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Neutrinoless double-beta decay (0v§§)

® The observation of OvpBp would reveal the quantum
nature of the neutrino and dramatically revise our
fundamental understanding of physics and cosmos

— Matter creation (Lepton number 1s not conserved)

— The neutrino is its own anti-particle (Majorana
particle)

— Provide a mechanism for generating the
predominance of matter to antimatter in the
cosmos (the matter — antimatter asymmetry)

— Demonstrates a new means for the generation of
mass

The search for Ovpf decay is one of the most compelling and
exciting challenges in all of contemporary physics
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i etuasll 2023 APPEC Mid-Term Update

=~ Physics Strategy
APPEC 2017-2026

Neutrino mass and Nature
Recommendation

The new generation of neutrinoless double-beta
decay experiments will explore the full inverse
mass ordering parameter region with the potential
for discovery of the Majorana particle nature of
neutrinos and the violation of lepton number. Thus,
the discovery of neutrinoless double-beta decay
would provide a paradigm change

in the understanding of the fundamental laws, establishing that, contrary to what is predicted
by the standard model of particle physics, lepton number is not a conserved symmetry of
nature. Europe has a long established leadership in this field and should continue to
strongly contribute to this experimental effort, hosting at the very least one of the next-
generation experiments, to maintain this position.
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NENEGEE 2023 US Long Range Plan

THE 2023 LONG RANGE PLAN FOR NUCLEAR SCIENCE

Recommendation 2 (of 4)

As the highest priority for new experiment
construction, we recommend that the United
States lead an international consortium that will
undertake a neutrinoless double-beta decay
campaign, featuring the expeditious construction
of ton-scale experiments, using different isotopes
and complementary techniques

One of the most compelling mysteries in all of science is how matter came to dominate over
antimatter in the universe. Neutrinoless double beta decay, a process that spontaneously
creates matter, may hold the key to solving this puzzle. Observation of this rare nuclear
process would unambiguously demonstrate that neutrinos are their own antiparticles and
would reveal the origin and scale of neutrino mass. The nucleus provides the only laboratory
through which this fundamental physics can be addressed.
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Double-beta decay

From the web

isobaric mass parabolas

A=N + Z = const.

Mass excess
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(4,Z) > (A, Z+2)+2e+2 7,

® 2nd order process allowed in the SM

¢ Single B decay forbidden (energy, angular
momentum)

® 11 isotopes have been experimentally
observed undergoing 2v[3[3

® Ty~ 10" —10?" yrs (the rarest decay ever
experimentally seen)

‘ 2
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Neutrinoless double-beta decay

(A4,Z) > (A, Z+2)+2e"

® Process forbidden in the SM

e Half-life strongly suppressed

ey 0 (T3 = Gyl Qpp Z)IM, [ 1
BBOvx 880V

Few different mechanisms may induce Ov[3

® Light Majorana neutrino exchange

® Right-handed current (V+A), Majorons,
SUSY, etc.

i | 1 J 1 1 L l 1 1 1 l ' L L - d L
0.0 0.2 0.4 0.6 0.8 1.0

(T1+T2) / Q

Different topology in the final state!
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m,, vs. lightest v mass

deduced from oscillation data and scan of Majorana phases

0.1 present best lit

m gg [CV]

0.0T E

0.001¢
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Mg — Z U ei mi‘ ! Plot applies for 3 generations & light
i Majorana neutrinos exchange
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discovery probability

Global Bayesian analysis including v-oscillation, BB, B, > data

Parameter basis for the global fit: Priors:
o {3, Am* , Am* or Am’ , 0 , ® Majorana phases (flat)
0., o, (x -8)) e m, (scale invariant)

= b)o.aRPA 'Blo [0 &Planck o &m=0 3 i
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OvBB search in practice

L.0f

Measure the 2 e- energy spectrum
0.8+

06l * 2vpp signature —» Broad spectrum

0.4r

* OvBB signal signature —» Peak @ Qg

2123 spectrum 0023 signal

0.2/ ® [fnosignal =—> seta limit on half-life

08 10
(Eel_+Ee2_)/Qﬁﬁ

® Case with a lot of background @ Qg

BR emitter mass
total efficiency

EE.J\M-/

Ty,
A VBlI-AE
atomic mass — /'

background index energy resolution
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OvBB search in practice

L.0f

Measure the 2 e- energy spectrum
0.8F

06. * 2vBB signature =—> Broad spectrum

0.4r

® OVBB signal signature —> Peak @ Qg

2123 spectrum 0023 signal
0.2F

® [fnosignal —) seta limit on half-life

08 10
(Ee;+E.;)/Qap
*Case with no (or almost no) background @ Qg
realized when:
n, = BI “AE-M-t < 1 (for the entire exposure : M)
then:

T(l)/‘; o« € . M -t  Dbest use of the isotopes

A mass and time !
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Few important aspects ... background events

Low energy process (Qgg < 5 MeV)

e Cosmic muons are an issue

= T * All Ovpp experiments are placed deep
E 10° Q”i\‘gq 45 o = Existing underground
2 gV S « In construction
= [ Eig . oy :
S 107 P & ® remaining muons are identified directly
= e W S 6 in the detector active volume or using
- " D . specialized detectors
|l ® N \\\}\:\ &
g .;-\m'\—:\\?gs.;‘ .
- S S ® muon spallation:
109 - 5 = activation in the experiment
& B . .
- S material prior to the deployment
Wl | | | | e underground
= 2 3 4 5 6 = activation in situ

Corrected equivalent depth [km w.e.] . .
= muon spallation in the nearby rock

can generate energetic neutrons
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Few important aspects ... background events

Low energy process (Qgg < 5 MeV)

e Natural radioactivity 1s an issue
= due to the production of a, (3, y radiation across a wide energy range

" production of neutrons through (o, n) reactions

)

A ® Special care into the selection, fabrication,
ol purification of material in or near the

> L

% 104 detector

) ® Material selection and purity

W 3 . . .

