted for the IBM-2 calculation are 0.16 for each isotope.
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FIG. 2: Individual experiment effective mass limits, and the
combined limit, using the GCM model.

Using the GCM model, the cuore and gerda data
have sensitivities of mββ = 250 meV and 310 meV, re-
spectively, while the two experiments using 136Xe have
the best sensitivities in the range mββ = 140–190 meV.
Figure 3 shows the observed and expected limits for each
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FIG. 3: Observed and expected limit on mββ for the different
experiments and NME models without NME model uncer-
tainties.

NME model and experiment separately. For this compar-
ison, NME uncertainties are not taken into account, since

only some of the calculations provide them. The ordering
of the experimental sensitivities changes with the NME
model used to derive the mββ limit, further emphasising
the need for using a range of isotopes to search for 0νββ
decays.
The coefficients of the correlation matrix provided by

the (R)QRPA calculations for the four isotopes consid-
ered here range from 0.747 to 0.973 (see Table II). To
study the effect of these correlations, we derive the limits
on mββ assuming no NME uncertainties, the full cor-
relation matrix, and a single correlation coefficient for
all isotope combinations ranging from −0.3 to 1. The
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FIG. 4: Limit onmββ as a function of a single correlation coef-
ficient ρ in the (R)QRPAmodel. The lines at mββ = 250 meV
and 290 meV represent the limits without uncertainties and
with the full correlation matrix of the (R)QRPA model, re-
spectively. The red line shows the range of correlation coeffi-
cients.

results are shown in Fig. 4. Using no NME uncertain-
ties yields a limit of mββ < 250 meV, which increases
to mββ < 290 meV once the model uncertainties and
the full correlation matrix are taken into account, and to
mββ < 300 meV assuming 100% correlation between the
NME uncertainties for the different isotopes. The vari-
ation in limits of ≈ 40 − 50 meV is comparable to the
range observed for the different model assumptions with
the QPRA calculation, which are expected to represent
similar model uncertainties.
In Table III, we show the combined limits on mββ for
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NME mobs
ββ mexp

ββ Improvement p value
(meV) (meV) Limit Sensitivity (HM)

GCM 130 120 14% (K) 10% (E) 0.001
IBM-2:
no unc. 170 170 16% (K) 12% (E) 0.010
with unc. 190 180 16% (K) 13% (E) 0.021
NSM 310 290 14% (K) 10% (E) 0.003
QRPA:
A-new 200 200 23% (G) 25% (E) 0.095
A-old 180 180 26% (G) 25% (E) 0.100
B-new 180 180 28% (K) 24% (E) 0.073
B-old 170 160 28% (K) 23% (E) 0.077
pnQRPA 170 170 19% (K) 16% (E) 0.029
(R)QRPA:
no unc. 250 240 25% (G) 25% (E) 0.109
with unc. 290 290 23% (G) 21% (G) 0.311

TABLE III: For each NME calculation, the combined ob-
served and expected limits on mββ, the improvement in the
limit and the sensitivity relative to the best individual experi-
ments for that NME model. The best experiments are gerda
(G), exo-200 (E), or kamland-zen (K). The p value of the
limit with respect to the Heidelberg-Moscow (HM) positive
claim [13] are also shown. All mββ limits are given to two
significant digits.
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FIG. 5: Mass limits (observed and expected) for each NME
calculation. For the IBM-2 and (R)QRPA models, the limits
are given both with and without the uncertainty on the NME
calculation. The effective mass for the positive Heidelberg-
Moscow (HM) claim [13] is also shown.

each NME model. We provide the observed and expected
limits for each combination and the improvements in ob-
served limit and sensitivity over the result obtained by
the best individual experiment. As shown in Fig. 3, the
most sensitive experiments change for the different mod-
els.

