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Neutrino knowledge (today)
• Spin 1/2, low mass, fermions

• Interact only by weak interaction 
(and gravity)

• All observed neutrinos are left-
handed, all observed anti-neutrinos 
are right-handed

• 3 neutrino mass eigenstates, 3 
flavor eigenstates, all real 
oscillation angles non-zero
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What We Don’t Know

3

(Ignoring, for now, sterile νs and other BSM* phenomena)
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• Neutrino mass hierarchy

What We Don’t Know
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• Absolute neutrino mass

(Ignoring, for now, sterile νs and other BSM* phenomena)
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• Neutrino mass hierarchy

What We Don’t Know
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• Absolute neutrino mass

• CP-violating behavior?

P (⌫µ ! ⌫e) 6= P (⌫µ ! ⌫e)
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(Ignoring, for now, sterile νs and other BSM* phenomena)
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• Neutrino mass hierarchy

What We Don’t Know
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• Absolute neutrino mass

• CP-violating behavior?

• Dirac or Majorana nature?
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(Ignoring, for now, sterile νs and other BSM* phenomena)
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• Observable only where ordinary beta-
decay is suppressed or forbidden

Double-Beta Decay

• Second order weak 
interaction

• Possible for some 
even-even nuclei

11

16 J.J. GÓMEZ-CADENAS, J. MARTÍN-ALBO, M. MEZZETTO, F. MONRABAL and M. SOREL
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Fig. 6. – Atomic masses of A = 136 isotopes. Masses are given as differences with respect to the
most bound isotope, 136Ba. The red (green) levels indicate odd-odd (even-even) nuclei. The
arrows β−, β+, β−β− indicate nuclear decays accompanied by electron, positron and double
electron emission, respectively. The arrows EC indicate electron capture transitions.

Table II. – Current best direct measurements of the half-life of ββ2ν processes. The values
reported are taken from the averaging procedure described in [23].

Isotope T 2ν
1/2 (year) Experiments

48Ca (4.4+0.6
−0.5)× 1019 Irvine TPC [28], TGV [29], NEMO3 [30]

76Ge (1.5± 0.1) × 1021 PNL-USC-ITEP-YPI [31], IGEX [32], H-M [33]
82Se (0.92± 0.07) × 1020 NEMO3 [34], Irvine TPC [35], NEMO2 [36]
96Zr (2.3± 0.2) × 1019 NEMO2 [37], NEMO3 [38]

100Mo (7.1± 0.4) × 1018 NEMO3 [34], NEMO-2 [39], Irvine TPC [40]
116Cd (2.8± 0.2) × 1019 NEMO3 [30], ELEGANT [41], Solotvina [42], NEMO2 [43]
130Te (6.8+1.2

−1.1)× 1020 CUORICINO [44], NEMO3 [45]
136Xe (2.11± 0.21) × 1021 EXO-200 [24]
150Nd (8.2± 0.9) × 1018 Irvine TPC [40], NEMO3 [46]

the one for 136Xe, which has been measured for the first time only in 2011 [24](5).
The neutrinoless mode (ββ0ν),

(23) (Z,A) → (Z + 2, A) + 2 e−,

was first proposed by W. H. Furry in 1939 [47] as a method to test Majorana’s theory

(5) The 10% accuracy in the 136Xe ββ2ν decay measured half-life in [24] should be contrasted
with a spread of more than one order of magnitude in the corresponding theoretical expectations
from several nuclear structure calculations [25, 26, 27].

from arXiv:1109.5515 [hep-ex]
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Double-beta decay (ȕȕ)

Our favorite channels:

0Ȟȕȕ
2Ȟȕȕ

Half-life (t1/2) can be relate to the 
effective Majorana mass (mȕȕ) that is a 
function of the light neutrino masses (mi)

First observed by EXO-200.  This was 
the smallest NME ever directly 
observed.

n ! p+ e� + ⌫

2n ! 2p+ 2e� + 2⌫

odd-odd
even-even
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Neutrinoless Double-Beta Decay

• Possible only if neutrinos are massive 
(yes) and Majorana (?)

• Majorana particles: are their own 
antiparticles

• Requires lepton number violation 
(implies new physics)

• Appears as peak at Q-value
12

Elliot, S. et al., Annu. Rev. Nucl. Part. Sci. 2002. 52:115–51

not to scale
5% energy res.

2νββ

0νββ

2
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Searching for 0νββ
• Need very low backgrounds

• Clean (radiopure) detector

• Underground lab

• Good energy resolution

• Other discrimination techniques

• Large quantities of a candidate isotope

13

Elliot, S. et al., Annu. Rev. Nucl. Part. Sci. 2002. 52:115–51

not to scale
5% energy res.

Candidate            Q       Abund.!
                         (MeV)      (%)!

Sensitivity 

To maximize sensitivity: 
• Large mass 
• Low background  
• High detection efficiency 
• Good energy resolution 

ε is efficiency 
a is isotopic abundance 
A is atomic mass 
M is source mass 
T is time 
B is background 
Γ is resolution 

48Ca→48Ti 4.271 0.187 
76Ge→76Se 2.040 7.8 
82Se→82Kr 2.995 9.2 
96Zr→96Mo 3.350 2.8 
100Mo→100Ru 3.034 9.6 
110Pd→110Cd 2.013 11.8 
116Cd→116Sn 2.802 7.5 
124Sn→124Te 2.228 5.64 
130Te→130Xe 2.533 34.5 
136Xe→136Ba 2.458 8.9 
150Nd→150Sm 3.367 5.6 

Candidate nuclei with Q>2 MeV!

MSU HEP/Nuc Seminar                          October 8, 2014 

• Cost, availability, usability vary wildly.

• Many experimental technologies, very 
competitive field!

• Often similar to dark matter detectors, 
different optimization

• Approaching ton-scale era for 0νββ

Decay             Q-value  Abundance (%)

2.528
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0νββ vs Dark Matter

14

Search for ββ decays Search for WIMP nuclear recoils

Optimize for ~2 MeV energy 
(especially resolution)

Optimize for 100 keV energy 
(especially thresholds)

gamma shielding critical
(neutron shielding important)

neutron shielding critical
(gamma shielding important)

focus on electron recoils focus on nuclear recoils

Slower iteration due to strict 
radiopurity requirements, enrichment

Iterate quickly to large mass

• Synergy for technology development (xenon pumps, calibration, crystals), 
but not economical to build “jack of all trades” detector... yet
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P
etr Vogel, 2014 

Limits on <mββ>
• Large uncertainties due to matrix elements

• Will improve as computational nuclear 
physics moves forward to heavier nuclei

• Makes comparing experiments with 
different isotopes interesting

15

1

t0⌫1/2
= G0⌫

��M0⌫
��2 m2

��

m�� =

�����

3X

i=1

miU
2
ei

�����



Joshua Albert                                                            FPCP 2016 - Caltech                       June 8, 2016      

P
etr Vogel, 2014 

Limits on <mββ>
• Large uncertainties due to matrix elements

• Will improve as computational nuclear 
physics moves forward to heavier nuclei

• Makes comparing experiments with 
different isotopes interesting

16

1

t0⌫1/2
= G0⌫

��M0⌫
��2 m2

��

m�� =

�����

3X

i=1

miU
2
ei

�����



Joshua Albert                                                            FPCP 2016 - Caltech                       June 8, 2016      

P
etr Vogel, 2014 

Limits on <mββ>
• Large uncertainties due to matrix elements

• Will improve as computational nuclear 
physics moves forward to heavier nuclei

• Need to consider matrix elements and 
phase space factors for comparison

17
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0νββ alternatives
• Processes other than 0νββ mediated by light-ν exchange may be observed

18

Phys.Rev.D53:1329-1348,1996

standard

p    e     e     p ( A - 2 )

