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Searching for neutrinoless double beta decay

with NEXT
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The problem of the neutrino mass IPC
* Neutrino detection was achieved for the first
time in 1956 by Cowan and Reines, by 1000
observing inverse beta decay from reactor

antineutrinos.
@

e |au
Muon

* |In the next decades, several experiments
confirmed that neutrinos come in three
generations of flavonr, just like the charged
leptons (electron, muon, tau).

O
—_

O
Quarks Electron

10—5 .
* The Standard Model does not include a |
mass term for neutral leptons, so neutrinos
could in principle be massless and always travel

at the speed of light.

Mass in GeV/c?

— N
S
O

| Neutrinos ™
* However, several experiments in the last 30 I

years have confirmed that neutrinos 10-13 i I

oscillates between different flavors
(electron, muon, tau), meaning that they must
have a mass, albeit small.
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Higgs mass mechanism for neutrinos analogous
to the one used for charged leptons.

Left and right chiral components interacting
(very very weakly) with the Higgs field.

The right handed neutrinos (and the left-handed
antineutrinos) are sterile.

Why the mass is so low compared with the other
fundamental particles?

W
¢
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¢

Majorana

The neutrino is a Majorana particle: the
neutrino and the antineutrino are identical.

The Lagrangian contains both Dirac mass terms
and Majorana mass terms.

The very low mass can be explained with the
existence of a heavy right-handed Majorana
neutrino.

If these heavy right-handed Majorana neutrinos
exist, and if they violate CP symmetry, they
could explain the matter-antimatter asymmetry
in our universe (leptogenesis):

N->I"+H#+#N->ItT+H



Neutrino mass hierarchy

* Neutrino oscillations don’t
provide information about the
order of the neutrino masses:
two combinations are
possible, normal hierarchy
and inverted.

 The effective Majorana mass
and the mass of the lightest
neutrino are related to the
mass hierarchy.

* |f neutrinos are Majorana,
next-generation experiments
might be able to fully exclude
the inverted hierarchy
phase space.
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.051801

How do we choose? IPC

* Verifying if neutrinos are their own antiparticles might sound easy: produce antineutrinos and
try to detect electrons instead of positrons!

propagate

* |[f the neutrino is its own antiparticle, this process is possible. Small problem: the outgoing
neutrino is right-chiral, while the incoming neutrino must be left-chiral.

* For massive particles chirality is not conserved, but given the extremely low mass of the
neutrino, this process is suppressed at least by a factor of 1073,

STEFANO ROBERTO SOLETI - 7 JUNE 2023 o



Let’s ask ChatGPT...

STEFANO ROBERTO SOLETI - 7 JUNE 2023

Can you tell me what is the best way to verify if neutrinos are their own antiparticles?

The question of whether neutrinos are their own antiparticles is an open question in
physics. This property is known as "Majorana nature" of neutrinos. There are several
experimental methods being developed to study this question, but none have yet provided
definitive proof.

One of the most promising methods involves observing a rare form of nuclear decay
known as neutrinoless double-beta decay. In this process, a nucleus decays by emitting
two electrons and no neutrinos. If neutrinos are their own antiparticles, then this process
can occur via the exchange of a virtual Majorana neutrino. The observation of this process
would provide strong evidence for the Majorana nature of neutrinos.

Several experiments are currently searching for neutrinoless double-beta decay, including
the GERDA experiment, the CUORE experiment, and the KamLAND-Zen experiment.
These experiments use a variety of techniques to detect the electrons emitted in the
decay, and to distinguish this rare process from other forms of double-beta decay. §




Neutrinoless double beta decay

 Nature’s silver lining: some nuclel can undergo
a radioactive decay with the emission of two
electrons.

* This is because some nuclei with even number
of protons and even number of neutrons are
are energetically forbidden to “single" beta
decay to odd-odd nuclel.

Atomic mass difference

* |f neutrinos are their own antiparticles, as
ChatGPT says, this process can happen
without the emission of neutrinos in the final
state.

 Of course, also this process, If exists, Is
helicity-suppressed, so the decay time is
slow...

