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Neutrinoless Double Beta Decay
Towards ton-scale experiments



Forbidden in Standard Model

‣ L and B-L violated:         ΔL=2      Δ(B-L)=-2  

‣ Matter creation in LAB: the physics that matters but doesn’t antimatter :)

Different  BSM diagrams can contribute

‣ If discovered ν has a Majorana mass component
‣ Dim-5 operator model: exchange light-mass Majorana neutrinos  

T0ν1/2 ≳1025/26yr 

0νββ decay
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Eγ(208Tl) =2.615 keV
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Experimental aspects

Experimental signature
‣ One daughter ionized isotope + 2 e- 
‣ e-  summed kinetic energy = monochromatic line at Qββ (~2-3 MeV)

3

Cheryl Patrick, UCL Neutrino mass measurements & double beta decay �3

beta decay

e-

p

e-
p

n
n

double-Neutrinoless

0νββ

e-

e-

n p

n p
W-

W-

νM

Only if ν=ν:̄ Majorana neutrino

Lepton number 
violated 
Δ L = 2

T1/2 > 1024  - 1026 years

�3

: the smoking gun for Majorana

Matter CREATED!

Wendell Furry

(A,Z) → (A,Z+2) + 2e-

Single Beta decay must be forbidden

  2

(A , Z )→ (A , Z+2 )+2 e
-+2 ν̄

(A , Z )→ (A , Z+2 )+2 e
-

● 2νbb decay - observed, rare decay, 
● allowed by the Standard Model

● measured T
1/2

 > 1018 y

● 0νbb decay – DL=2 process, 
● forbidden in Standard Model

2ν2b - 0ν2b  



Experimental aspects

Experimental signature
‣ One daughter ionized isotope + 2 e- 
‣ e-  summed kinetic energy = monochromatic line at Qββ (~2-3 MeV)
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(A,Z) → (A,Z+2) + 2e-

CSN2 - 10 Aprile 2018 !17

Double Beta Decay
(A,Z) ! (A,Z + 2) + 2e� + 2�

(A,Z) ! (A,Z + 2) + 2e�

- 2nd order process allowed in the SM 
- observed in several nuclei with  τ2ν ~ 1019 - 1021 y

- lepton number violating process 
- τ0ν > 1025 - 1026 y 
- exists if neutrino is a Majorana particle and mν≠0

2νββ 

0νββ 

ββ summed e� energy spectrum 
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B
=

Q5

�E6
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Irreducible background
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‣ 2nd order weak process in SM 
‣ measured at a few % precision   
‣ T2ν1/2 >1018 yr 

(A,Z) → (A,Z+2) + 2e-+ 2ν
_



Γ0ν

ln2
= (T0ν

1/2)
−1 = G0ν(Q, Z)g4

A |M0ν |2 ⟨m2
ββ⟩

m2
e

0νββ ⇔ ν mass
Assume exchange of light Majorana ν
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FIG. 2 Feynman diagram of 0⌫�� decay with light neutrino
exchange. On the left, we highlight the mass mechanism, with
a Majorana mass term MM inducing the non-conservation of
the leptonic current (red), and the Dirac mass terms MD cou-
pling the left-handed neutrinos to their right-handed coun-
terparts. On the right, we show the corresponding scheme
in terms of neutrino mass eigenstates and the PMNS mixing
matrix U .

where m can be chosen to be real and positive by chang-
ing the phase of ⌫. Adding the total derivative term
�i/2@µ(⌫̄L�µ⌫L) does not change the action, and intro-
ducing the Majorana spinor2

� = ⌫L + C⌫̄tL, (14)

the Lagrangian density reads the same as the usual free
case, apart from the factor of 2 because the field is self-
conjugated:

L =
i

2
�̄ @µ�

µ ��
m

2
�̄�. (15)

Noting that ⌫L = PL�, we find the lepton number vio-
lating propagator that describes the exchange of virtual
Majorana neutrinos:

PLh0|T [�(x)�̄(y)]|0iPL =

= m⇥

Z
d4q

i PL e�iq(x�y)

q2 �m2 + i0+

= �h0|T [⌫L(x)⌫L(y)]|0iC
†. (16)

Considering the SM electron neutrino, ⌫e =
P

i Uei⌫i,
the only modifications required to describe the propaga-
tor that enters 0⌫�� decay are i) including the factor
U2
ei and ii) using also mi for each massive neutrino state.

Using this propagator to compute the decay rate, only
the absolute value of the parameter matters. Thus the

2 Majorana means self-conjugate: from �̄ = ⌫̄L � ⌫t
L
C†, we find

immediately C�̄t = �. In some sense, the particle and anti-
particle nature of a Majorana particle coexist.

practical recipe is to replace m ! |
P

i U
2
ei mi| ⌘ m�� .

Figure 2 shows the Feynman diagram for 0⌫�� decay
with light neutrino exchange.
Note finally that Majorana mass terms violate the SM

hypercharge symmetry. However, this violation can be
attributed to the Higgs field vacuum expectation value,
i.e., to SSB of the electroweak group.