( A - 2 ) n n

e

e

d

d

u

u

all we can see

d

d

u

e

e

u
e

e

χ

~

~

R L

R

L

L

L

L

L

d

d

e

u

u

e
u

u~

~

R L

R

L

L

L

L

L

χ , g~

u

e

u

e

d

d

χ , g~

~

~

d

d

R

R
R

R

L

L

L

L

d

d

u

e

e

u
e

e

χ

~

~

R L

R

L

L

L

L

L

d

d

e

u

u

e
u

u~

~

R L

R

L

L

L

L

L

χ , g~

u

e

u

e

d

d

χ , g~

~

~

d

d

R

R
R

R

L

L

L

L

dR

L

e

u

~
L

u

e

L

~
dR

L
χ

R

, g

L

d

~

u

d

d

u

e
e

χ

~

~

R L

R

L

L

L

L

L

u
e

u

e

R

L

χ

R

u

e

u

L

d~
d

L

L

d

~
L

R

e

• No matter what: Always lepton number non-conservation, 
Majorana neutrino, new physics!

http://arxiv.org/abs/hep-ph/9502385v1

http://arxiv.org/abs/hep-ph/9502385v1
http://arxiv.org/abs/hep-ph/9502385v1
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Three major metrics
• Sensitivity

• Discovery Potential

• Cost/Feasibility

19

What limits can we set on <mββ>, assuming no signal
of 0νββ?

If 0νββ happens, for what mass <mββ> can we make 
a definite observation at the 3σ (5σ) level?

What is the total expense for the project, and how 
confident can we be that it will meet expectations?
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Experimental Choices

• Detection type

• gas tracking/liquid tracking/liquid scintillator/solid crystal

• scintillation light/ionization charge/phonons

• Detection medium is the source?

• Isotope

• Shielding

• Active←???→passive

20
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Enriched Xenon Observatory

• EXO-200 (2011-present)

• nEXO (future)

21

Technology: Liquid xenon TPC
Signal from light and ionization
Source is the detection medium
Isotope: 136Xe

Challenges:
Need extremely low 238U contamination in shielding materials
Annual global xenon production ~ next-gen mass

Highlights:
Xenon is easily enriched and purified
TPC allows α/β/γ discrimination and position fits
Scaling up → self-shielding → lower backgrounds
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LXe Time Projection Chamber
• Xenon under high 

electric field

• Moving charged particles 
ionize LXe atoms, charge 
will recombine 
(scintillation light) or drift 
to anode (charge)

22

-75kV!Charge collection!

e"#

e"#

e"#
e"#

e"#
e"#

e"#
e"#

e"#
e"#

e"#
e"#

e"#

Ioniza*on# Scin*lla*on#

• 2D readout at anode + 
scintillation time → 3D tracking

• Combine charge and light to 
optimize energy resolution
(rotated energy)

Energy Calibration 

1 

• Anti-correlation between scintillation and 
ionization in LXe is used improve energy 
resolution 

• Rotation angle is chosen to optimize 
energy resolution at 2615keV, and is time-
dependent taking into account the noise 
variation in scintillation 

• Cross checks: J’s  from  40K and n-captures 
on H in HFE in low-background data 

@2615keV J line 

EXO-200 
228Th 

calibration 
data

80%
136Xe
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EXO-200

• Every component (down 
to the screws) within Pb 
shielding has been 
screened and selected 
for radiopurity

23

VETO PANELS

DOUBLE-WALLED 

CRYOSTAT

LXe VESSEL

LEAD SHIELDING

JACK AND FOOT

VACUUM PUMPS

FRONT END 

ELECTRONICS

HV FILTER AND 

FEEDTHROUGH

Figure 2. Cutaway view of the EXO-200 setup, with the primary subassemblies identified.

The outermost shielding layer, outside the outer vessel of the cryostat, consists of 25 cm of
lead. The low-noise front end electronics are located outside of the lead shielding and are connected
to the detector through thin polyimide cables. This choice trades some increased noise for the
simplicity and accessibility of room temperature, conventional construction electronics.

A cosmic-ray veto counter made of plastic scintillators surrounds the cleanroom housing the
rest of the detector. EXO-200 is located at a depth of 1585 m water equivalent [21] in the Waste
Isolation Pilot Plant (WIPP) near Carlsbad, New Mexico (32�22’30”N 103�47’34”W).

2.2 Design sensitivity and estimated backgrounds

While the measured performance of EXO-200 utilizing substantial low-background and calibration
data sets will be the subject of a future paper, here we provide sensitivity figures assuming design
parameters for the detector performance and background. Initial data taking roughly confirms the
validity of such parameters. Using the expected energy resolution of sE/E = 1.6% at the 136Xe
end point, EXO-200 was designed to reach a sensitivity of T 0nbb

1/2 = 6.4⇥ 1025 yr (90% C.L.) in
two years of live time, should the 0nbb be beyond reach. 0nbb is defined by a ±2s window
around the end-point and 40 background events are expected to accumulate in such a window in
two years. This estimate was made using a fiducial mass of 140 kg (200 kg with 70% efficiency),
while the final detector design has 110 kg of active Xe, requiring a longer time to reach the same
sensitivity. The T1/2 limit above corresponds to a 90% C.L. Majorana mass sensitivity of 109 meV
(135 meV) using the QRPA [22] (NSM [23]) matrix element calculation.

– 5 –

40 cm

crossed induction
and collection

wires

Avalanche
photodiodes (APDs)

Field rings
(374 V/cm)

Teflon
reflector

underground
at WIPP
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Signal/background discrimination

• Scint/Ionization ratio

• Single/Multi-site

• Interaction position

• Time coincidence
24

α-events

(beyond energy)
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Signal/background discrimination
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• Single/Multi-site

• Interaction position

• Time coincidence
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Phase I results

28

J. B. Albert et al. 
(EXO-200 Collaboration), 
Nature 510, 229 (2014) 

• Final fit to 477.6 
days data (full 
run 2 dataset, 
123.7 kg-yr)
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Phase I results

29

Fitted events

Background type ±2σ
238U chain 8.1

232Th chain 16.0

137Xe 7.0

Total 31.1±3.8

Observed 39

• 0νββ best fit 9.9 events, consistent with zero at 1.2σ

• Limit:

• Sensitivity:

• Mass limit:

t0⌫��1/2 > 1.1⇥ 1025 years

t0⌫��1/2 > 1.9⇥ 1025 years

hm��i < 190–450 meV
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EXO-200 Phase II
• After ~2 year hiatus due to underground access issues, EXO-200 has 

returned to data taking.  Plan for 3-year run.

• Upgraded electronics will allow for better energy resolution (1.53%→~1%?)

• New analysis techniques will allow 
for further background reduction.

• Radon reduction system.

30
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EXO future: nEXO
• 5000 kg LXe TPC

• Tentatively at SNOlab cryopit

31

46 
cm 

130 
cm 

EXO-200nEXO

water Cherenkov veto
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nEXO

• Huge gains from 
self-shielding, 
monolithic detector

• No mystery γs

• Simultaneous fit

32

SS 

MS 
5 yr simulated data, 
0νββ corresponds to 

T1/2=6.6x1027 yr

150kg 
5000kg 

2.5MeV γ 
attenuation length 
8.5cm =  

150kg 
5000kg 

2.5MeV γ 
attenuation length 
8.5cm =  

46 
cm 

130 
cm 

Text



Joshua Albert                                                            FPCP 2016 - Caltech                       June 8, 2016      

nEXO
• SNOlab → negligible cosmogenics

• Improved energy and position 
resolution

• Cover inverted
hierarchy, or 
beyond

• Large R&D effort

• Barium tagging?

33
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nEXO + Ba tagging
• SNOlab → negligible cosmogenics

• Improved energy and position 
resolution

• Cover inverted
hierarchy, or 
beyond

• Large R&D effort

• Barium tagging?