= 10 demonstration is performed using assay

= methods:

@)

" mass spectrometry
" Yy spectrometry
= neutron activation analysis

[
=]
(8]

i 232 . i
10 - ——  Th Family - = o spectrometry
o ¥y Family :
,,,,,,, Artificial Radioactivity
““““““““““““““““ [T T T TUU IS I PO TR TR B,V T S DI
1 0 1000 2000 3000 4000
ENERGY (KeV)
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Few important aspects ... energy resolution

Distinguish Ov from 2v mode —» irreducible background

® Good energy resolution

2=

|t
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2088 \

Detector resolution
0.5 |
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® Measurement of the sum electron
energy is a necessary condition for
discovery

® In high-resolution experiment free of

other background sources, it is also a
sufficient condition for discovery
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Few important aspects ... choice of the isotope

M. Agostini, et al. Rev. of Mod. Phys. 95 025002 (2023)

Isotope Daughter Qgg* ; AL A T1272;3 hd TE}”Q’B B
[keV] %] 6] [yt [vr]

Boa BTy 4267.98(32) 0.187(21) 16  (6.415Z(stat)T§2(syst)) - 10 > 5.8.10%2

Ge  "Se 2039.061(7) 7.75(12) 92 (1.926 +94) - 10*! > 1.8.10%

828 82Ky 2997.9(3 8.82(15) 96.3 (8.60 + 0.03(stat)*219(syst)) - 10™° S8 505
0.13

%7r %Mo  3356.097(86)  2.80(2) 86  (2.35 =+ 0.14(stat) & 0.16(syst)) - 10'° = 0.9 104

MM TRy 3034.40(17 9.744(65) 99.5 (7.121%18(stat) + 0.10(syst)) - 1018 = 1.5 30"

0.14

el “ea 2813.50(13) 7.512(54) 82 2.63%1; - 10Y =29 107

i - B 2527.518(13) 34.08(62) 92  (7a1tprs(stat)dl=*(syst)) - 107 9.9 10

136Xe 136B, 2457.83(37) 8.857(72) 90  (2.165 + 0.016(stat) £ 0.059(syst)) - 102t > 1.1-10%6

150Nd  '%0Ssm  3371.38(20 5.638(28) 91 9.34 4+ 0.22(stat) 1282 (syst)) - 1018 =2 0. 1072
0.60

* List of key isotopes meeting the following criteria:
= readily available at the level of thousands moles or more (enrichment drives the total
cost for the material)

= with a high Q-value (at least abg)ve 2 MeV)

Q/J’/J’
= large decay rate (it scales as for light neutrino exchange)

= compatible with existing detection technologies

* No isotope significantly preferred when comparing decay rate per mass
Choice mainly driven by experimental considerations
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Few important aspects ... nuclear matrix elements

(T(l)/vz)_l GOV(Q/))/J”Z). )

m

e

* Contain nuclear structure effects

* Many approximation methods

MOV

* Different among isotopes

* Measuring NME in 2vp3 does not help

1
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M ]
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M. Agostini, et al. Rev. of Mod. Phys. 95 025002 (2023)

* Main limitation in interpreting results and comparing among different isotopes

R. Brugnera
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Few important aspects ... axial coupling constant

J. Barea, J. Kotila, F. lachello, PRC 87 014315 (2013)

. . 2 ) ' . | 2. ' 1.2:— O from experimental Ty, (ISM) O g4=1254712
MO v| _ ‘gA MOV - ( 127) MO v /A from experimental Ty, (IBM-2 g‘%/SSD) ®g,=12547018
O
* g, 1s known to be quenched in § and in | B ﬁz\%
08 0——
BB decay L‘QS : _7__7__7__,__,-—;9‘;.“ o ::_-:_:!:—-:-_t, e 5 = @
< o6k F— o
: : ag 06 * o oo %ﬁ
* an effective constant 1s extracted from ; \/: :/\. —e
experimental measurement 041 -
r Ca Ge Se Zr Mo Cd Te Xe Nd
0.2F
* Quenching factor ~0.8-0.5 i
% e T k0 10 120 140 160

* g, quenched in OvpP as much as in 2vpp ? & DT .