The combined results are compared to the result ob-
tained by the Heidelberg-Moscow (HM) experiment in
Fig. 5, where the error bands represent the uncertainties
of the HM half-life measurement of T 0ν

1/2 = (2.23+0.44
−0.31)×

1025 y for 76Ge [13]. The p values, testing the consistency

between the result obtained by the HM experiment us-
ing 76Ge and the combined upper limits, are also given
in Table III. They are calculated taking into account the
experimental uncertainties.
The p values differ significantly between different NME

models, and any conclusion on the level of consistency be-
tween the combination of the latest experimental results
and the result obtained with the the T 0ν

1/2 reported by the
HM group depends strongly on the chosen NME model.
The p values range from 0.001 (about 3 standard devi-
ations) for the GCM model to 0.311 for the (R)QRPA
models. The p value for the gerda result and this HM
measurement is 0.63, independent of NME model since
the experiments both use the isotope 76Ge.
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FIG. 6: Combined limits on the effective mass mββ as a func-
tion of the lightest neutrino mass m0. The width of the hor-
izontal band represents the range of limits obtained with the
different NME models. The neutrino oscillation parameters
are taken from Ref. [25], using the best fit values. The inner
band for the NH and IH fits shows the full range associated
with the unknown Majorana phases and the outer band the
additional effect of the 3-standard deviation experimental un-
certainties on the oscillation parameters. The limit on m0

derived from the Planck data is also shown.

The best published limit on mββ by kamland-zen [7]
is obtained by combining their data with the earlier
exo-200 result [17]. Using a similar set of NMEs, the
mass range they obtain is mββ = 120–250 meV, whereas
our observed combined limit in the range mββ = 130–
310 meV is slightly higher because we use the latest exo-
200 data set.
In Fig. 6, we overlay the range of observed combined

limits on the allowed effective mass mββ as a function
of the lightest neutrino mass m0, with the bands rep-
resenting current measurement uncertainties of the neu-
trino oscillation parameters assuming either the normal
hierarchy (NH) with m1 < m2 < m3 or the inverted hi-
erarchy (IH) with m3 < m1 < m2 for the ordering of the
neutrino mass eigenstates in the standard three-neutrino
framework. We also show a limit on m0, which is derived
from the limit on the sum of the neutrino masses ob-
tained by the Planck Collaboration [26]. They set a limit

• In spite of the enormous 
experimental progress over 
the last decade, ββ0ν 
experiments are not even 
getting close to the IH region 

• We need to go from ~200 
meV to ~20 meV.  

• A factor 10 in mββ is a factor 
100 in T1/2  

• It appears possible for most of the 
techniques to reach 1026 y (ton scale 
target mass, improvements in 
technology) 

• Instead reaching 1027 y seems very 
difficult.  
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• Incremental gains (no 
revolution but perfect control 
of technology): GERDA 

• New handles (e.g, 
Scintillating Bolometers, 
topological signature in 
NEXT) 

• Refine self-shielding and 
deploy very large masses 
(need cheap isotope): SNO+ 
and KamLAND-ZEN. 
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Figure 1: Monte Carlo simulation of signal (0nbb decay of 136Xe) and background
(single electron of energy equal to the Q value of 136Xe) events in gaseous xenon at
15 bar. The ionization tracks left by signal events feature large energy deposits (or
blobs) in both ends.

Background tracks, however, are generated by single electrons, thus having
only one end-of-track blob.

Natural radioactivity in detector materials and surroundings is, as in
most other 0nbb-decay experiments, the main source of background in
NEXT. In particular, the hypothetical 0nbb peak of 136Xe (Qbb = 2458 keV)
lies in between the photopeaks of two high-energy gammas emitted after
the b decays of 214Bi and 208Tl, intermediate products of the uranium and
thorium series, respectively. The daughter isotope of 214Bi, 214Po, emits a
number of de-excitation gammas with energies around and above the Q
value of 136Xe [2]. Most of these gamma lines have very low intensity, and
hence their contribution to the background rate is negligible. The gamma
of 2447 keV (1.57% intensity), however, is very close to Qbb, and thus its
photoelectric peak overlaps the signal peak even for energy resolutions as
good as 0.5% FWHM. The decay product of 208Tl, 208Pb, emits a de-excitation
photon of 2615 keV with an intensity of 99.75% [2]. Electron tracks from
its photopeak can lose energy via bremsstrahlung and fall in the region of
interest (ROI) around Qbb defined by the energy resolution of the detector.
Additionally, even though the Compton edge of the 2.6-MeV gamma is at
2382 keV, well below Qbb, the Compton scattered photon can generate other
electron tracks close enough to the initial Compton electron so that they are
reconstructed as a single track with energy around Qbb.