34

≤ 58-atom 

≤ 4-atom 0-atom 

≤ 15-atom 
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KamLAND

9m

6.5m

1.5m
enrXe loaded LS in 

a mini-balloon

Zero Neutrino 
double beta decay search

-Zen

320kg 90% enriched 136Xe installed for phase-1
and 380kg for phase-2

Advantages of using KamLAND

 ● running detector 
　　→ relatively low cost and quick start

 ● huge and clean (1200m3, U: 3.5x10-18 g/g, Th: 5.2x10-17)
　　→ negligible external gamma
　　(Xe and mini-balloon need to be clean)

 ● Xe-LS can be purified, mini-balloon replaceable
    if necessary, with relatively low cost
　　→ highly scalable (up to several tons of Xe)

 ● No escape or invisible energy from β, γ
　　→ BG identification relatively easy

 ● anti-neutrino observation continues
　　→ geo-neutrino w/o Japanese reactors

KamLAND-Zen

• A new mission for the KamLAND detector

• 2011-present, with significant upgrades planned

• 380 kg 90% enrXe so far, will run with 750 kg soon
35

Technology: Liquid scintillator with PMTs
Signal from scintillation
Source is dissolved in detection medium
Isotope: 136Xe

Challenges:
Relatively poor energy resolution
Currently no topological discriminators
Need extremely clean balloon

Highlights:
Very large detector gives a large active shield
Currently largest xenon mass, best limit
Well-understood detector (KamLAND)

Ultra-low BG underground (& huge) experiment is necessary

It is KamLAND !!
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KamLAND-Zen

• Ultra-pure liquid scintillator, ultra-thin balloon, 
and large buffer volume → low backgrounds

• Position-based analysis greatly improves 
background identification and suppression

• Spallation backgrounds reduced through 
coincidence cuts

36

KamLAND

9m

6.5m

1.5m
enrXe loaded LS in 

a mini-balloon

Zero Neutrino 
double beta decay search

-Zen

320kg 90% enriched 136Xe installed for phase-1
and 380kg for phase-2

Advantages of using KamLAND

 ● running detector 
　　→ relatively low cost and quick start

 ● huge and clean (1200m3, U: 3.5x10-18 g/g, Th: 5.2x10-17)
　　→ negligible external gamma
　　(Xe and mini-balloon need to be clean)

 ● Xe-LS can be purified, mini-balloon replaceable
    if necessary, with relatively low cost
　　→ highly scalable (up to several tons of Xe)

 ● No escape or invisible energy from β, γ
　　→ BG identification relatively easy

 ● anti-neutrino observation continues
　　→ geo-neutrino w/o Japanese reactors

2

LS was purified by vacuum distillation during each cycle. We
also purified a mix of recovered and new Xe through distilla-
tion and refining with a heated zirconium getter. Finally, the
Xe was dissolved into the purified LS. In December 2013, we
started the second science run (Phase-II), and found a reduc-
tion of 110mAg by more than a factor of 10. We report on the
analysis of the complete Phase-II data set, collected between
December 11, 2013, and October 27, 2015. The total live-
time is 534.5 days after muon spallation cuts, discussed later.
This corresponds to an exposure of 504 kg-yr of 136Xe with
the whole Xe-LS volume.

Following the end of Phase-II, we performed a detector
calibration campaign using radioactive sources deployed at
various positions along the central axis of the IB. The event
position reconstruction — determined from the scintillation
photon arrival times — reproduces the known source posi-
tions to within 2.0 cm; the reconstruction performance is bet-
ter than 1.0 cm for events occurring within 1 m of the IB cen-
ter. The energy scale was studied using γ-rays from 60Co,
68Ge, and 137Cs radioactive sources, γ-rays from the cap-
ture of spallation neutrons on protons and 12C, and β + γ-ray
emissions from 214Bi, a daughter of 222Rn (τ = 5.5 day) that
was introduced during the Xe-LS purification. The calibration
data indicate that the reconstructed energy varies by less than
1.0% throughout the Xe-LS volume, and the time variation
of the energy scale is less than 1.0%. Uncertainties from the
nonlinear energy response due to scintillator quenching and
Cherenkov light production are constrained by the calibra-
tions. The observed energy resolution is ∼7.3%/

√

E(MeV),
slightly worse relative to Phase-I due to an increased number
of dead PMTs.

We apply the following series of cuts to select ββ decay
events: (i) The reconstructed vertex must be within 2.0 m
of the detector center. (ii) Muons and events within 2 ms
after muons are rejected. (iii) 214Bi-214Po (τ=237µs) de-
cays are eliminated by a delayed coincidence tag, requiring
the time and distance between the prompt 214Bi and delayed
214Po decay-events to be less than 1.9 ms and 1.7 m, respec-
tively. The cut removes (99.95 ± 0.01)% of 214Bi-214Po
decays, where the inefficiency is dominated by the timing
cut, and the uncertainty is estimated from analysis of peri-
ods with high Rn levels. The same cut is not effective for
212Bi-212Po (τ=0.4µs) decays which occur within a single
∼200-ns-long data acquisition event window. Therefore, the
cut is augmented with a double-pulse identification in the pho-
ton arrival time distribution after subtracting the time of flight
from the vertex to each PMT. The 212Bi-212Po rejection ef-
ficiency is (95 ± 3)%, confirmed with high-Rn data. (iv)
Reactor νe’s identified by a delayed coincidence of positrons
and neutron-capture γ’s [5] are discarded. (v) Poorly recon-
structed events are rejected. These events are tagged using
a vertex-time-charge discriminator which measures how well
the observed PMT time-charge distributions agree with those
expected based on the reconstructed vertex [6]. The total cut
inefficiency for ββ events is less than 0.1%.

Background sources external to the Xe-LS are dominated
by radioactive impurities on the IB film. Based on a spec-
tral fit to events reconstructed around the IB, we find that the
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FIG. 1: (a) Vertex distribution of candidate events (black points) and
reproduced 214Bi background events in a MC simulation (color his-
togram) for 2.3 < E < 2.7MeV (the 0νββ window). The nor-
malization of the MC event histogram is arbitrary. The solid and
thick dashed lines indicate the shape of the IB and the 1-m-radius
spherical volume, respectively. The thin dashed lines illustrate the
shape of the equal-volume spherical half-shells which compose the
2-m-radius spherical fiducial volume for the 0νββ analysis. (b) An
example of the energy spectrum in a volume bin with high 214Bi
background events around the lower part of the IB film (shaded re-
gion in (a) at 1.47 < R < 1.53m, z < 0). (c) R3 vertex distribution
of candidate events in the 0νββ window. The curves show the best-
fit background model components.

dominant background sources are 134Cs (β + γ, τ = 2.97 yr)
in the energy region 1.2 < E < 2.0MeV (2νββ window),
and 214Bi in the region 2.3 < E < 2.7MeV (0νββ window).
The observed activity ratio of 134Cs to 137Cs (0.662 MeV γ,
τ = 43.4 yr) indicates that the IB film was contaminated by
fallout from the Fukushima-I reactor accident in 2011. 214Bi
is a daughter of 238U, a naturally occurring contaminant. The
observed rate of 214Bi decays indicates that the 238U con-
centration in the nylon film is 0.16 ppb, much higher than
the ex situ measurement by inductively coupled plasma mass
spectroscopy (ICP-MS), which yielded 2 ppt. Dust contam-
ination during the IB film assembly and air leakage into the

25-µm thick transparent 
nylon balloon
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KZ backgrounds
• Initial run hampered by 110mAg contamination

• After cleaning and re-purification, much lower 
backgrounds

• 214Bi on balloon, 2νββ, and cosmogenic 10C 
dominate

37

Period-1 Period-2
(270.7 days) (263.8 days)

Observed events 22 11

Background Estimated Best-fit Estimated Best-fit
136Xe 2νββ - 5.48 - 5.29

Residual radioactivity in Xe-LS
214Bi (238U series) 0.23± 0.04 0.25 0.028± 0.005 0.03
208Tl (232Th series) - 0.001 - 0.001