3. Implications for 0⌫�� decay

As previously discussed, several operators can con-
tribute to 0⌫�� decay. Regardless of the responsible
BSM mechanism, the decay rate can be divided into four
pieces. The first is the phase-space factor G that in-
dicates the feasibility of the decay according to its kine-
matics. Its value depends mainly on the energy di↵erence
between the initial and final states, or Q�� . The second
piece is a hadronic matrix element g that encodes the
coupling of the weak interaction to nucleons. In Fermi
and Gamow-Teller (GT) transitions this is given by gV
and gA, respectively, while for 0⌫�� decay a genuine two-
nucleon coupling gNN needs to be considered as well. The
third piece is a nuclear matrix element (NME) M that
represents the amplitude for the nuclear transition from
the initial to the final state nucleus. NMEs depend on the
nuclear structure of the initial and final nuclei, and also
on the nuclear transition operator, and are covered exten-
sively in Sec. IV. Finally, the decay rate also depends on
the responsible BSM mechanism, introducing the scale ⇤
associated with lepton-number violation. Considering all
possible decay channels i, the schematic expression for
the 0⌫��-decay rate can be written as

�0⌫

ln 2
=

1

T 0⌫
1/2

=
X

i

Gi g
4
i M

2
i fi(⇤) + interference terms,

(17)

where fi is a dimensionless function encompassing BSM
physics. In the case of light neutrino exchange, fi is
conventionally written as the square of m�� normalized
by the square of the electron mass.
The evidence of neutrino masses and the fact that

the Weinberg operator has the lowest dimension suggests
that the leading contribution to 0⌫�� decay is likely due
to Majorana neutrino masses. From this point of view,
the discussion of a full model might be considered pre-
mature, as was the W -boson hypothesis right after the
discovery of Fermi interactions. On the other hand, it is
not possible to exclude a priori the possibility that the
scale of lepton number violation is not far from the one
probed with accelerators or rare decays.

In this case a new question arises: how do we avoid an
exceedingly large value of neutrino masses and in partic-
ular of m��? A more detailed discussion on this topic is
given in de Gouvea and Jenkins (2008) and Mitra et al.
(2012). Solving this type of situation is possible if the

R
ev. M

od. Phys. 95, 025002, 2023

130Te

see J. Holt’s talk
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18.4 meV
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18.4 meV

Best limits mββ < 28-122 meV
KamLAND-Zen 800
arXiv:2406.11438  

https://arxiv.org/abs/2406.11438
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18.4 meV

Best limits mββ < 28-122 meV
KamLAND-Zen 800
arXiv:2406.11438  

⟨m2
ββ⟩ ∝ (T0ν

1/2)
−1

Bkgd free operation mode  ➝ T0ν                     (sensitivity exposure)∝

https://arxiv.org/abs/2406.11438
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9

18.4 meV

Best limits mββ < 28-122 meV
KamLAND-Zen 800
arXiv:2406.11438  

⟨m2
ββ⟩ ∝ (T0ν

1/2)
−1

CUORE: Ton·yr scale sen. exp. but bkgd dominated
LEGEND-200: bkgd free mode, will reach Ton scale sen. exp. in 5 yr

Bkgd free operation mode  ➝ T0ν                     (sensitivity exposure)∝

Adapted from ArxiV:2304.03451

https://arxiv.org/abs/2406.11438


The parameter space
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18.4 meV

Best limits mββ < 28-122 meV
KamLAND-Zen 800
arXiv:2406.11438  

⟨m2
ββ⟩ ∝ (T0ν

1/2)
−1

CUORE: Ton·yr scale sen. exp. but bkgd dominated
LEGEND-200: bkgd free mode, will reach Ton scale sen. exp. in 5 yr

Next experiments designed for discovery in I.O. region ➝ need 10 Ton·yr

Inverted ordering (IO)

Normal 
ordering (NO)

10

Upcoming experiments

TAUP - August 29, 2023D. Moore, Yale

IO (#! → %)

NO (#" → %)

De
ge

ne
ra

te
IO

NO

Parameter space vs. mass of lightest !: Sensitivity of upcoming experiments:

Plot adapted from arXiv:2212.11099, 
R. Saldanha (private comm.)  

Bkgd free operation mode  ➝ T0ν                     (sensitivity exposure)∝

Adapted from ArxiV:2304.03451

https://arxiv.org/abs/2406.11438


Synopsis

11

10 210 310 410

SuperNEMO
SuperNEMO-D

NEMO-3
Amore-II

CUPID
CROSS

CUPID-Mo
CUPID-0
CUORE
SNO+II
SNO+
KL2Z

KLZ-800
KLZ-400
DARWIN

LZ-enr
LZ-nat

PandaX-III
NEXT-HD
NEXT-100

nEXO
EXO-200

LEGEND-1000
LEGEND-200

MJD
GERDA-II

)isomIsotope mass (
[mol]

0 0.2 0.4 0.6

Total efficiency

ROI
ε ⋅ mwaε ⋅ 

cont
ε ⋅ actε

1 10 210

)σEnergy resolution (
[keV]

1 10 210 310 410

Sensitive exposure
[(mol yr)/yr]

5−10 4−10 3−10 2−10 1−10

Sensitive background
[events/(mol yr)]

2−10 1−10 1 10 210

Background rate
[events/yr]

10 210 310 410

SuperNEMO
SuperNEMO-D

NEMO-3
Amore-II

CUPID
CROSS

CUPID-Mo
CUPID-0
CUORE
SNO+II
SNO+
KL2Z

KLZ-800
KLZ-400
DARWIN

LZ-enr
LZ-nat

PandaX-III
NEXT-HD
NEXT-100

nEXO
EXO-200

LEGEND-1000
LEGEND-200

MJD
GERDA-II

)isomIsotope mass (
[mol]

0 0.2 0.4 0.6

Total efficiency

ROI
ε ⋅ mwaε ⋅ 

cont
ε ⋅ actε

1 10 210

)σEnergy resolution (
[keV]

1 10 210 310 410

Sensitive exposure
[(mol yr)/yr]

5−10 4−10 3−10 2−10 1−10

Sensitive background
[events/(mol yr)]

2−10 1−10 1 10 210

Background rate
[events/yr]

C
ry

st
al

  e
m

be
dd

ed
 s

ou
rc

e

Solid

Fluid-TPC

Solid

Ext.