The NEXT Collaboration is carrying out a thorough campaign of material
screening and selection using gamma-ray spectroscopy (with the assistance

2

The detection technique
Bolometers are ideal surveys for these purposes.

A particle interaction in the crystal causes a 
temperature increase.
The temperature increase can be transformed in a 
voltage variation by means of proper sensors.

If the crystal scintillates, a further 
background suppression can be achieved 
by means of the scintillation light read-
out.

events, indeed, emit more light with 
respect to events.
Therefore, we expect the two different 
events to lie on different bands in the 
light vs heat scatter plot.
Æ Only background!!

Research Proposal (B1) LUCIFER 2009Breakthrough in technology
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• The standard technique for Ba+ tagging (EXO)involves a cycle 
of excitation/de-excitation with alternating red and blue light. 
Requires (probably) near-vacuum conditions, which in turn 
implies extracting a single ion from a large (ton scale) LXe or 
HPXe TPC. Extremely challenging! 

• Dave Nygren’s proposal: use SMFI technique (SMFI is based 
on chelation, capture of an ion in a special molecular cage to 
form a complex) to can the Ba++ ion and tag it. 

• The idea:  
• Ba++ reaches the cathode under the influence of the 

electric field 
• Ba++ is captured by pyrene-stabilized mono-azacryptand 

(PSMA). PSMA displays extremely high specificity to Ba++ 
• Excitation of PSMA at 342 nm leads to fluorescence in a 

wide band, 360-430 nm.  The interrogation rate in SMFI can 
exceed 105 per second. 

• The arrival of the ion at the TPC cathode reduces the 
search to a 2-D problem.  Diffusion of the ion during drift is 
small, on the order of 1 mm in any dimension.  
Conceptually, a coating of SMFI precursors on a non-
conductive cathode surface could suffice for capture of the 
ion

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

2P1/2 
 

2D5/2  

2S1/2 

2D3/2  

2P3/2 
 6p 

5d 

6s 

650 nm 
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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

15



The road ahead
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• 2016: GERDA-II, KamLAND-ZEN (600 
kg), EXO-200 restarts, CUORE, NEW 
(first phase of NEXT-100). 

• 2017: Super-NEMO demonstrator, 
NEXT-100 

• 2020: Combined limit may be 
scratching IH, R&D and operational 
experience may clarify the best 
techniques 

• 2020—? attack the IH. 

But a discovery can be around the corner! Keep searching!
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of
!

i mi < 492 meV at the 95% CL based on the tem-
perature and the polarization of the Cosmic Microwave
Background.
We also interpret the combined limit on mββ as a con-

straint on a single sterile Majorana neutrino that mixes
with the three active Majorana states. In this model, the
expression for the effective neutrino mass mββ defined in
Eq. 2 is modified to take into account the mixing with
the fourth neutrino state:

mββ =
"

"

"

m1 |Ue1|
2 +m2 |Ue2|

2
eiα+

+m3 |Ue3|
2
eiβ +m4 |Ue4|

2
eiγ

"

"

"

. (3)

It includes an additional mass term m4, a Majorana
phase γ, and the element Ue4 of the now extended,
4 × 4 mixing matrix, which is related to the sterile neu-
trino mixing angle θ14 through |Ue4|

2 = sin2 θ14 in the
parametrization used here. In this model, the unitarity
constraint applies only for the 4×4 mixing matrix. How-
ever, the central values of the elements Uei(i = 1, 2, 3) do
not change significantly when the 3 × 3 unitarity con-
straint is removed from the global fit [27]. The unitar-
ity constraint on the 4 × 4 mixing matrix will restrict
|Ue4|2 = sin2 θ14 to be ! 0.1.
Our ability to probe a certain range of m4 |Ue4|

2 de-
pends onm0 and the Majorana phases (see, e.g., [28, 29]).
We take the approach of translating the limits on mββ

into corresponding limits on the combination m4 |Ue4|
2

under two extreme situations for a given m0:

• The NME model (NSM) that predicts the highest
(least stringent) limit on mββ, together with the
phases α = β = 0, and γ = π that provide the
smallest contribution to mββ .