110mAg - 8.0 - 0.002
External (Radioactivity in IB)

214Bi (238U series) - 2.55 - 2.45
208Tl (232Th series) - 0.02 - 0.03

110mAg - 0.002 - 0.001
Spallation products

10C 2.7± 0.7 3.2 2.6± 0.7 2.7
6He 0.07± 0.18 0.08 0.07± 0.18 0.08
12B 0.15± 0.04 0.16 0.14± 0.04 0.15

137Xe 0.9± 0.5 1.1 0.9± 0.5 0.8

Event summary    2.3 < E < 2.7 MeV,  R < 1 m
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

the 238U series, muon spallation products, and detector en-
ergy response model parameters are allowed to vary but are
constrained by their independent estimations. The 2νββ de-
cay rates for Period-1 and Period-2 are 100.1+1.1

−1.5 (ton·day)−1

and 100.1+1.1
−0.8 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties.
We assess the systematic uncertainty of the FV2ν cut based

on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [12],
and with the result obtained by EXO-200, T 2ν

1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [13].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.6 (kton·day)−1 and <3.2 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.6 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [2] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 4.9× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 11%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 3.7× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.1 × 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (60 – 161)meV us-
ing an improved phase space factor calculation [14, 15] and
commonly used NME calculations [16–22] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-
nism is dominated by exchange of a pure-Majorana Standard
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KZ results
• Downward fluctuation→ stronger limit 

• Limit: 

• Sensitivity:

• Mass limit:

38
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FIG. 2: (a) Energy spectrum of selected ββ candidates within a 1-
m-radius spherical volume in Period-2 drawn together with best-fit
backgrounds, the 2νββ decay spectrum, and the 90% C.L. upper
limit for 0νββ decay. (b), (c) Closeup energy spectra for 2.3 < E <
3.0MeV in Period-1 and Period-2, respectively.

the 238U series, muon spallation products, and detector en-
ergy response model parameters are allowed to vary but are
constrained by their independent estimations. The 2νββ de-
cay rates for Period-1 and Period-2 are 100.1+1.1

−1.5 (ton·day)−1

and 100.1+1.1
−0.8 (ton·day)−1, respectively, and are in agreement

within the statistical uncertainties.
We assess the systematic uncertainty of the FV2ν cut based

on the study of uniformly distributed 214Bi events from ini-
tial 222Rn contamination throughout the Xe-LS. We obtain
a 3.0% systematic error on FV2ν , consistent with the 1.0 cm
radial-vertex-bias in the source calibration data. Other sources
of systematic uncertainty such as xenon mass (0.8%), detec-
tor energy scale (0.3%) and efficiency (0.2%), and 136Xe en-
richment (0.09%), only have a small contribution; the overall
uncertainty is 3.1%. The measured 2νββ decay half-life of
136Xe is T 2ν

1/2 = 2.21±0.02(stat)±0.07(syst)×1021 yr. This
result is consistent with our previous result based on Phase-I
data, T 2ν

1/2 = 2.30 ± 0.02(stat) ± 0.12(syst) × 1021 yr [12],
and with the result obtained by EXO-200, T 2ν

1/2 = 2.165 ±

0.016(stat)± 0.059(syst)× 1021 yr [13].
For the 0νββ analysis, using the larger 2-m-radius FV, the

dominant 214Bi background on the IB is radially attenuated
but larger in the lower hemisphere. So we divide the FV into
20-equal-volume bins for each of the upper and lower hemi-
spheres (see Fig. 1 (a)). We perform a simultaneous fit to
the energy spectra for all volume bins. The z-dependence of
214Bi on the IB film is extracted from a fixed energy win-
dow dominated by these events. The 214Bi background con-
tribution is then broken into two independent distributions in
the upper and lower hemispheres whose normalizations are
floated as free parameters. The fit reproduces the energy spec-
tra for each volume bin; Fig. 1 (b) shows an example of the
energy spectrum in a volume bin with high 214Bi background
events around the IB film. The radial dependences of candi-
date events and best-fit background contributions in the 0νββ
window are illustrated in Fig. 1 (c). The possible background
contributions from 110mAg are free parameters in the fit. We
consider three independent components: 110mAg uniformly
dispersed in the Xe-LS volume, and on the surfaces of each
the lower and upper IB films. We also examined non-uniform
110mAg sources, with different assumed radial dependences,
in the Xe-LS but determined that this has little impact on the
0νββ limit.

As described above, the fits are performed independently
for Period-1 and Period-2 in the region 0.8 < E < 4.8MeV.
We found no event excess over the background expectation for
both data sets. The 90% C.L. upper limits on the 136Xe 0νββ
decay rate are <5.6 (kton·day)−1 and <3.2 (kton·day)−1 for
Period-1 and Period-2, respectively. To demonstrate the low
background levels achieved in the 0νββ region, Fig. 2 shows
the energy spectra within a 1-m-radius, together with the best-
fit background composition and the 90% C.L. upper limit for
0νββ decays. Combining the results, we obtain a 90% C.L.
upper limit of <2.4 (kton·day)−1, or T 0ν

1/2 > 9.6 × 1025 yr
(90% C.L.). We find a fit including potential backgrounds
from 88Y, 208Bi, and 60Co [2] does not change the obtained
limit. A MC of an ensemble of experiments assuming the
best-fit background spectrum without a 0νββ signal indicates
a sensitivity of 4.9× 1025 yr, and the probability of obtaining
a limit stronger than the presented result is 11%. For com-
parison, the sensitivity of an analysis in which the 110mAg
background rates in Period-1 and Period-2 are constrained to
the 110mAg half-life is 3.7× 1025 yr.

Combining the Phase-I and Phase-II results, we obtain
T 0ν
1/2 > 1.1 × 1026 yr (90% C.L.). This corresponds to an al-

most sixfold improvement over the previous KamLAND-Zen
limit using only the Phase-I data, owing to a significant re-
duction of the 110mAg contaminant and the increase in the
exposure of 136Xe.

From the limit on the 136Xe 0νββ decay half-life, we ob-
tain a 90% C.L. upper limit of ⟨mββ⟩ < (60 – 161)meV us-
ing an improved phase space factor calculation [14, 15] and
commonly used NME calculations [16–22] assuming the ax-
ial coupling constant gA ≃ 1.27. Figure 3 illustrates the al-
lowed range of ⟨mββ⟩ as a function of the lightest neutrino
mass mlightest under the assumption that the decay mecha-
nism is dominated by exchange of a pure-Majorana Standard
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Big leap toward IH !!

t0⌫��1/2 > 1.1⇥ 1026 years

t0⌫��1/2 > 4.9⇥ 1025 years

hm��i < 60� 121 meV
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KZ Future
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Example of improvements
before after

keep staying away 
goggle

welding machine
cover sheet .
glove on glove

laundry twice a day .
clean underwear .

changing room in a clean room .
dust visualization
more neutralizer

・・・
cover 
sheets

clean 
underwear

changing 
room in a 
clean room

laundry 
twice a day

• Larger balloon, 750 kg Xenon 
→KamLAND-Zen 800

• Cleaner, larger balloon

• Improve energy resolution
(4% → ~2%)

• HQE PMT, winston cones

• decane/pseudocumene 
→linear alkylbenzene

• Scintillating balloon film

• Denser xenon

• Imaging system (for SS/MS)

• Target sensitivity for 
KamLAND2-Zen: mββ < 20 meV
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KZ Future
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Example of improvements
before after
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underwear

changing 
room in a 
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laundry 
twice a day

• Larger balloon, 750 kg Xenon 
→KamLAND-Zen 800

• Cleaner, larger balloon

• Improve energy resolution
(4.5% → ~2%)

• HQE PMT, winston cones

• decane/pseudocumene 
→linear alkylbenzene

• Scintillating balloon film

• Denser xenon

• Imaging system (for SS/MS)

• Target sensitivity for 
KamLAND2-Zen: mββ < 20 meV

R&D for KamLAND2-Zen and future
○ winston cone ○ HQE-PMT ○ New LAB-LS

×1.8 ×1.9

×1.4

○ denser xenon

Xe partial pressure(MPa)

Xe
 s
ol
ub
ilit
y(
wt
%
)

3→12% 
@30m depth

○ imaging

β/γ 
id.