Fluid-scint.

76Ge

136Xe

130Te

100Mo

82Se

Adapted from 
Rev. Mod. Phys. 95, 025002, 2023



Synopsis

12

10 210 310 410

SuperNEMO
SuperNEMO-D

NEMO-3
Amore-II

CUPID
CROSS

CUPID-Mo
CUPID-0
CUORE
SNO+II
SNO+
KL2Z

KLZ-800
KLZ-400
DARWIN

LZ-enr
LZ-nat

PandaX-III
NEXT-HD
NEXT-100

nEXO
EXO-200

LEGEND-1000
LEGEND-200

MJD
GERDA-II

)isomIsotope mass (
[mol]

0 0.2 0.4 0.6

Total efficiency

ROI
ε ⋅ mwaε ⋅ 

cont
ε ⋅ actε

1 10 210

)σEnergy resolution (
[keV]

1 10 210 310 410

Sensitive exposure
[(mol yr)/yr]

5−10 4−10 3−10 2−10 1−10

Sensitive background
[events/(mol yr)]

2−10 1−10 1 10 210

Background rate
[events/yr]

10 210 310 410

SuperNEMO
SuperNEMO-D

NEMO-3
Amore-II

CUPID
CROSS

CUPID-Mo
CUPID-0
CUORE
SNO+II
SNO+
KL2Z

KLZ-800
KLZ-400
DARWIN

LZ-enr
LZ-nat

PandaX-III
NEXT-HD
NEXT-100

nEXO
EXO-200

LEGEND-1000
LEGEND-200

MJD
GERDA-II

)isomIsotope mass (
[mol]

0 0.2 0.4 0.6

Total efficiency

ROI
ε ⋅ mwaε ⋅ 

cont
ε ⋅ actε

1 10 210

)σEnergy resolution (
[keV]

1 10 210 310 410

Sensitive exposure
[(mol yr)/yr]

5−10 4−10 3−10 2−10 1−10

Sensitive background
[events/(mol yr)]

2−10 1−10 1 10 210

Background rate
[events/yr]

Fl
ui

d 
em

be
dd

ed
 s

ou
rc

e

Solid

Fluid-TPC

Solid

Ext.

Fluid-scint.

76Ge

136Xe

130Te

100Mo

82Se

Adapted from 
Rev. Mod. Phys. 95, 025002, 2023



Crystal embedded 
source



40

ICHEP2024    •    Jul 2024    •    LEGEND-200: first steps towards the hunt for 0ν     •ββ     Mariia Redchuk

LEGEND-200 first year of physics data

208Tl
 double escape 212BI

 full energy

                                 

Bare HPGe detectors ~90%-enr. 76Ge in LAr  instrumented as active veto

Upgraded GERDA infrastructure + 200 kg 76Ge (75 new 2kg Inverted Coaxial Point Contact HPGe)   

Outstanding ΔEFWHM @ Qββ~0.1% 

Almost zero background regime: 2·10-4 ckky (cts/keV·kg·yr)

Goal: in 5 year T0ν1/2>1.9 1027 yr  mββ: [34-78] meV

LEGEND-200

14

LNGS

Atm. LArWC 30

ICHEP2024    •    Jul 2024    •    LEGEND-200: first steps towards the hunt for 0ν     •ββ     Mariia Redchuk

LEGEND-200 commissioning           



DATA AFTER PULSE SHAPE DISCRIMINATION AND ARGON ANTI-COINCIDENCE CUT [GOLDEN]

• Strong anti-correlation of argon and PSD cuts
• Overall 0νββ survival fraction of ∼60%
• “Pure” 2νββ distribution, few events surviving at 𝑄ββ

The first year of LEGEND-200 physics data in the quest for 0𝜈𝛽𝛽 • L. Pertoldi • Neutrino 2024, Milano • 18 June 2024 14/24

LEGEND-200: first results

DATA IN THE REGION OF INTEREST — AFTER UNBLINDING LAST WEEK!

• 7 events surviving. Background index
BI = 5.3 ± 2.2 ⋅ 10−4 cts / (keV kg yr)

GERDA, MAJORANA and LEGEND combined fit
• 𝑝-value of background-only = 26%
• 𝑇0ν1/2 lower limits (90% frequentist C.L.)

Observed Sensitivity> 1.9 ⋅ 1026 yr 2.8 ⋅ 1026 yr
LEGEND-200 contribution

• +30% of limit median expectation
• event at 1.4 𝜎 from 𝑄ββ weakens combined limit

The first year of LEGEND-200 physics data in the quest for 0𝜈𝛽𝛽 • L. Pertoldi • Neutrino 2024, Milano • 18 June 2024 16/24

15

First year with 142 kg 76Ge installed (130 kg operational due to hardware issues)
76.2 kg·yr for bkgd and performance characterisation +  48.3 kg·yr  for physics data
Performances as expected, overall efficiency ~60%

Bkgd = (5.3±2.2)·10-4 ckky
     (GERDA world-leading level)

228Th contribution higher then expected  

 Combined fit with GERDA: T0ν1/2>1.9 1026 yr (90 C.L.) 