STEFANO ROBERTO SOLETI - 7 JUNE 2023 1



How slow? IidC

o o adl | . B Yi‘, " g | | »' “ _ ]
Ovfp . \/ Af 5 » Current best limits put the /0v
Tl/ 1— p ﬁ ﬂ ; half-life to at least 1026 years.
e Ry * You need a lot of time... or a lot of
/ \ \ mMass.
Inverse of half-life Phase-space Nuclear matrix Effective
element Majorana mass

* |f you measure the energy of the two electrons in the final state,
the experimental signature is a monoenergetic line.

* |t comes at a heavy price:
A lot of the isotope of interest (ton scale)
 Low backgrounds in MeV range (low radioactivity)

* Signal/background discrimination
e Good energy resolution

STEFANO ROBERTO SOLETI - 7 JUNE 2023 8



Enters NEXT...

High Pressure gaseous Xenon Time Projection Chamber

Cathode Gate Anode

ENERGY PLANE (PMTs)
(SINAIS) ANV 1d DNIMOVHL
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Enters NEXT.

High Pressure gaseous Xenon Time Projection Chamber
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Enters NEXT... IidC

High Pressure gaseous Xenon Time Projection Chamber SIGNAL
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The NEXT program

Prototypes NEXT-White

2010-2014 2015-2021

Demonstration of detector concept Background model assessment
2V measurement for 136Xe

ENERGY
PLANE

PRESSURE A TRACKING
VESSEL PLANE

| E

]

PRESSURE ’ | ol
oy |-|||||||||g'—
"l p— s "'7‘ -’v .

CATHODE REFLECTORS

NEXT-100(1000)

2022-2026

Neutrinoless double beta decay search
in 136Xe (1027 y)

2009 2014 2015
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NEXT-BOLD

Barium tagging for background-free
experiment in 136Xe (1028 y)

"\ 1Tonne

2021 2022 2026 2027
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]
The NEXT-White detector
Time Projection Chamber: Pressure vessel:
5 kg active region(@15bar), 50 cm drift length 316-Ti steel, 20 bar op pressure
HVFT
50 kV cathode/15 kV anode

l\ g
'v

Energy plane:
12 PMTs,
30% coverage

Tracking plane:
1792 SiPMs,
1 cm pitch

The late professor James White.
NEXT-White is named to honour
his memory
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83Kr calibration - hPC

» 83Rb decays 75% of the time to a metastable state of 200 16000 =
83Kr through internal conversion with a half-life of 86 15000 &

100
days. 14000 T
: . : : E 0 -13000 ®
« This metastable state decays to ground with a lifetime of = 12000 >
. . O
1.83 h, emitting two electrons of 32.1 and 9.4 keV. 100 11000 2
10000 &
* These low-energy electrons create a very short signal, oo 9000

useful for calibration. N 200 0 200
Rb
|=5/2- 200
ﬁ-ruz =86.2d l
83my¢ 1800
=1/2- 100 a
o
Ti2=1.83h g -1600 ~—
E =32.1517(5) keV - =
>_

|1=7/2+ y -1400 =

—100

T1/2 =154 .4 ns
a=17 1200
o E =9.4058(3) keV —500
1=9/2+ Kr v —200 0 200
X (mm) JHEP 10 (2019)
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Entries/100

Energy resolution

21

18

(-
U

(-
N

©o

xenon TPC.

For this purpose, energy calibrations with higher-energy radioactive sources 137Cs and 232Th
sources have been carried out as a part of the NEXT-White data taking.

The energy resolution extrapolates to less than 1% FWHM at Qgg (0.91% at 2614 keV, 208T]

photopeak).
83mKpr events
— fit
"\ 1=(41.5230+0.0039) keV
gauss | 0=(0.6938 +0.0053) keV
polynomial | JINST 13 (2018) 10
-+ data
|
40

35

45 50

Energy (keV)
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One of the main goals of NEXT-White was to measure the energy resolution of a high pressure

W
o

N
o

U =12611.84 + 0.77
o =10.10 + 0.83
R (%) = 0.91 + 0.07
X%/Ngor = 0.98

JHEP 10 (2019) 230

2550 2600 2650

E (keV)

2500
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https://link.springer.com/article/10.1007/JHEP10(2019)230
https://iopscience.iop.org/article/10.1088/1748-0221/13/10/P10014

Richardson-Lucy deconvolution

80 -
60 -

40 -

Y (mm)
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20 -

Topological information about the event is given by SiPMs position + time
Electrons diffuse while drifting, smearing the image.