○ scintillator film

214Po

x

tag α in film
214Bi 

reduction

succeeded with 
Molecular sieve (13X)prototype in handsucceeded with 

prototype

welding succeeded
requires fluor 
replacement

30L prototypeprinciple confirmed
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KZ Future
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MAJORANA/GERDA

• Experiments in US and Italy

• Collaborations will merge for next 
generation

42

Technology: Cryogenic germanium crystals
Signal from ionization
Source is detection medium
Isotope: 76Ge

Highlights:
Excellent energy resolution (~0.06%)
Innovative shielding (Argon and ultra-pure copper)

Detector Strings 

12 May 2016 D.C. Radford 16 

Challenges:
Fabrication of enriched germanium crystals very expensive
Need ultra-low radioactivity in crystals, supports, shielding

GERDA Phase II start
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deployment in Dez 2015 
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• Phase I (2013): 21.6 kg-yr 
enrGe (86%) analyzed,

 

• Phase II (taking data): 
~35 kg enrGe, instrumented 
active LAr shield, BEGe

GERDA
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Stefan	Schönert	
Neutrino	2014	and	
Schwingenheuer

Phase I
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hm��i < 0.2� 0.4 eV
(Ge combined)
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MAJORANA Demonstrator
• Underground electroformed copper 

shielding

• Data being taken now, ~30 kg enrGe

44

MJD Shield 

12 May 2016 D.C. Radford 

13

FIG. 9: The shield system in cross section, shown with both
cryostats installed.

at SURF. This room will house the Demonstrator and
has dimensions of 32’⇥40’. Next to the Detector Room
is the Machine Shop. Here, all the copper and NXT-85
parts for the Demonstrator are fabricated, thus fur-
ther reducing the UGEFCu’s surface exposure to cosmic
rays. The Machine Shop is approximately 1000 ft2 and
includes: two lathes, two mills, an oven, a wire electric
discharge machine, a press, a drill press and a laser en-
graver. The final room is a general purpose lab and is
used for testing the detectors prior to their installation
into the Demonstrator. The room is approximately
550 ft2 and was originally designed for electroforming
activities; hence its formal name is the Electroforming
Room.

The final Majorana laboratory is the Temporary
Cleanroom (TCR) (not pictured in Fig. 11), which sits
on the same level as the Davis Campus and is approxi-
mately 1 km away. It consists of a cleanroom building,
shown in Fig. 12, that contains 10 electroforming baths
and a small annex for changing into cleanroom garb. The
total area of the building is 12’⇥40’ with the annex room
consuming 8’⇥12’ of that area. The TCR was required,
prior to beneficial occupancy of the Davis Campus, for
initiating the slow process of electroforming copper in
order for parts to be ready on time for assembly of the
Demonstrator.

V. THE BACKGROUND MODEL AND THE
MAJORANA DEMONSTRATOR SENSITIVITY

The projected background in the Demonstrator is
significantly improved over previous generation experi-
ments. This reduction is a result of fielding the detectors
in large arrays that share a cryostat and minimizing the
amount of interstitial material. Further background sup-
pression is achieved through the aggressive reduction of
radioactive impurities in construction materials and min-
imization of exposure to cosmic rays. Majorana will
also make use of event signatures to reject backgrounds
that do appear, including pulse-shape characteristics, de-
tector hit granularity, cosmic ray veto tags, and single-

site time correlations. In this section we describe these
aspects of the Majorana Demonstrator design and
their impact on the projected backgrounds and physics
sensitivity.

A. Pure Materials

The production process for enriched germanium detec-
tors (enrichment, zone refining, and crystal growth) ef-
ficiently removes natural radioactive impurities from the
bulk germanium. The cosmogenic activation isotopes,
60Co and 68Ge, are produced in the crystals while they
are above ground, but can be sufficiently reduced by min-
imizing the time to deployment underground and by the
use of passive shielding during transport and storage.

For the main structural material in the innermost re-
gion of the apparatus, we choose copper for its lack of
naturally occurring radioactive isotopes and its excellent
physical properties. By starting with the cleanest cop-
per stock we have identified and then electroforming it
underground to eliminate primordial radioactivity and
cosmogenically-produced 60Co, we have achieved several
orders-of-magnitude background reduction over commer-
cial alternatives. Electroformed copper will also be em-
ployed for the innermost passive, high-Z shield. Com-
mercial copper stock is clean enough for use as the next
layer of shielding. For all uses of copper, we have certified
the cleanliness of samples via assay. Modern lead is avail-
able with sufficient purity for use as the bulk shielding
material outside of the copper layers.

Several clean plastics are available for electrical
and thermal insulation. For the detector sup-
ports we use a pure Polytetrafluoroethylene (PTFE),
DuPontTM Teflon R� NXT-85. Thin layers of low-
radioactivity parylene will be used as a coating on
copper threads to prevent galling, and for the cryo-
stat seal. For the few weight-bearing plastic compo-
nents requiring higher rigidity, we have sourced pure
stocks of PEEK R� (polyether ether ketone), produced by
Victrex R�, and Vespel R�, produced by DuPontTM.

The front-end electronics are also designed to be low-
mass and ultra-low background because they must be
located in the interior of the array adjacent to the de-
tectors in order to maintain signal fidelity. The circuit
board is fabricated by sputtering thin traces of pure gold
and titanium on a silica wafer, upon which a bare FET
is mounted using silver epoxy. A ⇠G⌦-level feedback
resistance is provided by depositing intrinsically pure
amorphous Ge. Detector contact is made via an elec-
troformed copper pin with beads of low-background tin
at either end. An electroformed-copper spring provides
the contact force. Our signal and high-voltage cables are
extremely low-mass miniature coaxial cable. We have
worked with the vendor to cleanly fabricate the final
product using pure stock that we provide for the con-
ductor, insulation, and shield. Cable connectors within
the cryostat are made from electroformed copper, PTFE,

19 

• Inner electroformed copper layer installed
• Outer copper shield installed
• Pb shield installed
• Rn exclusion box installed
• Poly layers being installed
• Veto panels operational

arXiv:1602.07742
• Calibration system demonstrated

Shield

C. Cuesta 15
Inner electroformed copper shield Outer copper + lead shield

• Inner electroformed copper layer installed
• Outer copper shield installed
• Pb shield installed
• Rn exclusion box installed
• Poly layers being installed
• Veto panels operational

arXiv:1602.07742
• Calibration system demonstrated

Shield

C. Cuesta 15
Inner electroformed copper shield Outer copper + lead shield

Electroformed copper

• MAJORANA operated 10 baths at the Temporary Clean Room facility at the 4850’ level 
and 6 baths at a shallow UG site at PNNL. 

• All copper was machined at the Davis campus.
• The electroforming of copper for the DEMONSTRATOR successfully completed in May of 

2015 but we continued to operate baths in the TCR for additional material until 
March 2016. 