Preliminary results from Neutrino 2024

“background estimation window 1930 – 2190 keV]



LEGEND-1000
1Ton HPGe detectors, ~90% enr 76Ge in underground LAr in new infrastructure

16
bkgd goal: 10-5 ckky  In 10 yr    T0ν1/2~1028 yr  mββ: [9-21] meV arXiv:2107.11462

ICPC // Inverted Coaxial Point Contact
EFCu // Electro-Formed Copper
WLS // Wavelength-Shifting
PEN // Polyethylene Naphthalate
ASIC // Application-Specific Integrated Circuit

THE -1000 BASELINE DESIGN AT LNGS POSTER LEGEND-1000 OVERVIEW • E. van Nieuwenhuizen

Slide from
 N

eutrino 2024
LNGS

https://arxiv.org/abs/2107.11462


CUORE
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Continuous physics data taking with high duty 
cycle and stable performances since 2019 

‣ Collected 130Te exposure  ~750 kg·yr

Larger bolometric detector ever built

‣ 988 natTeO2 crystals at 10 mK

‣ 742 kg of TeO2,  206 kg 130Te 

LNGSLNGS

Experimental sensitivity to 0νββ decay
● Experimental sensitivity S0v to 0νββ decay 

for a background-limited experiment:

 Background index in the ROI

 In CUORE:

➢ strict radiopurity selection of 
crystals and passive materials;

➢ shields and analysis cuts against 
radioactive contamination;

➢ B = 1.42(2)∙10-2 counts/(keV⋅kg⋅yr)

 Energy resolution in the ROI

 In CUORE:

➢ monitor detectors stability;

➢ noise reduction techniques;

➢ Qββ(130Te) = 2527.5 keV

FWHM(Qββ) = (7.32 ± 0.2) keV

FWHM(Qββ)/Qββ = 0.3%

 Exposure = active mass ⋅ measure time

 CUORE achievements:

➢ ton-scale mk-scale experiment;

➢ stable and uninterrupted data taking since April 2019;

➢ end 2022: 2.039 t⋅yr TeO2 (567.0 kg⋅yr 130Te) 
exposure accumulated (arxiv:2404.04453);

➢ today: > 2.5 t⋅yr TeO2 exposure accumulated.

5Simone Quitadamo   -   Latest Results from the CUORE Experiment

isotopic
abundance

experimental
efficiency

ΔEFWHM @ Qββ ~0.2/0.3 %



CUORE Results
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Analysed 130Te exposure 567 kg·yr 
bkgd: ~1.4 10-2 ckky 

T0ν1/2>3.8 1025 yr (90 C.I.)
 mββ: [70-240] meV (90 C.I.)

Figure from Quitadamo’s talk this afternoon

ArXiv:2404.04453

https://arxiv.org/abs/2404.04453


CUPID

19
Data driven background model: 10-4 ckky      in 10 yr  T0ν

1/2 ~1027 yr   mββ: [12-20] meV 

arXiv:1907.09376 
Builds on CUORE and CUPID0/CUPID-Mo success

Re-use CUORE infrastructure + 1600 Li2100MoO4 (240 kg 100Mo) 

&83,'�SURMHFW

/L�
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����䈅�HQULFKPHQW�!�����䋻�a����NJ�RI����0R
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https://arxiv.org/pdf/1907.09376
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    KamLAND-Zen 800  

21

Combined with KamLAND-Zen 400 
Total exposure ~2.5 Ton  yr 

T0ν1/2 > 3.8 1026 yr (90% C.L.)   mββ < 28-122 meV 

ΔEFWHM @Qββ: 250 keV (10%)

Final Results: arXiv:2406.11438 

Main bkgd: 2νββ, long lived μ induced Xe spallation

Kamioka

G. Benato, Neutrino Oscillation Workshop, 4-11 Sep. 2022

SNO+

Liquid scintillator experiments
KamLAND-Zen

26

● Very large volume
→ Isotope in central part
→ Highly effective self 
shielding

● Isotope (130Te or 136Xe) dissolved 
in liquid scintillator
→ Easily scalable
→ Enrichment not strictly 
required

Ɣ High intrinsic backgrounds
● Readout of scintillation only

→ Particle identification 
possible
→ Energy resolution of few %

Good for limit setting,
not for discovery

→ KamLAND-Zen talk by K. Ichimura

745

1000-ton pure 
liquid scintillator

3

are roughly a factor of 10 smaller than those measured on
the previous IB [12]. The reference calculations for 238U
and 232Th mentioned here assume secular equilibrium for
comparison with the previously reported values. In the
earlier period of the dataset, we found an increase in the
background rate at the IB bottom, possibly due to the
settling of dust particles containing radioactive impuri-
ties. To avoid this possible background, we tag and re-
move this high-background period from the dataset using
machine learning algorithms, as discussed in Ref. [3, 18].

Solar neutrinos are an intrinsic background source for
KamLAND-Zen. Based on neutrino flux calculations us-
ing the standard solar model [19], the elastic scattering
(ES) of 8B solar neutrinos on electrons in the Xe-LS is
estimated to be (4.9 ± 0.2) ⇥ 10�3 (ton day)�1, includ-
ing the e↵ect of three-flavor neutrino oscillations. The
charged-current (CC) interactions on 136Xe produce e�,
136Cs, and �’s from the excited states, and the subse-
quent decays of 136Cs (⌧ = 19.0 days, Q = 2.548MeV)
create a background peak around 2.0MeV in visible
energy, mostly overlapping with the resolution tail of
2⌫�� decays. The interaction rate is expected to be
(0.8± 0.1)⇥ 10�3 (ton day)�1 based on the cross section
calculated in Ref. [20, 21].

