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Neutrino properties: my selection
• Masses 
• Nature (Majorana question)
• E.m. properties (magnetic moment, milli-charge)

NOT: 
•  Oscillations (mass differences, sterile neutrinos, hierarchy) → Davide, 

Gioacchino
•  “Astro-physical” neutrinos → Rosa





One has to do two things: 
‣ Conjecture and come up with a theory for such small masses 

(e.g. Majorana mass term opens option for See-Saw mechanism, etc)
‣ Measure masses and correlations with other neutrino 

observables, predicted by the theory, to verify or rule out (next 
slides)

‣ While the former has some good candidates, the latter is 
HARD!



Last GGI school



https://globalfit.astroparticles.es/2020/06/24/neutrino-masses/



https://globalfit.astroparticles.es/2018/07/03/neutrino-mass-ordering/



(√∆ms2~9 10-3 eV)



Observables sensitive to mν

< 0.45 eV @ 90% CL (KATRIN, 
arXiv 2406.13516)

< 0.028-0.122 eV @ 90% CL 
(KLDZ, arXiv 2406.11438)

< 0.2 eV @ 90% CL (Lisi et al, 
arXiv 2503.07752)



https://globalfit.astroparticles.es/2020/06/24/neutrino-masses/



https://globalfit.astroparticles.es/2020/06/24/neutrino-masses/



Direct mass measurements from 
kinematics 

 + : This method relies purely on 3-body kinematics, without 
any assumption on the nature of the ν or on the cosmological 
“environment”
 - : statistics, especially at the end point



➡ What we measure:



3H: chosen because:
✓ low Q ⇒ enhanced

✓ simple atomic structure (small 
uncertainties on 

reasonably short lifetime
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(Promising) evolution(s)/1: TRISTAN 

Challenges:
‣ scaling to focal plane array (>1000 pixels)
‣ electron spectroscopy
‣ difficult environment: UHV, magnetic fields, high voltage etc.

‣ precise spectral shape measurement (FWHM <300 eV) across entire 
energy range

‣ Ability to handle high rates at the detector (~108 cps)
differential



(Promising) evolution(s)/1: TRISTAN 
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247 eV FWHM at 20 keV

Under extensive characterization now for 
various response effects, including x’talk 
2025: 
• 9 modules in replica of KATRIN detector 
section 

2026: 
• installation in KATRIN beam line 
• start of sterile neutrino physics program (~1 
year)



(Promising) evolution(s)/2: KATRIN++ 



Current KATRIN : ΔE = 2.7 eV, bkg rate = 0.1 cps

Differential measurement 
Energy resolution determined by 
A)detector or 
B) time of flight

Significant R&D effort based almost entirely 
at Karlsruhe and UNC:  
• Metallic Magnetic Calorimeters (MMC) 

with Kr83m decay electrons currently 
reaches 25 eV FWHM for now, but 
should go down?

• TOF with single electron tagging is tough, 
but trying approach a la Project-8 

• Towards a unified approach….?



A lot of work on a T atom trap at KIT, but too long here to delve into it

➾PTOLEMY: last CSN2@Bologna, Marcello (but no slides posted… :( ) 



Meanwhile in Italy…



Of which 48 usable after successful implantation 



• 1st neutrino mass measurement of HOLMES (submitted to PRL): https://arxiv.org/pdf/
2503.19920

Not competitive with KATRIN but
• validates the approach implemented in recent years by HOLMES and ECHo
• Can extract info on the neutrino mass using 163Ho even without knowing well the 163Ho 

spectral shape
 ⇾ m(nu) < 27 eV at 90% C.L. with 

• 48 detectors (microwave multiplexed readout)
• 2 months
• 15 Bq total activity = 107 decadimenti

PRL w/ 48 TES

https://arxiv.org/pdf/2503.19920
https://arxiv.org/pdf/2503.19920


Fit Resolution

State of the art



EChO
• At least to me their situation is not so clear
• They gave a proof of principle limit in 2019: m<150 eV
• They have some spectra away (E<2.5 keV for EC spectrum, E>3 
keV for pileup) of the QEC analysed with a similar number of 
channels as HOLMES, but no update of mass result

•They are working on 
improving  to 
“EChO-100k”

•  Latest news at 
Neutrino 2024

• But no plan to go 
beyond eV mass 
sensitivity



Next steps with Ho163 (discarding EChO)
HOLMES_2: almost there (48/64 TES)
HOLMES_PLUS: 64 → 256 TES