• The NME model (GCM) that predicts the lowest
(most stringent) limit on mββ, together with the
phases α = β = γ = 0 that provide the largest
contribution to mββ.

This first parameter set allows for large contributions
from m4 |Ue4|

2 and thus provides the least constraining
limit on m4 |Ue4|

2, whereas the second set allows for only
small contributions from m4 |Ue4|

2 and thus yields the
most constraining limit on m4 |Ue4|

2.
In Figs. 7 and 8, we translate the measured combined

limit on mββ for the two situations above into a limit in

the (m4, |Ue4|
2) plane for a set of different assumptions

on m0. To be consistent with cosmological bounds, we
vary m0 between 0 and 150 meV. For any of the m0

values considered, all other NME model and Majorana
phase combinations will produce limit curves that lie in
between these extremes. The values of ∆m2

ij and Uei

(i, j = 1, 2, 3) are taken from a recent global fit [25].
Including the three-standard deviation uncertainties on
these fit values has negligible effect on the results.
The central value of sin2 2θ14 = 0.09 and ∆m2

41 =
1.78 eV2 from a global fit [30] of the oscillation parame-
ters in a (3 + 1) sterile neutrino model including reactor,
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FIG. 7: Limits on mββ for different NME models translated
into a constraint on the sterile neutrino in the (m4, |Ue4|

2)
plane in a (3 + 1) model. Different values of the Majorana
phases α, β, γ and of the lightest active neutrino mass m1

in the NH are shown. The complete region is excluded for
m1 = 150 meV with the GCM model and vanishing Majorana
phases.
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FIG. 8: Limits on mββ for different NME models translated
into a constraint on the sterile neutrino in the (m4, |Ue4|

2)
plane in a (3 + 1) sterile neutrino model. Different values of
the Majorana phases α,β, γ and of the lightest active neu-
trino mass m3 in the IH are shown. The complete region is
excluded for m3 = 150 meV with the GCM model and van-
ishing Majorana phases.

gallium, solar neutrino, and lsnd/karmen νe disappear-
ance data, all of which are directly sensitive to m4 and
|Ue4|, is also shown in Figs. 7 and 8. The limit from the
0νββ combined fit is currently close to the (3+1) global
best fit value only in the more constraining scenarios cal-
culated using the GCM model and with m0 > 100 meV
and favorable Majorana phases. Our results are consis-
tent with previous analyses (see, e.g., [29, 31]) that in-
vestigate mββ regions allowed by global fits to oscilla-
tion experiments under a (3+1) hypothesis. Assuming
the sterile neutrino is a Majorana particle, neutrinoless
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We also interpret the combined limit on mββ as a con-

straint on a single sterile Majorana neutrino that mixes
with the three active Majorana states. In this model, the
expression for the effective neutrino mass mββ defined in
Eq. 2 is modified to take into account the mixing with
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It includes an additional mass term m4, a Majorana
phase γ, and the element Ue4 of the now extended,
4 × 4 mixing matrix, which is related to the sterile neu-
trino mixing angle θ14 through |Ue4|

2 = sin2 θ14 in the
parametrization used here. In this model, the unitarity
constraint applies only for the 4×4 mixing matrix. How-
ever, the central values of the elements Uei(i = 1, 2, 3) do
not change significantly when the 3 × 3 unitarity con-
straint is removed from the global fit [27]. The unitar-
ity constraint on the 4 × 4 mixing matrix will restrict
|Ue4|2 = sin2 θ14 to be ! 0.1.
Our ability to probe a certain range of m4 |Ue4|

2 de-
pends onm0 and the Majorana phases (see, e.g., [28, 29]).
We take the approach of translating the limits on mββ

into corresponding limits on the combination m4 |Ue4|
2

under two extreme situations for a given m0:

• The NME model (NSM) that predicts the highest
(least stringent) limit on mββ, together with the
phases α = β = 0, and γ = π that provide the
smallest contribution to mββ .