Cosmic-ray muons produce neutrons and radioactive
isotopes through nuclear spallation of carbon and xenon,
which decay by emitting �’s or �’s. To remove these
events, we apply cuts based on space and time correlation
with muon and neutron capture � events. In the 0⌫��
window, decays of 10C (⌧ = 27.8 s, Q = 3.65MeV) and
6He (⌧ = 1.16 s, Q = 3.51MeV) dominate the muon spal-
lation backgrounds. To reduce these short-lived back-
grounds, we remove events within 150ms after muons,
and events reconstructed within 1.6m of neutron ver-
tices for 180 s. In addition, we reject remaining back-
ground events by the “shower” likelihood method based
on reconstructed muon shower profiles [22–26]. The over-
all rejection e�ciencies for 10C and 6He are >99.7%
and (97.3 ± 1.5)%, respectively. To reduce the 137Xe
(⌧ = 5.5min, Q = 4.17MeV) background, we remove
events reconstructed within 1.6m for 27min of vertices
identified as neutron captures on 136Xe, which produce
high energy �’s (Q = 4.03MeV). This cut removes
(74± 7)% of 137Xe.

The products of muon spallation with lifetimes greater
than O(100 s), denoted as “long-lived products”, are at-
tributed to the decay of heavy isotopes produced by
xenon spallation. Xenon spallation can be tagged by de-
tecting multiple neutrons. To characterize the long-lived
products, we define a likelihood ratio, RL = Lspa/(Lspa+
Lacc). Here Lspa and Lacc are the probability density
functions (PDFs) for long-lived muon-spallation pairs
and accidental pairs, respectively. These PDFs are con-
structed as a function of neutron multiplicity, distance
to neutron vertices, and time interval from preceding
muons. The cut value on RL is optimized using an esti-
mate with MC simulation tools. FLUKA [27, 28] is used
to calculate the spallation isotope yields, and Geant4 to

1 2 3 4
Visible Energy (MeV)

1−10

10

310

510

Ev
en

ts
 / 

0.
05

 M
eV

Total
 U.L.)ββνTotal (0
ββνXe 2136 

 (90%C.L. U.L.)ββνXe 0136 
Xenon spallation products

Xe137Carbon spallation +  
IB/External RI
Internal RI
Solar Neutrino ES + CC
Data

(a) SD

1 2 3 4
Visible Energy (MeV)

1−10

10

310

510

Ev
en

ts
 / 

0.
05

 M
eV

Total
 U.L.)ββνTotal (0
ββνXe 2136 

 (90%C.L. U.L.)ββνXe 0136 
Xenon spallation products

Xe137Carbon spallation +  
IB/External RI
Internal RI
Solar Neutrino ES + CC
Data

(b) LD

FIG. 2: Energy spectra of selected �� candidates within a
1.57-m-radius spherical volume drawn together with best-fit
backgrounds, the 2⌫�� decay spectrum, and the 90% C.L.
upper limit for 0⌫�� decay of (a) singles data (SD), and (b)
long-lived data (LD). The LD exposure is about 10% of the
SD exposure.

calculate the radioactive decays and energy spectra of the
isotopes, considering their sequential decay chain. The
predicted backgrounds are primarily from 132I, 130I, 124I,
122I, 118Sb, 110In, 88Y, and from other isotopes in smaller
amounts (Table IX in Ref. [26]). The total background
rate in the 0⌫�� window is 30.0± 2.2 (ton yr)�1 in total,
in units of 136Xe exposure. Events that are not classi-
fied as coming from long-lived backgrounds are referred
to as “singles data” (SD), and the others are referred to
as “long-lived data” (LD).

We improved the neutron identification for post-muon
events to enhance the tagging e�ciency of the long-lived
backgrounds. We identify these neutrons with a second,
deadtime-free electronics system, called MoGURA [26].
Previously, the neutron vertex was reconstructed using
only PMTs with normal gain. In this analysis, we added
low gain PMTs to the photon counting, achieving an in-
crease in the mean number of PMT hits from 181 to 201
for 2.225MeV �’s from neutron capture, after subtract-
ing afterpulse noise contributions. The resulting neutron
tagging e�ciency is estimated to be (74.5± 0.4)% based
on the neutron capture time distribution, approximately
2% better than in the previous analysis. Our MC study
shows that (47.1 ± 8.7)% of long-lived spallation back-
grounds are classified as LD, whereas only 9.0% of un-
correlated events are mis-classified.

The total livetime for SD and LD in KamLAND-Zen
800 is 1131 days and 111 days, respectively. The total ex-
posure of SD, which is sensitive to the 0⌫�� signal, is

745 kg 90% enr. 136Xe diluted in liquid scintillator in IB deployed in KamLAND 

https://arxiv.org/abs/2406.11438


    KamLAND2-Zen 
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Ultimate bkgd: 8B solar ν elastic scattering 

ΔEFWHM @Qββ: 120 keV 

In 10 yr T0ν1/2 ~ 1027 yr,  
  mββ: [17-71] meV  

A major upgrade: larger source x 5 brighter ➝ x 2 better ΔE

Kamland2-Zen

1000 kg of enriched  Xe

100% photo coverage:                                       
Winston cone (x 1.8)                                                                
new PMT (x1.9)                                                                                                        
new LS (x 1.4)

‣ improve energy resolution

Aggressive time schedule: start data taking in 2027
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 (meV)lightestm

KamLAND2-Zen

PMT
+ mirror

goal

KamLAND-Zen 
latest result

KamLAND2 prototype

High QE PMT

Mirror

New liquid scintillator

Light Collection Eff.  

