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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?
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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 IPC

* Neutrino oscillations don’t
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https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.130.051801

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

 The process, if exists, is helicity-suppressed,
so the decay time is slow...




How slow? IidC

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




Enters NEXT.
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NEXT origins

Justo, JJ, James and Dave, LBNL, 2009

Topology: spaghetti, with meatballs
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Near-Intrinsic Energy Resolution for 30 to 662 keV
NEXT early prototypes (2011) o oo
Electroluminescent TPC
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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

wi

.J _‘.
- }

Tracking plane:
1792 SiPMs,
1 cm pitch

Energy plane:
12 PMTs,
30% coverage

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

Calibration maps for run 4845

 83Rb decays 75% of the time to a metastable state of 200 16000 =
83Kr through internal conversion with a half-life of 86 15000 2
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Energy resolution

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

arXiv:1905.13110v3 [physics.ins-det] 18 Oct 2019

PREPARED FOR SUBMISSION TO JHEP

Energy calibration of the NEXT-White detector with
1% resolution near Q;; of “°Xe
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Richardson-Lucy deconvolution
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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).

o
~
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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

1905.13141v3 [physics.ans-det] 11 Sep 2019
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Demonstration of the event identification capabilities
of the NEXT-White detector
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2v /) measurement in NEXT-White diPC

136 Xe-enriched

* The NEXT-White experiment was able to measure the half- 105 -
- - . — 208
life of the 21/ decay in 136Xe (a continuous spectrum). = — BFMC w7
> 50Co C701 PXe
. > 4 40
* Two analysis methods: background-model dependent and 2 10 [— 21L< | ¢ Data
model-independent < B
§ 10°
 Model-independent analysis: difference between 136 Xe- S
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S 107 +
; ad
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https://arxiv.org/abs/2111.11091

Ov ) measurement in NEXT-White diPC

136 Xe-enriched

* Although originally beyond its scientific goals, the NEXT-White detectorwas ¢ 27— [+pata —mC
. . . = i ] . ' 214y : 208
recently exploited in order to perform a demonstration of the Ovff search S o] Exp:24:07events | - |TB Tl
apag s . 5 | IBR2v Bn-BG
capabilities with the NEXT technology. | o IDspov u.L.
89~ s g
 Two methods: background-model-dependent and background subtraction. AL S
* Low mass, so result not competitive with world’s best limit, but proof-of- ‘i
principle analysis
R x10~ 0
TOy 1 3 1024 % 60 9:0—9 —— BF "Xe Bp 2200 2300 2400 2500 E?l6e(i‘0g o (ke ‘27;00
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https://arxiv.org/abs/2305.09435

NEXT-100

IidC

Plans =
100 kg fiducial mass ,
60 PMTs (EP) at 15 bar 3155%‘53:1’::"'; ig: ';)
* Scales up NEXT-White ~2:1in dimensions S0 o GV ERS

* 1st half of 2023 & Construction ' 3
completed & assembling

—

-——

i ,..9'-

- e y N\ = L JSSEa
 2nd half of 2023 & Commissioning & ‘ qu T vy iy £ . I-’I.bl.y‘
calibration P22,/ § .

: LT K
By
oy
Goals ME R
» Keep energy resolution <1% FWHM 6 |-y
. . e
* Improve radioactive budget 2. !k E
* Prepare for the tonne-scale -ead castle VULABSP el e e

20 cm thick 12 cm of ultra-pure copper

* Target background rate of 5x10"4 counts/
(keV-kg-yr) or 1 count/(ROI yr).
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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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The NEXT-100 detector

easier to mount,
more robust,
larger area.
Better for
dynamic range
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PMTs coupled
{0 Xenon gas
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windows
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radio pure

copper frame Windows are

coated with PEDOT

STEFANO ROBERTO SOLETI - 7 JUNE 2023

Hamamatsu SiPMSs:
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Tracking Plane
3584 Hamamatsu SiPMs
1.3x1.3 mm2 - 15.55 mm pitcl
(60% more photons)
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NEXT-100 background budget

* The main background in NEXT is represented by natural decay

series (U, Th) producing 214Bi and 208T],

 The Canfranc Underground Laboratory provides a radiopurity
facility to asses the radioactivity of the detector materials

(copper, PMTs, boards...)