• The NME model (GCM) that predicts the lowest
(most stringent) limit on mββ, together with the
phases α = β = γ = 0 that provide the largest
contribution to mββ.

This first parameter set allows for large contributions
from m4 |Ue4|

2 and thus provides the least constraining
limit on m4 |Ue4|

2, whereas the second set allows for only
small contributions from m4 |Ue4|

2 and thus yields the
most constraining limit on m4 |Ue4|

2.
In Figs. 7 and 8, we translate the measured combined

limit on mββ for the two situations above into a limit in

the (m4, |Ue4|
2) plane for a set of different assumptions

on m0. To be consistent with cosmological bounds, we
vary m0 between 0 and 150 meV. For any of the m0

values considered, all other NME model and Majorana
phase combinations will produce limit curves that lie in
between these extremes. The values of ∆m2

ij and Uei

(i, j = 1, 2, 3) are taken from a recent global fit [25].
Including the three-standard deviation uncertainties on
these fit values has negligible effect on the results.
The central value of sin2 2θ14 = 0.09 and ∆m2

41 =
1.78 eV2 from a global fit [30] of the oscillation parame-
ters in a (3 + 1) sterile neutrino model including reactor,
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FIG. 7: Limits on mββ for different NME models translated
into a constraint on the sterile neutrino in the (m4, |Ue4|

2)
plane in a (3 + 1) model. Different values of the Majorana
phases α, β, γ and of the lightest active neutrino mass m1

in the NH are shown. The complete region is excluded for
m1 = 150 meV with the GCM model and vanishing Majorana
phases.
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FIG. 8: Limits on mββ for different NME models translated
into a constraint on the sterile neutrino in the (m4, |Ue4|

2)
plane in a (3 + 1) sterile neutrino model. Different values of
the Majorana phases α,β, γ and of the lightest active neu-
trino mass m3 in the IH are shown. The complete region is
excluded for m3 = 150 meV with the GCM model and van-
ishing Majorana phases.

gallium, solar neutrino, and lsnd/karmen νe disappear-
ance data, all of which are directly sensitive to m4 and
|Ue4|, is also shown in Figs. 7 and 8. The limit from the
0νββ combined fit is currently close to the (3+1) global
best fit value only in the more constraining scenarios cal-
culated using the GCM model and with m0 > 100 meV
and favorable Majorana phases. Our results are consis-
tent with previous analyses (see, e.g., [29, 31]) that in-
vestigate mββ regions allowed by global fits to oscilla-
tion experiments under a (3+1) hypothesis. Assuming
the sterile neutrino is a Majorana particle, neutrinoless
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   5
European Physics Society Conference on High Energy Physics, Vienna, July, 24th 2015 

ECHo 163Ho Experiments

ECHo NuMECS

funding for ECHO–1k 
demonstrator
granted by DFG

funding approved 

Au:Er
Metallic magnetic 
microcalorimeters
(MMC)

MoCu or MoAu
Transition edge sensors
(TES)

MoCu
Transition edge sensors
(TES)

n irradiation
Er(n,γ)

n irradiation
Er(n,γ)

proton irradiation
Dy(p,xn)

Sensitivity ~10 eV. Still not competitive with KATRIN



Exploring IH
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• A factor 10 in mββ is a factor 
100 in T1/2  

• It appears possible for most 
of the techniques to reach 
1026 y (ton scale target mass 
improvements in technology) 

• Instead reaching 1027 y 
seems very difficult. It 
requires that MT/(ΔE×B) 
improves by 104 

T�1
1/2 / a · ✏ ·

r
Mt

�E ·B

• Furthermore, the uncertainty 
in NME advises to run two or 
more isotopes. 

• Exploring the IH is a major 
experimental challenge that 
will require a major 
technological break-through 
or a very wise combination of 
experiments 



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)