>  x1.8

x1.9

x1.4

KamLAND2

better energy resolution  
with high light yield

target ⟨mββ⟩ ~ 20 meV / 5 year
KamLAND2-Zen will cover the IO region

State-of-the-art electronics

RFSoc

214Bi rejection 
by α tagging

Scintillation 
balloon

performance test

14 mirrors + PMTs

8 x 8 = 64
x 30

number of PMTs

IONO
background  
reduction

Pen scintillation balloon film

‣ identify BiPo events in the balloon tagging α 
with scintillator film

Improve tagging for long lived isotopes (new 
electronics)



SNO+
Re-use SNO light readout system + acrylic vessel filled 780 Ton natTe loaded liquid scintillator

‣ Scintillation purification system (a few 10-17 g/g U/Th) + novel metal loading technique 

‣ Phase 1: 0.5% mass loading →1.3 Ton of 130Te,    ΔEFWHM @Qββ: 190 keV 

‣ Phase 2: 0.5%  →3% 

‣ Residual bkgd: solar ν and 2νββ

23

SNOLAB

SNO+

• Isotope of 130Te → highest abundance, good Qββ (2.53MeV)

17

2017-2019 2020 2022-2025 2025-

Thanks to J. Maneira, S.Biller and M.Chen for input

SNO+

Posters: 
• 544 / D. Cookman / Measuring Solar Neutrino Oscillations in the SNO+ Detector 
• 416 / G. Milton / First Indications of  CC Solar Neutrino Interactions on Carbon-13 
• 525 / S. Andringa / Reactor Antineutrino Oscillations and Geoneutrinos in SNO+ 

• 255 / A. Inácio and R. Hunt-Stokes / Time-based event discrimination methods for solar neutrino analyses in the 
SNO+ liquid scintillator phase 

• 483 / J. Page / Event by Event classification of  alpha-n and IBD Interactions at SNO+ 
• 593 / C. Hewitt and M. Anderson / Machine learning for fast event reconstruction in the SNO+ scintillator phase 

• 581 / B. Tam and S. Manecki / The SNO+ Tellurium Deployment Programme

Poster 581:

Te loading: 
Phase 1: 0.5% 
Phase 2: 1.5% 
Phase 3: 3%

13
Required Deployment Facilities

Benjamin Tam – IOP 2024

4 Chemical Plants Required:
• Scintillator Purification Plant

• Built and commissioned
• Used during scintillator fill

• TeA purification plant
• Built and commissioned
• Initial full-scale test started March 

2024, near completion

• DDA Molecular Still
• Built, currently commissioning

• TeBD Synthesis plant
• Built, currently commissioning

Scintillator Plant TeA Plant

TeBD Synthesis PlantDDA Still

under commissioning
Great advantage to study backgrounds without the target

See J. Maneira’s talk on Thursday for more details on SNO+ capabilities

Phase Ton 130Te T0ν1/2 mββ

SNO+ I 1.3 2 1026 yr in 3yr 31-144

SNO+ II 6.6 5.7 1027 yr in 10yr 17-81



nEXO
Builds on successful EXO-200 predecessor
5 Ton (90% enr. 136Xe) LXe single-phase TPC with double read-out
‣ 3D topology for multi/single-site discrimination + ΔEFWHM @ Qββ: 2% 
‣ Self shielding: dominant external bkgds exponentially attenuated in central region

24

Phys. Rev. Let. 123 (2019) 16, 161802

Major upgrade wrt EX0-200
X 25 mass isotope
Improvement in light sensor (APD➝ SiPM)
Increased light collection
Improvement in radiopurity (electroformed Cu)
Cold electronics

In 10 yr  T0ν1/2 ~7 1027 yr,    mββ: [6-27] meV 

SNOLAB

arXiv:2407.00285 

Tagging of individual 136Ba++ daughter
demonstrated by fluorescent in solid Xe

Reduced by 103 wrt EXO-200
Bkgd: 2 10-6 ckky  

J.Phys.G 49 (2022) 1, 015104

https://arxiv.org/abs/2407.00285
https://arxiv.org/pdf/2106.16243


G. Benato, Neutrino Oscillation Workshop, 4-11 Sep. 2022

● High-pressure ~10 bar with double readout (ionization + scintillation)
● Energy resolution ~1% FWHM demonstrated
● Particle tracking

→ Discrimination of ββ from α and single-β or γ events
● 2νββ decay measured by NEXT-White using 3.5 kg of Xe only!
● NEXT-100 under construction @ Canfranc

→ Expected background 5∙10-4 counts/keV/kg/yr
→ Expected resolution 0.5-0.7% FWHM

Gas-Xe TPCs: NEXT

25

95 kg 90% enr. 136Xe High Pressure (15 bar) gas TPC with Electroluminescence amplification:
‣ Primary scintillation z coordinate + EL for tracking (SiPM) and energy resolution (PMT)
‣ ΔEFWHM @ Qββ ~1% + topological separation

Detector under commissioning with Ar since May 2024
‣ bkgd: 4 10-4 ckky   T0ν1/2 ~7 1025 yr   mββ: [66-281] meV
‣ demonstrator for future stages

NEXT-100

25

LSC

Status of NEXT-100

• Detector fully built and under commissioning! 
• First runs in Ar gas in May 2024 
• Xenon runs to start shortly

Field cage

Tracking plane

Energy plane
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Vessel

Poster 362: Searching for the neutrinoless double beta decay with NEXT-100 by P.Novella

Status of NEXT-100

• Detector fully built and under commissioning! 
• First runs in Ar gas in May 2024 
• Xenon runs to start shortly

Field cage

Tracking plane

Energy plane

22

Vessel

Poster 362: Searching for the neutrinoless double beta decay with NEXT-100 by P.Novella

Status of NEXT-100

• Detector fully built and under commissioning! 
• First runs in Ar gas in May 2024 
• Xenon runs to start shortly

Field cage

Tracking plane

Energy plane

22

Vessel

Poster 362: Searching for the neutrinoless double beta decay with NEXT-100 by P.Novella

‣ NEXT-HD:  1 Ton central cathod symmetric + SiPM readout+barrel fiber detector                                                  
bkgd: 5 10-5 ckky + ΔEFWHM~0.5%   in 10 yr T0ν1/2 ~2 1027 yr  mββ: [12-50] meV