–2654 kg of electroformed copper produced
–1196 kg was installed in the DEMONSTRATOR

C. Cuesta 17

Electroforming Baths in TCR

Inspection of EF copper on mandrels

EF copper after turning on latheTh decay chain (ave) ≤ 0.1 μBq/kg
U decay chain (ave)  ≤ 0.1 μBq/kg
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Future large Ge experiment

• Will “cherry-pick” best aspects of MJD 
and GERDA

• Aim for 1T enrGe

• Cover entire inverted hierarchy (this is 
effectively the goal of each major 0νββ 
project for the early-mid 2020s)

• Crystals unlikely to be made larger, so 
simple scaling with more crystals

• Need lower backgrounds, some gains 
from crystal-crystal anti-coincidence

45

GERDA Phase II start

+

R.&Henning Tokyo,&May&11,&2016

Electroformed Cu and enriched Ge  

7

Fig:&Courtesy&M.&Kapust Fig:&Courtesy&M.&Kapust



Joshua Albert                                                            FPCP 2016 - Caltech                       June 8, 2016      O.Cremonesi,-,06/06/2014,,,Neutrino,2014,@,Boston,,USA

CUORE @ LNGS

3

Cryogenic Underground Observatory for Rare Events

Complex cryogenic set-up
• Fully cryogen-free system: 

- custom cryostat
- 5 pulse tubes
- a powerful dilution refrigerator and

• ~10 mK operating temperature
• Independent suspension of the detector array
• An embedded detector calibration system
• Radio-pure materials
• Heavy low temperature shield

CUORE detector
• 988 TeO2 crystals run as a bolometer array
- 5x5x5 cm3 crystal, 750 g each

• 19 Towers; 13 floors; 4 modules per floor
- 741 kg total - 206 kg 130Te
- 1027 130Te nuclei

• Excellent energy resolution of bolometers 
• Radio-pure material and clean assembly to achieve low 

background at ROI
- strict radiopurity control protocol to limit bulk and surface 

contaminations in crystal production 
- transportation at sea level to LNGS 
- bolometric test to check performances and radio-purity
- TECM protocol (Tumbling, Electropolishing, Chemical etching, 

and Magnetron plasma etching) for copper surface cleaning 
- limited exposure to cosmic rays: underground storage of the 

copper parts in between production and cleaning

CUORE

• Cryogenic Underground Observatory for Rare 
Events (CUORE)

• Creating the coldest cubic meter (<10 mK) in 
the known universe at LGNS

46

Technology: Cryogenic TeO2 bolometer
Signal from phonons
Source is detection medium
Isotope: 130Te

Challenges:
Presently no second channel for α/β discrimination

Highlights:
Excellent energy resolution
No enrichment necessary

CUORE-0 BACKGROUND ANALYSIS 
AND EVALUATION OF  

130Te 2nbb DECAY HALF-LIFE 

28th Rencontres de Blois on 

Particle Physics and Cosmology 
Château Royal de Blois, May 29 - June 03, 2016 

Davide Chiesa 
University and INFN of Milano-Bicocca 

 
 

On behalf of the CUORE collaboration 
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CUORE Method

• Energy resolution comparable 
to Ge crystal detectors 
(0.085% at Q-value)

• Each crystal is a calorimeter, 
no discrimination for α/β

47

O.Cremonesi,-,06/06/2014,,,Neutrino,2014,@,Boston,,USA

Bolometric concept

5

Heat sink 
(8-10 mK)

Cu holder

Thermometer

Incident
radiation (E)

 TeO2 

crystal

PTFE 
supports (G)

NTD Ge
sensor

Absorber
Crystal (C)

Weak 
Thermal 
coupling ΔT ~ ΔE/C

C ~ T3

τ ~ C/G 

• Excellent energy resolution: (kBCT2)1/2

• Calorimetric approach

• Wide choice of the absorber material

• Large mass arrays

G ~ 100 µK/MeV
 τ ∼ 1 s

Neutron Transmutation Doped
Ge thermistor from Cremonesi Neutrino 2014

CUORE-0 BACKGROUND ANALYSIS 

Blois - May 31, 2016 

5 

Davide Chiesa – University and INFN of Milano-Bicocca 

ANALYSIS GOALS 
| Disentangle and describe quantitatively the main background sources, evaluating 

their impact in the 0nbb ROI.  

| Evaluate the half-life of 2nbb decay of 130Te. 

ANALYSIS SCHEME 
 

Identify the 

background sources 

Model each source 

through MC 

Fit the MC spectra to 

the measured one 

In this analysis the 
first dataset (~5% of 
total statistics) was 
excluded, due to 
significant higher 
222Rn level. 
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CUORE roadmap

48O.Cremonesi,-,06/06/2014,,,Neutrino,2014,@,Boston,,USA

A phased program

7

CUORICINO
2003

CUORE
2015

CUORE0
2012

?

CUORICINO
2003

CUORE-0
2013-15

CUORE
2016-?

19.75
kg-yr

9.8
kg-yr
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CUORE-0 results

• CUORE-0 is the first tower, 52 TeO2 crystals

• 39 kg TeO2, 10.9 kg 130Te (no enrichment 
needed)

• CUORE-0 + CUORICINO:

49

CUORE-0 

Blois - May 31, 2016 

4 

Davide Chiesa – University and INFN of Milano-Bicocca 

| First tower from the CUORE detector assembly line, 

operated from March 2013 to March 2015. 

 Æ 35.2 kg∙y TeO2 exposure 

Proof of concept of CUORE detector in 

all stages: 

| Test and debug of the CUORE tower assembly 

line. 

| Test of the CUORE DAQ and analysis 

framework. 

| Extend the physics reach while CUORE is 

being assembled. 

 

¾ 52 TeO2 crystals 

¾ Total mass = 39 kg TeO2  

 (10.9 kg 130Te) 

¾ Energy resolution: ~5 keV 

IDENTIFY THE BACKGROUND SOURCES 

Blois - May 31, 2016 

8 

Davide Chiesa – University and INFN of Milano-Bicocca 

| Exploit a priori information from previous experiments, radioassay 

measurements of materials and cosmogenic activation calculations. 

| Extract the maximum information directly from CUORE-0 data: 

¾ coincidence analysis (thanks to detector modularity); 

Multiplicity 2 

M2 M2SUM 

E1 E2 E1+E2 

Multiplicity 1 
M1 

Event depositing energy 

in a single crystal. 

Simultaneous energy deposition in two crystals 

IDENTIFY THE BACKGROUND SOURCES 

Blois - May 31, 2016 

10 

Davide Chiesa – University and INFN of Milano-Bicocca 

| Exploit a priori information from previous experiments, radioassay 

measurements of materials and cosmogenic activation calculations. 

| Extract the maximum information directly from CUORE-0 data: 

¾ coincidence analysis (thanks to detector modularity); 

¾ analysis of gamma peaks; 

1) e+e- annihilation 

2) 228Ac 

3) 212Pb 

4) 212Bi 

5) 208Tl 

6) 214Pb 

7) 214Bi 

8) 40K 

9) 60Co 

232Th 

decay 

chain 

238U 

decay 

chain 

M1

M2

0νββ
ROI

0nbb ROI RECONSTRUCTION 

Blois - May 31, 2016 

17 

Davide Chiesa – University and INFN of Milano-Bicocca 

| The resulting background index in the ROI is:  
  0.058 ± 0.004 (stat.) ± 0.002 (syst.) counts/keV/kg/yr 
 
 
 
 
 
 
 
 
 
| We set a 90% C.L. Bayesian lower limit for 130Te 0nbb: 

 
| Best limit for 130Te 0nbb (combined with CUORICINO): 

[1]: K. Alfonso et al. (CUORE Collaboration), Phys. Rev. Lett. 115, 102502 (2015). 

PRELIMINARY 
0nbb ROI background: 
| Shields: ~72% 
| Holder: ~21% 
| Crystals: ~5% 
| Muons: ~2% 
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t0⌫��1/2 > 4.0⇥ 1024 years

hm��i < 270� 760 meV
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CUORE and CUPID

• CUORE has 19 towers, 740 kg natTeO2, aiming for                                         ,
detector is cold, stay tuned for results.