* Recent ab-initio calculations that reproduces
B decays without any “gs quenching” pave
the way to solve this puzzle
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techniques and experiments

NOW_/MID-TERM LONG-TERM

Source = detector EX0-200 nEXO
2 Xe-based TPC - \pxT White, NEXT-100  NEXT-HD
«=  Fluid embedded PandaX.1II Panda3 I 1
..5 source andax- andax- t
TC: Liquid KamLAND-Zen 800  KamLAND2-Zen
13 scintillator as a + n
P matrix SNO+ phase I SNO+ phase II
GERDA-II
Source = detector ~ Germanium LEGEND-200 LEGEND-1000
"g diodes MID
= O Crystal embedded
= 5 soutce AMORE I AMORE II
< -3 CUORE
= = Bolometers
S ‘5‘ CUPID-0 CUPID
5 CUPID-Mo
Source # detector Tracking SuperNemo SuperNemo
Demonstrator

from Giuliani's talk at Neutrino 2018
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techniques and experiments

NOW_/MID-TERM

(LONG-TERM \

EXO-200
NEXT-White, NEXT-100

Source = detector

>, Xe-based TPC
o= Eluid embedded

rThese experiments aim to explore deeply (;\ 800
fully the IO region and to cover a substantial
part of the NO region

T,,> 10" -10 yr — my, <~20 meV

/

d

p—

)

nEXO
NEXT-HD
PandaX-III 1t
KamLAND2-Zen
SNO+ phase II

LEGEND-1000

AMORE II

CUPID

SuperNemo

from Giuliani's talk at Neutrino 2018

S = CUPID-0
5 CUPID-Mo
Source # detector Tracking SuperNemo
Demonstrator
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techniques and experiments

NOW_/MID-TERM LONG-TERM

Source = detector EX0-200 nEXO
z . Xe-based TPC - NpxT-White, NEXT-100  NEXT-HD
= Fluid embedded PandaX-III PandaX-III 1t
‘S source andaX- andaX-
= Liquid scintillator KamLAND-Zen 800 KamLAND2-Zen
3 as a matrix
C}J) SNO++ phase | SNO++ phase 11
GERDA-II
Source = detector ~ Germanium LEGEND-200 LEGEND-1000
"g diodes MID
= O Crystal embedded
3 5 SOurce AMORE I AMORE II
<3 CUORE
= Bolometers
S % CUPID-0 CUPID
5 CUPID-Mo
Source # detector Tracking SuperNemo SuperNemo
Demonstrator

from Giuliani's talk at Neutrino 2018
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EX0-200

T - 3 175nm scintillation
;{E 100%0 | light detecting APDs
E |

~

v ) ) " & \ Y

¢ Charge
BEL collection
| grids

3

% /\ 3
Cathode | /2
HY B0 ,

.//

136Xe

»operating at WIPP, Carlsbad, NM
(USA), 1624 m.w.e.

> cylindrical single phase TPC filled
with 200 kg of liquid Xe enriched to
80.6% in ¥%Xe

topology of the events

25007, T 2500 : i
20004 slngle-slte 2000; Multi_site
% = b
§150 51500:—
100 élOO();
[=) (=) B 3
8] o

50 s00[ - :

000 2560 ‘ ‘30‘00‘ ™ ‘35‘0( fo0o 5000 2500 ‘ ‘30‘00' ‘35‘0|

Reconstructed Energy (keV)

R. Brugnera LNF, Frascati, 17 May 2024

Reconstructed Energy (keV)

scintillation + ionization
to improve E resolution and
reject part of the background

Scintillation: 5.7%
Ionization: 3.5%
Rotated: 1.4%
(@ 2615 keV y line)

[

3000 3500
Energy (keV)

20
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EX0-200 PXe

J.B. Albert, et al. PRL 120, 072701 (2018)

10° -+ Data — Best Fit
10
% 103 ase |, y
. . »Exposure: 177.6 kg-yr
3 > FWHM(Q,,= 2458 keV) = 71 keV

> BI: (1.5 £0.3)-10° cts/(keV kg yr)
> Lower limit:
== 2321h Other IBk ds 6 T T T 7 Tovl/z ~ 1.8.1025 yr (90% CL)
| U e 2 st 'B°ﬁ3+2”+ T3 >Median sensitivity: 3.7-10% yr
. »mg, <147 - 398 meV

Resid.

Counts/bin

Resid.

1000 1500 2000 2500 3000
Energy [keV]

completed data
taking end 2018
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SS Events
[cts/(0.02 MeV)]

MS Events
=
c

[cts/(0.02 MeV)]

=
(=]
—

EX0-200 == nEXO

Moving forward towards nEXO

130 ~ nEXO |

5000
150
5

40 ~ EXO-200
13

Importance of fiducialization

2v38

[ Other Bgds. B owgs 3 Sum

106
105
104
103
10?
10t
10°

108
105
104
103
10?
10t
10°

1.0 2.0

R. Brugnera

Inner3 t Inner2 t Inner 1t

30 1.0 20 3010 20 3010 20 3.0
Energy [MeV] Energy[MeV] Energy [MeV] Energy[MeV]

LNF, Frascati, 17 May 2024

Underground
cavern

Y
Access tunnel ﬂ

|

3

10%

Xe Ovpp T [y1]

%

Projected nEXO sensitivity

L 3.7 x 107 yr
PRL 120 072701 (2018)

9.2 x 107" yr

— nEXO Sensitivity, 90% C.L.
---nEXO Discovery Potential, 30, 50% Prob.
o EX0-200 Sensitivity, 90% C.L.