• still a demonstrator, but with: 
• Better implantation technique to increase activity and 

uniformity across TES’s (LNL expertise joining)
• Decrease per channel cost of read out and DAQ
• Request: until 2027. 
• Experiment with 1M chns: 2035, m~100 meV (see back up)



Indirect mass measurements from 
“exotic” Maiorana mass term 

 + : Several isotopes and techniques more or less at same 
(advanced) stage, ton-scale could bury IO. 
 - : a bet on neutrino being Maiorana-like and on m(light) <~ 
10 meV. Ton scale is costly and money is a problem more than 
technology



0ν2β decays ΔL=2

• Could happens if neutrinos are Majorana fermions (Majorana mass term)
• Prosaically: ν ≡ ν
• It’s not the only process available, but the one with the highest sensitivity
• Other BSM mechanisms could allow this, but some form of “suppressed 
Majoranism” should still be underlying 
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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

                                                            

(Majorana!) Neutrino mass 
If process is consequence of Majorana nature, then rate: 



Mass ordering sensitivity

KamLAND-Zen Collaboration, 2024
https://arxiv.org/abs/2406.11438

Best limits mββ < 28-122 meV

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

Experiments taking data currently (both at LNGS)
CUORE: Ton∙yr scale sensitivity now, but background dominated
LEGEND-200: background-free mode, Ton scale sensitivity expected in few yrs

Future generation experiments designed to cover I.O. region fully (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                        (isotope-weighted exposure) 

Adapted from ArxiV:2304.03451

Discovery Sensitivity 
Nicked from F. Bellini, 

NOW 2024



Lively experimental programme!

Rev. Mod. Phys. 95, 025002



Lively experimental programme!

Rev. Mod. Phys. 95, 025002

• L-200 Discovery sensitivity         T1/2 > 1027 yr (99.7% C.L.)•m(ββ) < 33 – 71 meV 
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 Overall exposure so far ~ 80  kg×yr over about 0.7 
years of live time (~130 kg active HPGe)
 “Golden” exposure for 0ν2β search = 48.3 kg×yr

• Plus another about 30 kg yr of “silver” data for bkg 
characterisation 

• About 1 year of maintenance and material screening to 
reduce background further towards target (228Th contribution 
higher than expected, but effectively reduced)

• Almost ready to resume data taking
• Additional about 35 kg of HPGe to be included 

LEGEND-200
Atm. LArWC 30

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

LEGEND-200 commissioning           



 Overall resolution of 0.1% 
FWHM at Qββ 

• Energy scale stable over data taking with 
0.3±0.2 keV bias at Qββ

• ICPC show very good resolution even at higher 
masses ⇾ promising for LEGEND-1000

LEGEND-200

World best exclusion limit from Ge 
(L200+Gerda+Majorana Demonstrator, L200 improves by 

30%): 
• Sensitivity T1/2 = 2.8 × 1026 yr (90% CL)
• Observed T1/2 > 1.9 × 1026 yr (90% CL)

•BI = (5.3 ± 2.2) × 10-4 cts/(keV⋅kg⋅yr) 
•Very low thanks to PSD in HPGe and high 

efficiency of LAr vetoing

Paper in preparation
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•Projected background in the ROI around Qββ(76Ge) =10-5 counts/(keV⋅kg⋅yr)
• Expected sensitivity  T1/2 > 1028 yr (10 yrs data taking) ➾ mββ: [10-20] meV
•Brand new infrastructure at LNGS 
•Expected start ~ 2030, but subject to HPGe procurement and international funding scenario 

• Independent strings to allow production 
and independent installation of ~400 
HPGe detectors

• Dedicated Underground Ar cryostat, 
contains HPGe and scintillation 
detectors, while (cosmogenic) neutron 
veto system in outer Atmospheric Ar 
volume  

• Expect further improvements: larger 
ICPC, new electronics,  radio-cleaner 
LAr detector fibers, cleaner Cu

LEGEND-1000



Lively experimental programme!