• For future upgrades

• Reuse cryostat

• Use enriched crystals

• Cuore Upgrade with PID (α/β)

• Need second channel, probably
Cherenkov or scintillation
light

• Various R&D projects underway,
may require new crystal, isotope

50

hm��i < 40� 100 meV

Some ideas

TeO2, ZnMoO4, 
ZnSe, CdWO4

Scintillating crystal,
Cherenkov light readout

Isotopes with Q-values above 
2615 keV in 

scintillating crystals may offer 
exceptionally low background



Joshua Albert                                                            FPCP 2016 - Caltech                       June 8, 2016      

NEMO-3/SuperNEMO
• Neutrino Ettore Majorana Observatory

• Source foils and tracker volumes to fully reconstruct 
both βs

• Flexible, multi-isotope, but low mass

• NEMO-3 (2003-2011), 100Mo, 82Se, 130Te, ...

• SuperNEMO demonstrator (commissioning, ~5 kg 
82Se)

• SuperNEMO (future, ~100 kg 82Se)

51

NEMO-3 experiment

NEMO/SuperNEMO. ICHEP 2014. Valencia (Spain) 2/14

NEMO-3 capability to register simultaneously energy and tracks of the particles of an event, gave him unique advantages inside 
the ββ experiments:

Full reconstruction of the 2 electrons present in a ββ  decay event:

          Electrons energies (E1, E2)

            Electrons arrival time (t1, t2)

            Emission vertex and angle (cos θ)

            Particle curvature inside the magnetic field → particle charge ±

NEMO-3 ββ event

NEMO-3 experiment

NEMO/SuperNEMO. ICHEP 2014. Valencia (Spain) 1/14

ββ decay experiment:

    - Different isotopes (mainly 100Mo and 82Se) 

    - Combining the measurement of the particles energy with the reconstruction of their tracks

Located at the Modane Underground Laboratory (~4800 m.w.e.):

     - Data taking (2 phases) from February 2003 to January 2011

     -  Currently decommissioned
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• Repurpose SNO with 130Te-loaded 
liquid scintillator

• Very large mass possible at modest 
cost

• Energy resolution (~4.5%) is a 
challenge, future upgrades may help

• Detector preparing for water-fill, 
scintillator and loaded scintillator to 
follow

52

12 Advances in High Energy Physics

Figure 5: TeLS samples from the investigation of higher
tellurium loading in LAB scintillator. The samples in-
crease in loading from 0.3% (by weight) on the left to 5%
on the right.

important for liquid scintillator-based experiments,
as the energy resolution is usually some hundreds of
keV.

3. An innovative loading technique has been developed,
which enables deployment of up to 5% (by weight)
of natural tellurium while maintaining good light
transmission, minimal scattering, and an acceptable
light yield (see Section 2.2). The 0.3% tellurium
scintillator cocktail (TeLS) has been proven to be
stable for a period of over two years. In Figure 5,
various SNO+ loaded cocktails are shown. Cock-
tails with higher loading still maintain good optical
transparency.

4. The TeLS does not present inherent optical absorp-
tion lines in the visible wavelength range, such that
a secondary wavelength shifter may be added to the
cocktail to better match the SNO+ PMT response.

5.1. Backgrounds. For the 130Te 0⌫�� search, an asym-
metric region of interest (ROI) is defined, which extends
from �0.5� to 1.5� around the Gaussian signal peak.
For the 0.3% Te-loaded cocktail with a light yield of
200Nhits/MeV (see section 2.2) the energy resolution at
2.5MeV is ⇠270 keV (FWHM), while the averaged posi-
tion resolution at the same energy is ⇠15 cm at the de-
tector’s center. An asymmetric ROI retains most of the
0⌫�� decays but considerably reduces the backgrounds
from 2⌫�� and low-energy 238U- and 232Th-chain de-
cays. Most external backgrounds are rejected by a 3.5 -m
fiducial radius cut, which preserves 20% of signal events.
Inside the 3.5 -m fiducial volume (FV) and 2.47MeV to
2.70MeV energy ROI, the main background sources are:
8
B solar neutrinos: flat continuum background from

the elastically-scattered (ES) electrons, normalized
using the total 8B flux and published solar mixing
parameters [41].

2⌫��: irreducible background due to the 2⌫�� decays
of 130Te. These events appear in the ROI due to the
energy resolution of SNO+.

External Backgrounds:

208Tl and 214Bi nuclides con-
tained in the AV, hold-down rope system, water
shielding, and PMT glass are the major contribu-
tors in the defined ROI. The FV cut of 20% reduces
these background events by several orders of mag-
nitude. The PMT hit-time distribution cut reduces
the external background events falling in the FV by
an additional factor of two.

Internal

238
U- and

232
Th-chain Backgrounds: the

dominant backgrounds in the signal ROI are due
to 214Bi-Po and 212Bi-Po decays. Currently, we
have achieved approximately 100% rejection of
separately triggered 214Bi-Po and 212Bi-Po decays
falling inside the ROI and FV using the �-↵ delayed
coincidence. For 212Bi-Po and 214Bi-Po pile-up
decays, cuts based on PMT hit timing achieve a
rejection factor of ⇠50 for events that fall in the
ROI and FV. Other minor contributions in the ROI
are due to 234mPa (238U chain), 210Tl (238U chain)
and 208Tl (232Th chain).

Cosmogenic Backgrounds: The most relevant iso-
topes are 60Co, 110mAg, 88Y and 22Na (see Section
4.5). The developed purification techniques together
with a long period of underground storage will re-
duce the cosmogenically-induced background to less
than one event per year in the FV and ROI.

(↵,n) Backgrounds: both the prompt signal and the
delayed 2.22MeV-� produced by (↵,n) reactions can
leak into the 0⌫�� ROI. Coincidence-based cuts
have been developed that remove more than 99.6%
of the prompt and ⇠90% of delayed events that fall
in the FV and ROI.

Pile-up Backgrounds: the most important pile-up
backgrounds for the 0⌫�� search are due to high-
rate 210Po+2⌫�� and 210Bi+2⌫��, with bismuth
and polonium coming from both the TeLS and the
vessel surface. Timing-based cuts have been devel-
oped that reduce the pile-up backgrounds to a neg-
ligible level.

We have estimated the fraction of each background
that falls in the ROI and FV based on our Monte Carlo
simulations. A summary of the various background
sources in the ROI and FV is shown in Table 4. The
main contributions are due to the 8B ⌫ ES and to the
2⌫��. A total of about 22 events/yr in the FV and ROI
is expected. The scale of the external background events
within the ROI can be checked by fitting events outside
the fiducial volume. Internal U- and Th-chain residuals
can be checked via the 214Bi-Po and the 212Bi-Po delayed
coincidences, which tagging e�ciency can be tested dur-
ing the pure LAB-PPO scintillator phase. In addition,
some of the cosmogenic-induced backgrounds, like 124Sb
and 88Y, can be constrained using their relatively short
half-life, while 8B-⌫ and 2⌫�� decays can be constrained

SNO+
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Figure 1. A ��0⌫ event (left) and a single electron background event from a 2.44 MeV 214Bi
gamma (right) in Monte Carlo simulation (both events simulated at 15 bar gas pressure).

Subterráneo de Canfranc. The principle of operation of NEXT-100 and NEW and the

necessary know-how has been developed using NEXT-DEMO, a large scale prototype which

operated at the Instituto de F́ısica Corpuscular in Valencia (Spain) with ⇠1.5 kg of natural

xenon at a pressure of 10 bar (for a detailed description of the prototype, see Refs. [6, 7]).

The use of a topological particle identification based on the expected signature of a

double electron (signal) event compared to that of a single electron (background) produced

by the interaction of high energy gammas is presented here. Using the Monte Carlo

simulation of the NEXT-DEMO prototype and data taken with NEXT-DEMO a first

demonstration of the power of the method has been made. This involved the comparison of

single electron tracks originating from the photoelectric interaction of 22Na gammas and

double electron tracks from the pair production of the 2.614 MeV gamma from 208Tl.