The smearing is described by a kernel — a point spread function (PSF).
The PSF can be obtained with 83mKpr events (point-like).

The Richardson-Lucy deconvolution uses the PSF to deconvolve the image and

remove the smearing.

SiPM response

True trajectory Diffusion effect
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https://link.springer.com/article/10.1007/JHEP07(2021)146#citeas

2v[ ) measurement in NEXT-White

* The NEXT-White experiment was able to measure the half-
life of the 21/ decay in 136Xe (a continuous spectrum).

 Two analysis methods: background-model dependent and
model-independent

 Model-independent analysis: difference between 136 Xe-
enriched spectrum and 136 Xe-depleted spectrum.

x103

1.2

1.0 - moe-

0.8 -
+(TI1d Phys.Rev.C 105 (2022) 5, 055501

0.6 - “ arXiv: 2111.11091

0.4 -G'F-O - -“1. A 4 *

0.2 - ’_++

0.0 f--1-—---1 ---=t-r-F---- o e — ‘ °
¥ 3 ++

—0.2 -

Rate (counts/(MeV yr))

—0.4 - N

_0.6 I I I I I I I I
10 12 14 16 18 20 22 24 26 238

Event energy (MeV)

Ty = 2.347080 (stat) *00 (sys) x 10%! yr
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136 Xe-enriched

105 5
= —— BFMC 2087l
E GOCO :_________.: 136Xe
o 104 ‘'K ¢ Data
= 214;
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136 Xe-depleted
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https://arxiv.org/abs/2111.11091

Ovff measurement in NEXT-White

* Although originally beyond its scientific goals, the NEXT-White detector was

recently exploited in order to perform a demonstration of the Ovff search
capabilities with the NEXT technology.

* Two methods: background-model-dependent and background subtraction.

* Low mass, so result not competitive with world’s best limit, but proof-of-

principle analysis

TOI/

TOI/

STEFANO ROBERTO SOLETI - 7 JUNE 2023

24
00 > 1.3 % 10%* yr

Background subtraction
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- Obs: 0 events

¢ Data
' 214Bi

- [sp2y
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https://arxiv.org/abs/2305.09435

NEXT-100

Plans

 Scales up NEXT-White ~2:1in dimensions

* 1st half of 2023 & Construction
completed & assembling

 2nd half of 2023 & Commissioning &
calibration

Goals

 Keep energy resolution <1% FWHM
 Improve radioactive budget

 Prepare for the tonne-scale

* Target background rate of 5x10"4 counts/
(keV-kg-yr) or 1 count/(ROI yr).

STEFANO ROBERTO SOLETI - 7 JUNE 2023

60 PMTs (EP)
30 % coverage

Lead castle
20 cm thick

TPC
100 kg fiducial mass

e 3584 SiPMs (TP)

15.55 mm pitch

Inner copper shielding
12 cm of ultra-pure copper

IidC

20
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The NEXT-100 detector

Pressure Vessel
100kg fiducial mass @

NN\ V 7 /
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Copper Shielding
Thicker (12cm) ultra-pure copper shielding
Big machinery for production
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The NEXT-100 detector

EL and cathode
constructed from tensioned
hexagonal meshes
(~100 pm thickness)

Electrostatic deflection of
the EL measured
(important for energy
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Anode-EL region using meshes
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The NEXT-100 detector

easier to mount,
more robust,
larger area.
Better for
dynamic range

3
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Coated with TPB
for better light
detection

PMTs coupled
{0 Xenon gas
through
sapphire
windows
welded to a

radio pure

copper frame Windows are
coated with PEDOT
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Hamamatsu SiPMSs:

| A

IidC

Tracking Plane
3584 Hamamatsu SiPMs
1.3x1.3 mm2 - 15.55 mm pitcl
(60% more photons)