‣ NEXT-BOLD(Barium iOn Light Detector):  NEXT-HD + Ba++ tag. Fluorescence Imaging of Individual Ions and 
Molecules in Pressurized Noble Gases (arXiv: 2406.15422) in 10 yr T0ν1/2 ~8 1027 yr, mββ: [6-27] meV

https://arxiv.org/abs/2406.15422


Conquering the inverted ordering

• Next generation will cover the inverted ordering 

32Adapted from arxiv:2304.03451 (Whitepaper for the 2023 NSAC Long Range Plan)

NE
XT
-B
OL
D

Inverted ordering

Normal ordering

Summary
Worldwide experimental effort pursuing a number of technologies at ton scale

Fully explore the Inverted Ordering in the next 15 yr 

Also non negligible fraction of Normal Ordering explored  
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4

FIG. 2. Discovery probability as a function of the experi-
mental sensitivities to m�� for the most unfavorable scenario
(black solid line, mmin

�� ) and the most favorable one (black
dashed line, mmax

�� ). The colored areas express the probability
for the three possible outcomes of an experiment: observing
a signal even in the worst case scenario (green, observation),
not observing a signal even in the best case scenario (red,
inaccessibility), and when observing a signal depends on the
value of the Majorana phases (white, exploration).

termediate values of m�� can be obtained by interpolat-
ing between the results for our two reference scenarios.

To illustrate the procedure in details, let us consider
the likelihood described in Eq. (2) with the parameter
values set according to Eq. (6)3 and a particular m

⇤
��

value. We are interested in the two values m
min
1 (m⇤

��)
and m

max
1 (m⇤

��) (black bullets in Fig. 1). The discovery
probability can hence be calculated using two values of
the CDFs in Eq. (3):

F
max
⌃ ⌘ F⌃

�
⌃
�
m

max
1

�
m

⇤
��

���
(7a)

F
min
⌃ ⌘ F⌃

�
⌃
�
m

min
1

�
m

⇤
��

���
. (7b)

which satisfy the condition 0  F
min
⌃ < F

max
⌃ < 1 since

the CDF is a monotonically nondecreasing function and
0  m

min
1 < m

max
1 .

The results are shown in Fig. 2 for m�� sensitivity
spanning from about 1 to 50meV. The solid black line
shows the discovery probability for the most unfavorable
scenario in which m�� is at its minimal value. The black
dashed line shows the probability for the most favorable
scenario, in which m�� is equal to its maximum allowed
value. The discovery probability monotonically increases
by lowering the m�� value to which an experiment is
sensitive. Assuming normal ordering, future experiments
with sensitivities of the order of 10 meV will achieve a
discovery power between 20 and 80%. Searches able to

3 Incidentally, this allows a direct comparison with our previous
results reported in Ref. [17].

reach 5meV could reach a discovery power between 50
and 100%.
Figure 2 can be interpreted also in terms of proba-

bilities of the three possible outcomes of an experiment
that have been discussed before: i. e. inaccessibility (in-
access.), observation and exploration. The sum of the
probability of these three outcomes is 1 for any value of
m

⇤
�� , as the three outcomes are complementary and mu-

tually exclusive. Their probabilities can be expressed in
terms of the CDF as reported in Table I. These probabil-
ities can also be directly read from Fig. 2, by looking at
the width of the red, white and green bands, respectively.
The smaller the value ofm⇤

�� is, the larger the green band
becomes, signaling an increasing probability of observing
a signal even assuming the most unfavorable scenario.
Conversely, the larger the value of m⇤

�� is, the larger the
red band becomes. It should be noted that even an “ul-
timate” experiment, sensitive to sub-meV values of m�� ,
will have a 20% probability of being in the exploration
scenario (white band), in which the observation of a sig-
nal depends of the value of the Majorana phases. This
white band does not disappear by decreasing m

⇤
�� as the

true value of m�� might be negligibly small for some fine-
tuned values of the phases and a lightest neutrino mass
comprised within the range (2.2�6.3)meV. This parame-
ter space would correspond to values for ⌃ in the interval
(61.4� 67.5)meV, which is compatible with present cos-
mological measurements. The uncertainty on ⌃ might
be reduced to �⌃ of the order of 10meV in the near
future. However, this will not be enough for a precise
measurement of this parameter, unless ⌃ will turn out to
be large, i. e. close to the current upper bound from cos-
mology which would correspond to to m�� values within
reach of the future 0⌫�� experiments.
The discovery probabilities shown in Fig. 2 are also re-

ported numerically in Table II. These values have been
computed for a Gaussian probability distribution of ⌃
with the centroid and sigma value of Eq. (5). The dis-
covery probabilities change by just a few percent when
we fix the centroid and sigma to the other values men-
tioned earlier in this manuscript. We have also estimated
the impact of the functional form of the probability dis-
tribution of ⌃. Adopting other reasonable shapes – e. g.,
a decreasing exponential function – can change the dis-
covery probabilities by up to 10% at the m�� value of
interest for the next-generation experiments, but it does
not alter the overall features of our analysis. These con-
siderations confirm that our results and conclusions are
very robust and valid regardless of which cosmological
analysis is used to extract information on ⌃.

V. SUMMARY

We investigated the impact of cosmological measure-
ments on the possible values of the parameter m�� and
introduced a new procedure (and graphical representa-
tion) that presents the advantages of minimizing the

Phys. Rev. D 103, 033008,2021

Adapted from ArxiV:2304.03451
(NSAC Long Range Plan)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.033008
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Accessing Normal Ordering
The problem could be the signal rather than the background

28

Need dedicated enrichment international facility or new enrichment technologies

Underground lab facilities for radio purity assays and low bkgd instrumentation development→ 
synergy with DM experiments 

Currently negligible bkgd matter: 2νββ spillover + pile-up, 8B ν from sun, neutron, cosmogenic 

Extension of present technologies and/or new ones need adequate R&D

2

TABLE 1: Properties of candidate 0⌫�� isotopes.