The paper is organized as follows. The topological signal and reconstruction algorithms

are described in Sec. 2. The data analysis is described in Sec. 3 and the results obtained

are presented and discussed in Sec. 4. The paper ends with the conclusion in Sec. 5.

2 Topological signature in NEXT

Electrons (and positrons) moving through xenon gas lose energy at an approximately fixed

rate until they become non-relativistic. At the end of the trajectory the 1/v2 rise of the

energy loss (where v is the speed of the particle) leads to a significant energy deposition

in a compact region, which will be referred to as a ‘blob’. The two electrons produced

in double beta decay events appear as a single continuous trajectory with a blob at each

end (Fig. 1-left). Background events from single electrons, however, typically leave a single

continuous track with only one blob (Fig. 1-right). The use of this topological signature to

eliminate background in ��0⌫ experiments was pioneered by the Caltech-Neuchâtel-PSI

Collaboration in the Gotthard Underground Laboratory [8], using a gaseous 136Xe TPC

with multiwire read-out, with a fiducial mass of 3.3 kg of 136Xe at a pressure of 5 atm.

– 3 –

NEXT
• Neutrino Experiment with a 

Xenon Time projection chamber

• 15 bar gas TPC: good energy 
resolution (~0.4%), long tracks

• Topological identification!
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The NEXT detector: 
an Electroluminescence Xenon TPC 

for neutrinoless double beta decay detection

Cristina M.B. Monteiro (Coimbra University)

on behalf of the NEXTNEXTNEXTNEXT CollaborationCollaborationCollaborationCollaboration

TIPP 2014, Amsterdam, 2-6 June 2014

MC

Detector concept

7

The SOFT Concept (Separate, Optimized Functions) in the NEXT experiment: 

• Electroluminescence  (EL) generated at the anode is collected in the photosensor 

plane behind it and is used for tracking;

• EL is also collected in the photosensor plane behind the transparent cathode and 

used for a precise energy measurement.

• The detection of the primary scintillation light (S1) constitutes the start-of-event, t0.

NEXT-DEMO: 2014, 1.5 kg Xe

NEXT-NEW: 2016, 10 kg Xe

P. Novella, NEXT, EPS 2015 11

NEXT-NEW @ LSC

● Infrastructures ready:  platform, lead castle, gas system
● Xenon available:  100 kg of enriched 136Xe and 100 kg of depleted Xe
 

● NEXT-NEW: vessel @ LSC since early 2015, energy plane installed

NEXT-100: next, 100 kg enrXe

arXiv:1507.05902

NEXT-
NEW at 
Canfranc

http://arxiv.org/abs/1507.05902
http://arxiv.org/abs/1507.05902
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Apologies for incompleteness

• The list of small projects and planned projects gets very large.

• Incomplete list of additional projects:

• COBRA

• PandaX-III

• AMoRE

• Lucifer

• LUMINEU

• CANDLES
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Conclusions?

• How will the search for 0νββ conclude?

• Determination that neutrinos are in the inverted hierarchy
→ Majorana/Dirac determination in next-generation

• Measurement of absolute neutrino mass
→ Majorana/Dirac determination eventually

• Discovery of 0νββ
→ Also a measurement of neutrino mass, possibly next-gen?

• Nothing but limits

• Impressive progress in background reduction techniques along the way

• Any of these outcomes will require verification from multiple experiments 
before outcome is settled.
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Thanks!

56



Joshua Albert                                                            FPCP 2016 - Caltech                       June 8, 2016      

Backup Slides
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Early Neutrino Physics

59

• Enrico Fermi develops Pauli’s idea

• “neutrinos”, little neutrons

1934
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Early Neutrino Physics
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• “neutrinos”, little neutrons
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Sensitivity
• Low backgrounds

• Radiopure materials

• Shielding

• Good energy resolution

• Large pure volumes

• Additional discrimination techniques

• Vetos and depth

• Large masses of isotopes

• Isotopic matrix elements

• High signal efficiency
62
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Discovery Potential
• Everything required for sensitivity, plus excellent background suppression 

and characterization.

• To make a discovery, it is necessary to demonstrate that no unidentified 
background could be causing a false signal.

• A previous discovery claim (Klapdor et. al) failed this test, and has since 
been solidly refuted by 136Xe measurements.
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from doi:10.1023/A:1019722802931

Status of Evidence for Neutrinoless Double Beta Decay 9
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Fig. 3. Sum spectrum of enriched detectors Nr. 1,2,3,4,5 over the period August 1990 -
May 2000 (54.9813 kgy) measured in the HEIDELBERG-MOSCOW experiment (bin-
ning 0.36 keV). The sources of the main identified background lines are noted.

escape (mainly SSE) and total absorption (mainly MSE) γ-lines [80–82,76]. They
allow to achieve about 80% detection efficiency for both interaction types.

The expectation for a 0νββ signal would be a line of single site events on
some background of multiple site events but also single site events, the latter
coming to a large extent from the continuum of the 2614keV γ-line from 208T l
(see, e.g., the simulation in [80]). From simulation we expect that about 5% of
the double beta single site events should be seen as MSE. This is caused by
bremsstrahlung of the emitted electrons [76].

Installation of PSA has been performed in 1995 for the four large detectors.
Detector Nr.5 runs since February 1995, detectors 2,3,4 since November 1995
with PSA. The measuring time with PSA from November 1995 until May 2000
is 36.532kg years, for detectors 2,3,5 it is 28.053kg y.

Fig. 6 shows typical SSE and MSE events from our spectrum.

10 H.V. Klapdor-Kleingrothaus
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Fig. 4. Sum spectrum of the 76Ge detectors Nr. 1,2,3,4,5 over the period August 1990
to May 2000, (54.9813 kgy) in the energy interval 2000 - 2080 keV, around the Qββ

value of double beta decay (Qββ = 2039.006(50) keV) summed to 1 keV bins. The
curve results from Bayesian inference in the way explained in sec.3. It corresponds to
a half-life T0ν

1/2
=(0.80 - 35.07)× 1025 y (95% c.l.)
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Fig. 5. Sum spectrum of single site events, measured with the detectors Nr. 2,3,5 oper-
ated with pulse shape analysis in the period November 1995 to May 2000 (28.053 kg y),
summed to 1 keV bins. Only events identified as single site events (SSE) by all three
pulse shape analysis methods [80–82] have been accepted. The curve results from
Bayesian inference in the way explained in sec.3. When corrected for the efficiency
of SSE identification (see text), this leads to the following value for the half-life:
T0ν

1/2
=(0.88 - 22.38)× 1025 y (90% c.l.).

All the spectra are obtained after rejecting coincidence events between dif-
ferent Ge detectors and events coincident with activation of the muon shield.
The spectra, which are taken in bins of 0.36 keV, are shown in Figs. 4,5, Fig.2 of
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Cost/Feasibility?

• Cost of isotope (including enrichment, if necessary)

• Availability of isotope

• Cost of detector and shielding

• Cost and reliability for radiopurity of detector and shielding

• Time necessary to build and commission detector

• Tolerance for problems (can it be fixed?)

• R&D status (new technologies?)
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From G. Gratta
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In order of increasing abscissa the 
points are 48Ca, 150Nd, 136Xe, 96Zr,  
124Sn, 130Te, 82Se, 76Ge, 100Mo, 110Pd 
correspond to a 1 event / ton yr signal 
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EXO-200 site

• Waste Isolation Pilot Plant, near Carlsbad, NM

• 650m flat overburden, ~1620 mwe

• Salt relatively low in 238U and 232Th 
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€ 

Φµ ~ 1.5 ×10
5 yr−1m−2sr−1

U ~ 0.048ppm
Th ~ 0.25ppm
K ~ 480ppm

Esch et al., arxiv:astro-ph/0408486 (2004)
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About resolutions

• I am reporting resolutions in terms of σ, multiply by 2.355 to get to 
FWHM resolutions.
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