mBﬁ< 6 -18 meV

o

1 2 1 1

|
4 6 8 10
Livetime [yr]



NEXT PXe

Event = 2018
Cathode Anode

=] g " = 0 3
= e B g 10 ~
- Soms b = )
2 =] = o1 s N
= ; g a0 ~
=z |=7. S &* o)
P Wl Y o A
[T & o) (=}
o I<-_] = i o 0] —
= 4 (| oo Q.
= <-_] | | % 10 ~
s =] - ~
=] I R ~
o 0 2
=] EL region —7: I —100 0 100 §
X (mm) .
—
©
100001 2500 D
s1 Q
o 8000/ . I\ cT;

c T
3 6000{ 875.00 876.25  877.50 c

[ &}
0 c
K 4000+ Q
< C
2000 )
i 52 -
0
850 900 950 1000 1050 1100

Time (us)

High pressure (10-15 bar) “*Xe TPC
¢ primary scintillation (f, —» z coordinate) ~ ® AE ., < 1% FWHM in the ROI

¢ clectroluminescence for energy resolution (<25keV)
(PMT plane) and for tracking (SiPMs plane) ¢ Topological signature: reconstruction
of electrons in events
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Rate (counts/(MeV yr))

Rate (counts/(MeV yr))

= : o
= // '/f F 60 12 300
=i e I
‘ b 20 40 SDX(r:?“) 100 120 140 20 40 B0 B0 10 ,\ data -150 -125 ;l(llnE‘)m-)—TS -50 =25
-3 pite 162
= _2: (d) 5 200 Nﬁ'ﬂ—w (e) (f)
: /’ < i Foom ( Single-e (BG) > 5
10° v T X (mm) X (mm) Y (mm)
P. Novella, et al. JHEP 09, 190 (2023)
104 ¢ Data
103
o NEXT-White
¢ -5 kg active region
R e ¢ stable operation from 2016-2021
® Bp —> 3Xe-enriched and **Xe-depleted data
* Tzvl/2 =2.34%085 1 ,5-10?! yr
¢ Lower limit: T > 1.3-10** yr (90% CL)
& m, <480 - 2070 meV

1.0 1.2

1.4 16 18 20 22
Event energy (MeV)

24 26

i May 2024 Ovpp decay

24



TPC

NEXT

60 PMTs (EP) at 15 bar
30 % coverage

3584 SiPMs (TP)
15.55 mm pitch

J. Martin-Albo
jHEP 05 159

mi

Linig

| ||¥ |
!‘ Ll
Lead castle Inner copper shielding
20 cm thick 12 cm of ultra-pure copper
NEXT HD

¢ mass: > 10° kg
¢ BI: 0.09-0.27 cts/(keV-t-ROI)}
¢ Sensitivity: T, , > 1.5-10%7 yr
after 5 years
¢ if Ba tagging:
36X e ==p 3Ba™ + 2¢ (+2ve)
experiment background free

R. Brugnera LNF, Frasca

136Xe

NEXT 100 at Canfranc (Spain)
¢ mass: 100 kg
¢detector being installed: 2022-2023
*BI: 5-10* cts/(keV-kg-yr)
¢ Sensitivity:

T,, > 9.8:10% yr after 5 years
*mg, <46 - 170 meV

|
Inner
shielding

Cathode

Reflector
panels

Cryogenic
vessel




PandaX-II1 B¢Xe

ChenX et al. Sci. China Phys. Mech.
; 061011 (201 7)

First 200-kg module Ton-scale
¢ at JINPING (China) ¢ 4 more modules with upgraded charge
¢ Xe-gas-TPC readout and better low-background
¢ Microbulk Micromegas for charge readout material screening
¢ 3% FWHM ¢ 1% FWHM
¢ BI: 10 cts/(keV-kg'yr) in the ROI ¢ BI: 10~ cts/(keV kg yr) in the ROI
o Sensitivity: T, , > 10% yr after 3 yrs ¢ Sensitivity: T, , > 10> yr after 3 yrs
¢ my, <65 -165 meV o mg, <20 - 50 meV
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techniques and experiments

NOW_/MID-TERM LONG-TERM

Source = detector EXO0-200 nEXO
2 Xe-based TPC NEXT White, NEXT-100  NEXT-HD
«=  Fluid embedded PandaX.1II Panda3 I 1
..5 source andax- andax- t
TC: Liquid KamLAND-Zen 800  KamLAND2-Zen
& scintillator as a + "
P matrix SNO+ phase I SNO+ phase II
GERDA-II
Source = detector ~ Germanium LEGEND-200 LEGEND-1000
"g diodes MID
= O Crystal embedded
= 5 source AMORE I AMORE II
<3 CUORE
= Bolometers
S "5 CUPID-0 CUPID
5 CUPID-Mo
Source # detector Tracking SuperNemo SuperNemo
Demonstrator

from Giuliani's talk at Neutrino 2018
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R. Brugnera

KamLAND-Zen

i Rock

i, Stainless steel tank

- (18 m diameter)

' n A N
) / PMTs

Buffer oil

/ Outer balloon

‘_,...-- (13m diameter)

»m ‘1 42— LS (1000ton)

Inner balloon
| (3.08m diameter)

Xe-1.S 13 ton
up to 1t ¥6Xe

PMTs
q

w @ o 9] Water

LNF, Frascati, 17 May 2024

136Xe

Operating at Kamioka, Japan,
2700 m.w.e.