Q percent element G0⌫ M0⌫ T 0⌫
1/2

for tons of equivalent annual world natural enriched 0⌫/2⌫

Isotope (MeV) natural cost [5] (10�14/yr) (avg) 2.5meV isotope for natural production [5] elem. cost at $20/g rate [2][8]

abund. ($/kg) [6] [7] (1029yrs) 1 ev/yr tons (tons/yr) ($M) ($M) (10�8)
48Ca 4.27 0.19 0.16 6.06 1.6 2.70 31.1 16380 2.4⇥108 2.6 622 0.016
76Ge 2.04 7.8 1650 0.57 4.8 3.18 58.2 746 118 1221 1164 0.55
82Se 3.00 9.2 174 2.48 4.0 1.05 20.8 225 2000 39 416 0.092
96Zr 3.35 2.8 36 5.02 3.0 0.93 21.4 763 1.4⇥106 27 427 0.025

100Mo 3.04 9.6 35 3.89 4.6 0.51 12.2 127 2.5⇥105 4.4 244 0.014
110Pd 2.00 11.8 23000 1.18 6.0 0.98 26.0 221 207 5078 521 0.16
116Cd 2.81 7.6 2.8 4.08 3.6 0.79 22.1 290 2.2⇥104 0.81 441 0.035
124Sn 2.29 5.6 30 2.21 3.7 1.38 41.2 736 2.5⇥105 22 825 0.072
130Te 2.53 34.5 360 3.47 4.0 0.75 23.6 68 ⇠150 24 471 0.92
136Xe 2.46 8.9 1000 3.56 2.9 1.40 45.7 513 50 513 914 1.51
150Nd 3.37 5.6 42 15.4 2.7 0.37 13.4 240 ⇠ 104 11 269 0.024

be achieved for all isotopes, none of these are likely to be
financially viable for the normal hierarchy, particularly
given that required isotope levels will almost certainly
need to be several times larger than those in the table
in order to cope with potential backgrounds. We are
therefore left only to consider natural abundances.

Current world production levels and prices appear to
rule out the use of 76Ge, 110Pd and 136Xe, even if one
allows for the possibility of large excursions from current
commodity trends. Furthermore, the extreme quantities
of raw material required also make 48Ca a poor choice.

Of the remaining isotopes, 130Te has, by far, the largest
ratio of expected 0⌫�� to 2⌫�� rates, which considerably
relaxes the constraint on the energy resolution required
to suppress backgrounds from 2⌫��. This background
is particularly important to suppress as it fundamentally
scales with the quantity of isotope and is indistinguish-
able from 0⌫�� near the endpoint. 130Te also requires
the smallest quantity of natural material, o↵ering the
prospect of a more practical, compact experiment (which
is important for limiting background from solar neutri-
nos), if a suitable detector technology can be applied.

DETECTOR TECHNOLOGY

While there is also scope for speculation regarding
the development of new detector concepts and improved
background rejection methods, useful guidance can be
taken from considering the performance of current ex-
perimental methods and their potential extensions. Solid
state detectors o↵er the possibility of excellent energy
resolution, but have so far not resulted in experiments
with low-enough background levels. For example, the
CUORE experiment, which uses TeO2 crystals, has an
energy resolution of ⇠5 keV and a target background
level (dominated by radioactivity from the detector sur-
faces) of 0.01 counts/kg/keV/yr [10]. For a 100-ton in-

strument, this corresponds to ⇠104 events per year in
the region of interest. Thus, many orders of magnitude
improvement in backgrounds levels would be required, in
addition to practical issues associated with scaling up this
technology by nearly 3 orders of magnitude. Thin foil
tracking approaches, such as SuperNEMO [11], involve
instrumental scales that are proportional to surface area
as opposed to volume and, thus, are simply not practi-
cal for the hundred-ton scale. Liquid TPC technology,
such as that used for EXO [12], might provide an inter-
esting approach if a way could be found to incorporate a
large density of tellurium in the TPC medium, but this
possibility is considered too speculative for this current
study.
However, one promising technique is that of using

loaded liquid scintillator [13]. This approach is readily
scalable to large isotope masses if reasonable loading lev-
els can be achieved, practical in its simplicity of con-
struction and instrumentation, and has the possibility to
achieve very low background rates from external radioac-
tivity using a combination of self-shielding, purification
and coincidence-tagging. Furthermore, tellurium has no
inherent absorption lines in the wavelength range of bial-
kali photomultiplier tubes (PMTs), allowing for the pos-
sibility of good optical properties. Indeed, the SNO+
Collaboration have already demonstrated the ability to
load tellurium at the percent level in scintillator and, ac-
cordingly, are now pursuing this as the primary isotope
for the 0⌫�� phase of that experiment [14].

SCALING MODEL

A simplified scaling model for signal and background
levels relevant to a Te-loaded liquid scintillation detec-
tor will now be used to explore the parameter space of
general detector and scintillator characteristics that are
required to achieve a given sensitivity. For these pur-

Phys.Rev.D 87 (2013) 7, 071301
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Need dedicated enrichment international facility or new enrichment technologies

Underground lab facilities for radio purity assays and low bkgd instrumentation development→ 
synergy with DM experiments 

Currently negligible bkgd matter: 2νββ spillover + pile-up, 8B ν from sun, neutron, cosmogenic 

Extension of present technologies and/or new ones need adequate R&D

T0ν
1/2 ∼ 1029 − 1030 y