Rev. Mod. Phys. 95, 025002

• CUORE Discovery sensitivity    T1/2 > 9 1025 yr (90% C.L.)•m(ββ) < 50 – 130 meV 
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 Largest and coldest bolometer ever built 
19 towers of 52 independent TeO2 crystals, T=10 mK

 Overall 742 kg total mass - 206 kg of 130Te
 Steadily increasing data set since 2019 has lead to 
exposure for 0ν2β search = 2039 kg×yr worth of 
TeO2 (567 kg×yr of 130Te) 

CUORE

 ΔEFWHM @ Qββ = 2527 keV: 7.3 keV

•Continuously monitoring detector 
stability (NTD resistance and Pulse 
Tubes)



Results from Te (arXiv:2404.04453)
• Sensitivity T1/2 = 4.4 × 1025 yr (90% CL)
• Observed T1/2 > 3.8 × 1025 yr (90% CL)

•BI = (1.42 ± 0.02) × 10-2 cts/(keV⋅kg⋅yr) 
•Mostly dominated by ⍺ particles from “close 

parts” (PTFE spacing, Cu supports, etc)

CUORE
arXiv:2404.04453

Phys. Rev. D 110, 052003



CUPID
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Identify and suppress ⍺ radiation by conjugating scintillation capabilities and bolometer energy 
resolution → leverages on experience and achievements of CUORE and CUPID0/CUPID-Mo
Re-use CUORE infrastructure + 1600 Li2100MoO4 (➾240 kg 100Mo) 

Nicked from F. Bellini, NOW 2024

• Projected background in the ROI around Qββ(100Mo) =10-4 counts/(keV⋅kg⋅yr)
• Expected sensitivity  T1/2 > 1027 yr (10 yrs data taking) ➾ mββ: [12-20] meV 
• Re-use CUORE infrastructure at LNGS 
• Expected start ~ 2030, but subject to crystal procurement and international funding scenario 

arXiv:1907.09376 



Lively experimental programme!

Rev. Mod. Phys. 95, 025002
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E.g.
• nEXO Discovery sensitivity T1/2>7×1027 yr (90% C.L.)• m(ββ) < 6 – 27 meV 



NEXT-HD (2030):  1 Ton central cathod symmetric + SiPM readout+barrel fiber detector                                                  
bkgd: 5 10-5 ckky ⇨. T1/2 ~2 ×1027 yr  mββ: [12-50] meV (10 yrs)

R&D NEXT-BOLD(Barium iOn Light Detector):  NEXT-HD + Ba++ tag. Fluorescence Imaging of Individual Ions and Molecules in 
Pressurized Noble Gases (arXiv: 2406.15422) T1/2 ~8 ×1027 yr, mββ: [6-27] meV

NEXT-100

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

JHEP 2016, 159

Projected bkg: 4 ×10-4 cts/(keV⋅kg⋅yr) ⇨   T1/2 ~6 ×1025 yr,    mββ: [66-281] meV (3 effective yrs) 

100 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) ⇨ topological information 

Started operations in 2024, with initial run at 5 bar due to PMT support Cu plate deformation
Solution now found, high pressure run will start this summer. 2027: upgrade to Fiber barrel and novel ASIC SiPM read out ⇨ 
demonstrator for NEXT-HD

Expected ΔEFWHM @ Qββ = 2459 keV: ~ 12 keV, as extrapolated from current analysis of 83Kr decays

https://arxiv.org/abs/2406.15422


Cadeddu et al PHYS. REV. D 107, 053001 (2023)

|qeff|< 1.5 × 10−13 e0 at 90% C.L.μeff < 1.1 × 10−11μB at 90% C.L.,



No conclusions. 



Back up



Nuclear Matrix Element values from various nuclear models

•Various models predict quite different values, throughout the isotope A range
•Affects the conversion from T1/2 to mee

Rept.Prog.Phys. 80 (2017) 4, 046301
gA unquenched

ee
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•Very easily scalable and very good radio purity

•ΔEFWHM @ Qββ (136Xe) : 250 keV 

KZ800: arXiv: 2406.11438 

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
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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 acrylic inner balloon inside KamLAND 

KAMLAND-ZEN

Combined with KLZ-400, total exposure ~ 
2500 kg yr
•Observed T1/2 > 3.8 × 1026 yr (90% CL)
•59 events in the energy region 2.35 < E < 2.70 

MeV within the 1.57-m-radius spherical volume  
were observed ⇢ ~4 10-2 cts/(FWHM*kg*yr)

Upgrade KL2-Zen will improve x2 energy 
resolution with increased isotope mass
•Projected sensitivity T1/2 > 1027 yr in 10 years



 