136X e loaded LS into KamLAND
center with inner mini-balloon

Soluble to LS more than 3%, easily
extracted

Slow 2vpp (T*12 ~10%' yr) requires
modest energy resolution

Continue to measure neutrinos with

KamLAND LS volume outside of
mini-balloon

Ovpp decay 28



KamLAND-Zen =) KamILAND2-Zen

Upgrades:

Past
2011-2015

=T

o R
/ A el |
/ "‘/'/ 47 .

<5 ot ~
Vs : O
s I e 3
o A,
ey, ia, i o
';ﬂf 4 i A 1 I. A X |
Jof o)1 1A %)
< [ i | i 4
1< H e
]
| | RAE Hi 5
g N ¥ 3777 ]
\: - fu 8
I e e s
NKa, ® A7
b ¥
. £
vl o o g e Ol o
A b 8 b Z,

KamLAND-Zen 400

Nylon balloon R: 1.54 m
Xenon 320 — 380 kg

My, < 61 - 165 meV

R. Brugnera

Present
2019-2024

.

[ 1

P ol

e e e o9 w o o o

KamLAND-Zen 800

Nylon balloon R: 1.90 m
Xenon 745 kg
target <mss> ~ 40 meV

reduced radioactive BG
demonstration of scalability

LNF, Frascati, 17 May 2024

J

136Xe

“Near” Future

KamLAND2-Zen

Xenon 1 ton
target (mg,) ~20 meV

high light yield
better performance
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KamLAND-Zen

(a) Singles Data Total 136Xe OuBB (90% C.L. U.L.)
------ Total (Ovpp U.L.) —-— Carbon spallation + *"Xe
> 104 136Xe 2upp Xenon spallation products
O E 2v BB Internal RI
> L™, —==- IB/External RI
8 = T - Solar neutrino ES+CC
. 2 N4 .
-] 10° j b O + Data
= = 2 i Ll
e B f! 5 i +
2 "~ g I
Eq! ,.I'""‘—""rrr I'Ei — I _J‘_H g )
J ittt = ki |
E'il-l'llj'r:J ' R R N A 'T""'I"--F-..JHH_ L =
1 2 Q, 3 4
Visible Energy (MeV)

»Exposure: 970 kg-yr
»FWHM(Q, = 2458 keV): 247 keV
»BI: 7.1-10% cts/(keV-kg-yr)
> including also KamLAND-Zen 400:
e lower limit: T% > 2.3-10% yr (90% CL)
® median sensitivity: 1.5:10% yr
® my <35-136 meV —)p entering in the IO region

R. Brugnera LNF, Frascati, 17 May 2024

A. Abe, et al. PRL 130, 051801 (2023)

136Xe

final result from

KamLAND-Zen 800

data taking completed
Ovpp decay 30



130Te

Reuse existing infrastructure of SNO Canada
in SNOLAB: 6000 m.w.e.

SNO+ phase I: SNO acrylic vessel filled with LS
and 1.3 ton of natural Te in an organometallic
compound (0.5% of mass loading)

* Te loading foreseen in 2025
o AE__=225keV

FWHM
e Sensitivity: T , > 2-10? yr after 3 yrs

°mg, <30 -150 meV

Possible SNO+ phase II (ongoing R&D)
® Increase Te concentration (up to 3%)

® Increase light yield

® Improve transparency

® Improve light detectors

o T,,>10* yr after 10 yrs

° mBB< 12 - 50 meV

/) B

3 i
4\
{
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SNO+

S. Andringa, et al. Ad. in High En. Phys. 6194250, (2016)

0 FV=33m mmm 0vBp (100 meV)
m 2vpp
B (o, n)
I U chain
I Th chain
I External
I °B vES
[ Cosmogenic

35

30

Counts/5y/20keV bin

25

20
15

10

%.2 2.3 24 23 26 257 28 2.9 3
Reconstructed Energy (MeV)

R. Brugnera LNF, Frascati, 17 May 2024

130Te

ROI: 2.42 - 2.56 MeV [-0.50 - 1.50]
Counts/Year: 9.47

Cosmogenic 88 v ES

External y

Internal U chain
Internal Th chain

Events in the region of interest +
fiducial volume
9.47 events/yr (at nominal backgrounds)

Ovpp decay 32



Scalability

Good AE and
efficiency

R. Brugnera

techniques and experiments

NOW_/MID-TERM LONG-TERM
Source = detector EXO-200 nEXO
| Xe-based TPC  \pyT White, NEXT-100  NEXT-HD
Fluid embedded PandaX I PandaX I 1
SOUrce andaxX- andaxX- t
Liquid scintillator KamLAND-Zen 800 KamLAND?2-Zen
as a matrix SNO+ phase I SNO+ phase II
GERDA-II
Source = detector | Germanium LEGEND-200 LEGEND-1000
diodes MID
Crystal embedded
soutce AMORE I AMORE II
CUORE
Bolometers
CUPID-0 CUPID
CUPID-Mo
Source # detector Tracking SuperNemo SuperNemo
Demonstrator

from Giuliani's talk at Neutrino 2018

LNF, Frascati, 17 May 2024
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GERDA PHASE II “Ge