NN\ v,
- = -
o

2

;‘ns‘\
e

[

i
I
Sl | S—
e

\\
&

é?ﬁfﬁ-‘é‘ig;’:. S

(777777777777} TURVANY

T O RO ORI
L
\l

Energy Plane
60 Hamamatsu PMTs
R11410-10 - Same NEW

(30% coverage)

23



NEXT-100 background budget

* The main background in NEXT is represented by natural decay

IidC

JHEP 05 (2016) 159

series (U, Th) producing 214Bi and 208T], Pressure vessel b TI-208
@ Bi-214
 The Canfranc Underground Laboratory provides a radiopurity PMTS s -
facility to asses the radioactivity of the detector materials PMT enclosures e
(copper, PMTs, boards...)
Enclosure windows _
 Detector will operate in an airborne-radon-depleted environment SPM boards .
: I -
thanks to the radon-abatement system provided by the LSC.
SiPMs |
 Spallation neutrons produced by cosmic rays: flux reduced by |
. - . . . Field-cage barrel e
rock above the detector. Main source are those originating in the
detector shielding: muon veto being considered. Shaping rings [y
s e 2 R A 1 Electrode QS |y
TOBAZO, 1980 m Anode plate * .
Ventilation shaft in Rioseta, 1400 m § f F FC resistor chain
SPAIN \ : ’1\- :F F I
i Tt - \ E Sl s 1200n: P~ e Sl
1500 ; ~ .o
1400 / F / : : ‘.‘ .
= k.‘ 2 bl Outer shield [p .
1100 ! ! ! ! ! ! ! ! ! ! ! ! ! ! !
m‘ oad tunnél 0 2 4 6 8 10

ol I I I | I I 1 I I I 1 I 1 I | I I 1 I I 1 I I I l I I 1 1 I I I 1 I BaCkground rate (1 0_5 Counts keV_1 kg_1 yr_1)
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https://link.springer.com/article/10.1007/JHEP05(2016)159

NEXT-HD

IidC

* |f we want to explore the inverted hierarchy region with the NEXT technology, we need a
bigger detector, NEXT-HD:

* Order of magnitude more Xe than NEXT-100, ~1 tonne at 15 bar.

« Symmetric design with a central cathode and two readout planes wit

* Energy readout by a Barrel Energy Detector (double-clad fibers reac

JHEP 2021 (2021) 08, 164

- Sensitivity (90% CL)
10%® | === Discovery Potential (99.7% CL)

Half-life [yr]

1027 Inverted Hierarchy

0 10 20 30
Exposure [tonne yr]
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40

\
Inner
shielding

Cathode
Tracking
planes

Reflector
panels

Pressure
vessel

n SiPMs (no energy plane with PMTs).

out by SiPMs).
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HD-DEMO

 Before scaling to 1t we need to validate the
technology choice: HD-DEMO.

A barrel of WLS fibers will cover the surface

of the cylinder in order to detect Xe scintillation
light (175 nm).

« Symmetric design: cathode in the middle, two
anodes

 PMT readout on one side, cooled SiPM readout
onh the other side.

* Different options being explored:
 Green-to-blue fibers coated with TPB.
 UV-to-blue fibers coated with p-terphenyl.

STEFANO ROBERTO SOLETI - 7 JUNE 2023

SiPM readout

Anode

Cathode

Anode

PMT readout
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Fiber R&D at DIPC

 |lluminate different fibers with LED and read out with different

photosensors (PMT, SiPMs).

 Measure light collection efficiency of the system in two steps:

* Measure the light emitted by the LED by placing the photosensor in front.
* Measure the light re-emitted by WLS fibers, illuminated by the same LED.

 LED light output iIs monitored by a dedicated PMT.

STEFANO ROBERTO SOLETI - 7 JUNE 2023
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A new hope IPC

 Going further than the inverted hierarchy seems impossible: several tons or several decades...
« Cowan and Reines were detecting the slow neutron in delayed coincidence with the positron.
 Neutrinoless double beta decay in the final state has two electrons... and a 136Ba** ion.