EXO-200/NEXO

22 nEXO Overview

Figure 3.1: Sketch of the nEXO detector concept, showing the LXe TPC located inside a vacuum insulated
cryostat filled with HFE-7000 refrigerant fluid, doubling as the innermost �-ray shield. An outer detector is
composed of a large water tank, providing a substantially thicker �-ray shield, and read out as a Cherenkov
detector, tagging cosmic-ray events. While the host lab for nEXO has not been chosen, for concreteness, the
sketch assumes that the detector will be located in the Cryopit at SNOLAB.

chosen in such a way as to achieve a sensitivity consistent with the Nuclear Physics community’s
2015 Long Range Plan [2], as discussed in Section 3.3. A conceptual sketch of nEXO is shown in
Figure 3.1 and the principal parameters of the experiment are presented in Table 3.1.

As in EXO-200, the nEXO TPC is a LXe single-phase apparatus, a choice dictated by simplic-
ity, resulting in fewer components and lower background. Since optimizing the energy resolution
near the Q-value is the primary goal (rather than achieving the lowest possible threshold) addi-
tional amplification of the charge signal in a two-phase detector is not required. The LXe volume
is a cylinder with equal height and diameter, to optimize the surface-to-volume ratio of the de-
tector. The TPC axis is oriented vertically (unlike EXO-200, and under the assumption that the
underground space allows for assembly in this configuration) and with a single charge drift vol-
ume. This last choice derives from physics as well as technical considerations. From the point
of view of the science, a single volume maximizes the bulk of LXe, where the dominant external
background is lowest. Technically, a single volume allows the placement of the cathode, sitting
at high voltage but otherwise passive, at the bottom of the TPC. Experience with EXO-200 has
shown that charged Rn daughters can drift to, and accumulate on, the electrodes, so placing both

• nEXO: 5 Ton 

• Self shielding but no staged (FV 80%)

• APD→SiPM, Electro-formed Cu    

Projected bkg: 5 10-6 cts/(keV⋅kg⋅yr) + σE/E<1%   

 T1/2 ~7 1027 yr,    mββ: [6-27] meV 

EXO200: 200 kg LXe TPC(80% 136Xe)
‣ Reading and correlating ionisation and scintillation signals
‣ ΔEFWHM @ Qββ: 66 keV
Total exposure ~ 234.1 kg yr (completed)
•Observed T1/2 > 3.5 × 1025 yr (90% CL)
•BI = 1.7 × 10-3 cts/(keV⋅kg⋅yr)PR
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Figure 10. Nominal model of event distributions in nEXO, projected onto each of the three axes used in the sensitivity analysis: (a)
event energy, (b) DNN 0⌫�� discriminator, and (c) standoff distance. The 0⌫�� decay signal corresponds to a half-life of 0.74 ⇥ 1028

yr.

Figure 11. Event distributions for an example of toy dataset (black points) and combined groups of the fitted PDFs projected onto
the three axes used in the sensitivity analysis. In (a) the event energy distribution is shown for SS-like events (DNN > 0.85) in the
central 2000 kg LXe and in the 2000-2800 keV region; (b) the DNN 0⌫�� discriminator distribution is shown for events with energy
within Q��± FWHM/2 and in the same central volume; and (c) the standoff distance distribution is shown for SS-like events within
Q��± FWHM/2. The 0⌫�� decay signal corresponds to a half-life of 0.74 ⇥ 1028 yr.

A negative log-likelihood (NLL) is minimized to
determine the best fit values for Ni in each toy dataset.
The profile likelihood-ratio is used as a test statistic
to build confidence intervals for exclusion or discovery
of 0⌫�� decay. The details of the statistical analysis
employed in this work are provided in Appendix A.

An example of a toy dataset assuming that 0⌫��

decay exists and has a half-life of 0.74 ⇥ 10
28 yr

is presented in Figure 11. The figure shows the
randomized data projected onto the three fitting
variables along with the best fitted PDFs, which
are grouped together based on similar characteristics.

Figure 11 (a) shows the energy distribution of SS-
like events in the central 2000 kg of LXe, where a
comparable rate is observed between signal and all
background components added together in the region
near Q�� . In Figure 11 (b), the DNN score distribution
is shown for events with energy within the FWHM
around Q�� and in the central 2000 kg of LXe, while
(c) shows the standoff distance distribution for SS-
like events within the same energy range. There is a
region where the signal is dominant over backgrounds
in the bins towards 0⌫��-like DNN score and innermost
volumes in the standoff distance, illustrating the 0⌫��
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