Phase I array:
coaxial detectors

86% "°Ge enriched

moderator, Cherenkov
medium for p veto

e |

K.-H. Ackermann, et al., EPJC 73, 2330 (2013) High-purity LAr (64m°): shield and coolant
M. Agostini, et al., EPJC 78, 388 (2018) in Phase II: active veto

» Operating at LNGS-INFN (Italy), 3500 m.w.e. > Liquid argon used as veto
> up to 44.2 kg of enriched (88%) "*Ge

detectors deployed naked into liquid argon » Water Cherenkov cosmic muon veto
> Total exposure: 103.7 kg yr (Phase II) + 23.5
kg yr (Phase I) » Pulse Shape Discrimination

R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 34



GERDA PHASE II

—_
)
[S9]

Counts / 5 keV
=

—_—
ja)
L

Counts / (keV kg yr)

1 Prior to analysis cuts [l After analysis cuts

A

\
>

Qpp

2000 2200 2400

2600

W 90% C.L. Ty 5 lower limit (1.8 x 10% yr)

|

Background best fit and 68% C.L. interval

GERDA 2020

1950 2000 2050 2100

2150

Energy (keV)

M. Agostini, et al., PRL 125, 252502 (2020)

R. Brugnera

LNF, Frascati, 17 May 2024

76Ge

> Frequentist :
Best fit NV =0

T >1.8-10% yr @ 90% C.L.

1/2
Median Sensitivity (NO Signal)
™ ,>18-10* yr @ 90% C.L.

> upper limit on
my, < 79 — 180 meV

» Bayesian:
Best fit NV =0
™  >1.410% yr @ 90% C.I.

1/2
Median Sensitivity:

™ >1.410% yr @ 90% C.I

1/

> Data taking completed in 2019

Ovpp decay 35



GERDA PHASE II “Ge

M. Agostini, et al., PRL 125, 252502 (2020)

™ :
s —/— expected for no signal
(@
observed 2020
2 15 ©
E
5 1.0
2
S
& S
< 051 5013 <
2
| | °

| |
20 40 60 80 100 120
Exposure (kg yr)

® The GERDA legacy: the background-free regime results in a nearly linear
improvement of sensitivity vs exposure

R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 36



MAJORANA DEMONSTRATOR “Ge

| | » Operating at the Sanford Underground
Radon = L | Facility (USA), 4300 m.w.e.
Enclosure » £ e 9
|| »2 cryostat containing: 31 kg of
| EF ; enriched (88%) °Ge detectors and 15
Il e {16
Outer Cu }§ 22 -t » Compact shield: low-background

| A0 e passive Cu and Pb shield with
.. eeeeye—y—y— muon veto

»Pulse Shape Discrimination

> In-house production of
underground electroformed Cu

R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 37



MAJORANA DEMONSTRATOR “Ge

IJ. Arnquist, et al., PRL 130, 062501 (2023) Search for peak here

4 <
10 Data Cleaning, Muon, & Multiplicity Cuts T — 3
+ Surface Event Cuts 6 . —90%C.L. Limit E

+ Multi-Site Event Cuts (All Cuts) Background | 12

@]

2

=

1 03 = In“,,.hlll
|
10? * |

] \

Counts/keV/(64.5 kg yr)

0

2000 2100 2200 2300

nergy [keV]

Counts/2.5 keV/(64.5 kg yr)

10“ ‘ | |
10 W mL‘ L
| M"l'“ g1
L
1 | A lIIJI[IIMIInJ A AT TN |-|I||I III‘II
1000 2000 3000 4000 5000 6000
Energy [keV]

> Total exposure: 71.1 kg yr »Lower limit: TOVI/2 > 8.3-10% yr (90% CL)
»>BI: (6.3 £ 0.6):107 cts/(keV - kg yr) »Median sensitivity: 8.1:10%° yr (90% CL)
>FWHM(QBB=2039 keV) = 2.5 keV »Upper limit on: m, < 113 —269 meV

> Data taking completed in March 2021
R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 38



R. Brugnera

First Stage (LEGEND-200):

»upgrade of the existing infrastructure of GERDA
up to 200 kg

»reduction of the BI of a factor 5 w.r.t. GERDA
Phase II goal

»Use of the best technologies developed in GERDA
and MAJORANA-DEMONSTRATOR

» to reach 200 kg: 35 kg from GERDA + 30 kg
from MJD. The remaining 140 kg are new

»In data taking from March 2023

Further Stages (LEGEND-1000):

»1000 kg (staged)

»timeline and budget: highest priority from DOE
after the Portfolio review (July 2021)

»Background reduction of a factor 20 w.r.t.
LEGEND-200

»LNGS is the preferred site, SNOLAB is the
alternative

LNF, Frascati, 17 May 2024 Ovpp decay 39



LEGEND: sensitivities for limit setting and

discovery

Ge (92% enr))

Ge (92% enr))