 What if we could detect the

L. _ _ Not fluorescent Fluorescent
presence of this single barium ion [Receptor
in a ton of xenon? Barium CO,H CO,H CISzH/('?%H
tagging! HL O O)\

 Single molecule fluorescent
imaging: technique borrowed

from chemistry (and 2014 CH3

chemistry Nobel Prize)

Fluo 3-Ca complex

Phys.Rev.Lett. 120 (2018) no.13, 132504
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From Cato Ba

 The first step was to verify if commercially-available
compounds were able to emit light upon barium
chelation.

 Then, the sensitivity was advanced to single-ion level.

* However, these components work in aqueous solutions:

R&D is required for high-pressure gaseous xenon.

1.0f , ~ 1.0f : ~
Fluo-4 460uM Ba™* Fluo-4 497uM Ca™* ™t
—  291uM Ba™ ™t 449uM Ca™t ™
Ba++ Ca++
0.8l —  235uM Ba™t 0.8l 400uM Ca™ ™
' —  177uM Ba™* ' ——  352uM Ca*
i —  118uM Ba*+ hd —  302uM Ca™*™
5 06 —  60uM Bat+ 5 06 —  203uM Ca*+
0 OuM Ba™* 0 —  102uM Ca™* ™
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Dry-barium sensing with on-off molecules

IidC

* Molecular design computationally tuned for selectivity and sensitivity.

* Dry single Ba**ion sensitivity demonstrated with on-off molecules.
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ACS Sensors 6, 1, 192-202 (2021)
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Bi-color sensing

Variometric rather than off-on sensing technique

Switches from green to blue upon chelation; filter removes green light background allowing
fluorescence separation.

Barium interacts with nitrogen on fluorescent group on chelation, giving dual function of color-shift and
fluorescence enhancement.
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IidC

Nature 583, 48-54 (2020)
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NEXT-BOLD IidC

Sensor-to-ion concept

Trackin - Pressurized vessel -
g 10-15 bar GXe

plane

P EL
sregion
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IidC

N EXT- BOLD Sensor-to-ion concept

136 :
1. The 186Xe atom decays, producing two electrons - Prossurized vessel -

and the Ba** ion. Tr;:‘;!‘g 10-15 bar GXe

2. The electrons drift towards the anode and the Ba
(slowly) towards the cathode. EII
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NEXT-BOLD

1. The 186Xe atom decays, producing two electrons

and the Batt ion. Tracking
plane

2. The electrons drift towards the anode and the Ba
(slowly) towards the cathode.
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NEXT- BOLD Sensor-to-ion concept >i|><

136 :
1. The 186Xe atom decays, producing two electrons - Prossurized vessel -

and the Ba** ion. T'I“;Z?:g 10-15 bar GXe

2. The electrons drift towards the anode and the Ba

(slowly) towards the cathode. EII
3. he Energy-Tracking Device measures the energy :
of the electrons and reconstructs the
barycentre of thetrack.  |SPMSHHl (e mim s e e m s s mmmcfmmmmaa- >
- ®

4. This triggers the sensor while drifts towards the

cathode where a ML of organic molecules catches P EL
|t Er'egion

5. These molecules work as Fluorescent Bicolor
Indicators (FBI), as their light emission shifts upon

chelation with Ba2*. This is the signal of Ba2*
detection.

Laser
6. The sensor is scanned repeatedly.

1. ogether with the electron track we obtain a
delayed coincidence signal.
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The way forward IPC

* The NEXT collaboration has proven that HPXeTPC technology works.

« The NEXT-100 is currently under construction and will be able to provide competitive search
of Ovpfp in 136Xe.

 Next generation, ton-scale experiment targets to reach 1027 years lifetime and explore the
inverted hierarchy region. Background rates at 1 evt/tonne-year.

 Going above this limit requires a different approach, which can’t be simply scaling up:

« NEXT-BOLD with barium tagging may be a background free experiment.
* |n vacuo barium chelation reactions and imaging both shown to be possible.
 Important R&D remains for ion collection / sensor manipulation.

 The challenge requires interdisciplinary science, combining particle physics, molecular
chemistry, surface physics science, sophisticated microscopy, and state-of-the-art robotics.
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