76Ge

10 107
- T, limit (90% CL) - - Discovery (50% chance for a30 signal)
- -
1029 = e /: -7 1029 = - -
= A = T
z £ LEGEND-1000 e e " LEGEND-1000 gPially -
8 10 T e g e i
£ my =184+ 13 meV 2 myg=184%13meV | . &
2107 e 8 1077 o ol ™~
8  ELEGEND-200 .~} e EL e B :
33 C w C o
8 i f— IOmg""lange - 5 j— IOrng'"lange S
|_3102 g — Badcgimndﬁee 10° g GE — Bﬂckgfoq.n:lflee R‘
C ——  0.025 counts/FWHM-t-y C ~ —— 0.025 counts/FWHM-t-y >
= = = 0.1 counts/FWHM-1- . = = = 0.1 coums/FWHM-1- N>
107 'E_ == 1_umum.rf=eruH-: 10% 'E_ .= 10 munln‘FWHM-t-yY >§
C e==e=o= 10 countsPWHM-t-y :'II === 10 counts/WHM-t-y ©
4 1 III| 1 | 1 | NN 1 | . IIIIIII 1 | 4 1 111 III| IIIIII 1 | N 1 | NN 1 1 IIIIII| 1 |
1021(}“3 1072 107 1 10 10? 10° 10210"3 1072 107" 1 10 102 10°

Plots details:

Exposure [ton-years]

» ~69% efficiency (including: isotopic fraction, active

volume fraction, analysis cuts)

» GERDA Phase II: 1.5 counts/(FWHM - ton-yr)

» LEGEND-200:
» LEGEND-1000:

R. Brugnera

0.5 counts/(FWHM-ton-yr)
0.025 counts/(FWHM ton-yr)

LNF, Frascati, 17 May 2024

—

Exposure [ton-years]

N.B.: background-free®
condition is a prerequisite
for a discovery

(*) average expected bkg events < 1.0
in the ROI for the entire exposure
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» Operating at LNGS (Italy), 3500 m.w.e. »Compact shield: low-background
passive Cu and Pb shield

> 988 "*TeO, bolometers

> Active mass: 742 kg »Pulse shape discrimination

> Isotope mass: 206 kg *°Te

R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 41



Counts/(keV kg-yr)

130Te

K.Alfonso, talk at TAUP(2023) conference

2dTY CUORE -Base cuts
. preliminary S
102 o %
§ ¢ | I| COI Vs H?th
IE_ ' llw"i”,.b - |
B DN v
1= T~ '36'00 o 5000 6000
Energy (keV)
E B 60(.‘.0 sum Base cuts + AC + PSD
g0 e » TeO, exposure: 2023 kg yr
i%’ : —— 90% CI limit on T, > FWHM(QBB: 2528 keV) = 7.2 6i%j37 keV
g Q,, > BI: (1.30 + 0.03)- 102 cts/(keV -kg-yr)
w0l > Lower limit: T%, , > 3.3-10% yr (90% CI)
- _ L » Median sensitivity: 3.11:10% yr (90% CI)
s > m._ <75-255meV
- prehmmary BB
070480 2500 2520 2540 2560
Energy (keV)
. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 42



CUORE == CUPID “Mo

C. Alduino, et al. EPJC 77, 543 (2017)

TeOz: natural radioactivity ol
CuNQOSV: natural radioactivity ]
CuNOSYV: cosmogenic activation
TeO2: cosmogenic activation CUORE baCkgI'Ound
CuOFE: natural radioactivity dOmlnated by oL particles

RomanPb: natural radioactivity

from surface contamination

ModernPb: natural radioactivity

o .
SI: natural radioactivity o 90%CL limit
@ Value

Rods and 300KFian: natural radioactivity e

Environmental p e

Environmental n | E—

Environmental y

1E-06 1E-05 1E-04 1E-03 1E-02 1E-01
counts/keV/kgly

Moving to CUPID requires:
0. Enrichment
1. Rejection of &
—» New detector technology: luminescent bolometers
2. Limitation of the residual background
—» Full CUORE background model + information from demonstrators
(CUPID-0, CUPID-Mo)

R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 43



CUPID

CUORE 3% Te
Bolometer

ﬁeat Sink |

Thermal =
Coupling

Absorber

Incident
Radiation

L

Copper
Holder \

=

NTD Ge Sensor
(Thermometer)

)

CUORE: no PID

CUPID Mo
Scintillating Bolometer

r Light Detector
N\

Light

\

Thermometers

Energy *

Release

«—Bolometer

N A

CUPID: PID allows to
separate B/y from o events

A Li:,MoO, (LMO) scintillating cryogenic detector to
search for the OvBp decay of Mo

R. Brugnera

LNF, Frascati, 17 May 2024

100M0

Light +heat
0v2p readout
region

3 | [2615keV ) -
5 By y EVENTS
v |EVENTS -
= \ 7
HEAT SIGNAL
4500?36,“[
4000
S SR G_ Sy
(o] :_ S:Se
22 3000E o) E (98T]): 2.615 MeV
© E | B sk 130
= 2500 4. '] Xe g
- E Sn .
82000} o Ce
1500 Mo Qg beyond natural
mooi— y background =,
: II‘IILI[III\IIJIL‘\JII‘III\IIIIIIII
0 ) 10 15 20 25 30 35

Ovpp decay

Isotopic Abundance [atomic %]

44




CUPID

> It will be located at LNGS-INFN (Italy), 3500 m.w.e.
> 45X45x45 mm’® Li,'MoQ; crystals

* 450 kg of Li>'"MoO4

* 95% enrichment in '"Mo: 240 kg of '“Mo
»Muon veto for muon-induced background suppression
» FWHM(Qg = 3034 keV)=5keV
»BI: 10 cts/(keV-kg-yr)
»Lower limit: T > 1.5-10*" yr (90% CL)

> Discovery sensitivity (3¢): 1.1-10%” yr

>mﬁﬁ <12 -20 meV

Light detectors
—% PTFE pieces

Copper structure

arXiv:1907.09376v1
R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 45



150

AMoRE

% 1.47 CMO
Detector concept %1_44 -
scintillating bolometers based on Ca'*MoO, i 14 _ }““‘%w o
Ca is depleted from **Ca to avoid **Ca — 2vpp SN il

but also Li,!MoO )

AMORE-I at YangYang (Korea)
AmoRE-II at a new laboratory: Handeok mine (Korea)

Light/heat ratio (a.u.)

AMOoRE-Pilot AMORE I AMOoRE II
"Mo:~1.8 kg 1Mo:3.0 kg ¢ '"Mo: 200 kg
2015 - 2018 2020 - 2023 X 2024- ...
Target sensitivities: 10% yr 4-1026 yr
my <120 - 200 meV my <20 - 35 meV

R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 46



count / 5 keV

AMoRE

G.W. Kim talk at LLW12024

T T I I T T
\ All precut X PSDILH I Antl commdences\

AMOREI =

4 ]
10 20 1 >
0.4 41025 @
3 az RV
10° & 0.2 5 O
S
10t >
0 9] [ ~
2800 3000 3200 3400 3600 X
2 o %]
10 = e
10° S g
10 8
10t
10°
0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Energy (keVee)

» Exposure: 8.02 kg(XMoOQ,) yr = 3.88 kg('Mo)-yr
> FWHM(Qgs = 3034 keV) = 9.5 — 28.0 keV
> BI: 0.032 = 0.003 keV cts/(keV kg yr)

» Lower limit: T% > 3.4-10** yr (90% CL)

R. Brugnera LNF, Frascati, 17 May 2024

IOOMO

—LMOs

—All Crystals

— _N((1-fp)exp(-E/T)/A+fp/B)
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techniques and experiments

NOW_/MID-TERM LONG-TERM

Source = detector EX0O-200 nEXO
z . Xe-based TPC NpxT White, NEXT-100  NEXT-HD
«=  Fluid embedded PandaX.IIl PandaX.II 1
..5 source andax- andax- t
= Liquid scintillator KamLAND-Zen 800 KamLAND2-Zen
3 as a matrix
C}J) SNO++ phase | SNO++ phase 11
GERDA-II
Source = detector ~ Germanium LEGEND-200 LEGEND-1000
"g diodes MID
= O Crystal embedded
3 5 SOurce AMORE I AMORE II
<3 CUORE
= Bolometers
S % CUPID-0 CUPID
5 CUPID-Mo
Source # detector Tracking SuperNemo SuperNemo
Demonstrator

from Giuliani's talk at Neutrino 2018
R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 48



SuperNEMO

Charged particle
trajectory
i

N

. Q .
e
&L

R. Brugnera

LNF, Frascati, 17 May 2024

Individual particle
energy and ToF

source # detector

the isotope 1s embedded in thin foils
main advantage: full topological
reconstruction of a Bp event

SuperNEMO demonstrator:

¢ completed the commissioning phase:
first data in summer 2024 with 1
module (LSM - France)

¢ 6.11 kg of **Se

¢ Sensitivity: 4-10* yrin 2.5 yr

om <260 -500 meV

SuperNEMO:

¢ 20 modules, 100 kg of **Se
¢ exposure: 500 kg yr

¢ Sensitivity > 10°° yr

o my, <350-100 meV

¢ 40Ca, 1°ONd, *°Zr can be used

Ovpp decay 49



SuperNEMO

How two events look like

RUN 1051 // TRIGGER 1187719+1187720+1187721

xxxxxxxxxxx

xxxxxxxxxxx

xxxxxxxxx

xxxxxxx

3
xxxxxxxxx
xxxxxxxxxxxxxx

RUN 1011 // TRIGGER 3210833

R. Brugnera LNF, Frascati, 17 May 2024

82Se

¢ 999%, of trackers channels live!
¢ Track and event reconstruction

C. Patrick talk at TAUP(2023)
Ovpp decay 50



comparison of experiments

M. Agostini, et al. Rev. of Mod. Phys. 95 025002 (2023)
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discovery sensitivity = value of T,  or m,, for which an experiment has a 50%

chance to measure a signal with a significance of 3o
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conclusions

+(0vpp is a very important process, not only for neutrino physics
¢ Very high discovery potential for 10
¢ Reasonable high discovery potential also for NO (assuming absence of

mechanisms driving mgg or m to zero)

lightest

¢ Many projects aims at extending the present sensitivity

¢ The field is extremely active: variety of approaches and technologies

R. Brugnera LNF, Frascati, 17 May 2024 Ovpp decay 52
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