 Detector will operate in an airborne-radon-depleted environment
thanks to the radon-abatement system provided by the LSC.

 Spallation neutrons produced by cosmic rays: flux reduced by
rock above the detector. Main source are those originating in the

detector shielding: muon veto being considered.
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https://link.springer.com/article/10.1007/JHEP05(2016)159

The NEXT program

Prototypes NEXT-White NEXT-100(1000) NEXT-HD/BOLD

2010-2014 2015-2021 2022-2026

Barium tagging for background-free

Demonstration of detector concept Background model assessment Neutrinoless double beta decay search experiment in 136Xe (1028 y)
2V measurement for 136Xe in 136Xe (1027 y)
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NEXT-HD

* |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

Half-life [yr]

1028_

1027_

JHEP 2021 (2021) 08, 164

- Sensitivity (90% CL)
- Discovery Potential (99.7% CL)

Inverted Hierarchy
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n SiPMs (no energy plane with PMTs).
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28



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.

i

ﬁ,_H
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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.

IidC
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NEXT-HD backgrounds and sensitivity

e Background sources
Natural radioactivity in detector materials: 238U and 232Th result in gamma-

104+

Equivalent activity [uBq]

ray lines of 208T| and 214Bi

Radon: 220Rn and 222Rn diffuse from detector materials or gas system
e Radon abatement system deployed at LSC makes this component subdominant
Background of cosmogenic origin: derive from neutron capture on detector

materials (copper isotopes and 136 Xe)
« External tank of water included in detector designs suppresses gamma radiation

from laboratory walls
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In less than 5 years NEXT-HD can reach a
half-life sensitivity of 1.2x1027 yr (90% CL),
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Demonstration of Single Barium Ion Sensitivity for Neutrinoless Double Beta Decay

using Single Molecule Fluorescence Imaging
(The NEXT Collaboration)
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A new method to tag the barium daughter in the double beta decay of *°Xe is reported. Using
the technique of single molecule fluorescent imaging (SMFI), individual barium dication (Ba™™)
resolution at a transparent scanning surface has been demonstrated. A single-step photo-bleach
confirms the single ion interpretation. Individual ions are localized with super-resolution (~2 nm),
and detected with a statistical significance of 12.9 ¢ over backgrounds. This lays the foundation for
a new and potentially background-free neutrinoless double beta decay technology, based on SMFI
coupled to high pressure xenon gas time projection chambers.
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FIG. 4. Fluorescence trajectory for one candidate in a
barium-spiked sample. “Signal” shows the average activity
in 5x5 pixels centered on the local maximum. “Background”
shows the average in the 56 surrounding. The single step
photo-bleach is characteristic of single molecule fluorescence.



11 Sensors under development for single Baz* tagging@next .
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Sensors under development for single Ba?* tagging(@next .

BICOLOUR (FBI) FLUORESCENT SENSORS
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13 Sensors under development for single Ba?* tagging(@next .
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FBI-Ba*™

Interaction of FBI-G1 with cations

Nat. Commun. 2022, 13, 7741 (Highlighted paper)



NEXT-BOLD IidC

Sensor-to-ion concept

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

and the Batt ion. Tracking
plane

10-15 bar GXe

2. The electrons drift towards the anode and the Ba
(slowly) towards the cathode.

3. he Energy-Tracking Device measures the energy
of the electrons and reconstructs the
barycentre of the track.

4. This triggers the sensor while drifts towards the
cathode where a ML of organic molecules catches
It.

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.

STEFANO ROBERTO SOLETI - 7 JUNE 2023 37
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Evolution of NEXT-100: Towards a demonstrator of HD/BOLD

1. After its initial run, NEXT-100 will be upgraded to
become a true demonstrator of HD/BOLD
technology.

2. PMTs will be replaced by a BFD (Barrel Fiber
Detector).
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3. SiPMs in the tracking plane will be readout by in-
house developed ASICs, thus making it possible to
scale to larger tracking planes.

4 i
1,;, 1.05m

L
4. Possibility to upgrading tracking plane itself (e.g, | PM"
iImproving the optics, “Axel-style”. Great

opportunity for collaboration.

i
: /
S ‘4
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— /

5. 5% Helium will reduce diffusion improve
performance.

6. A prototype of BOLD detecting system can be
installed in cathode (no PMTs).

7. Upgrade + data taking: 2027/2029

8. HD/BOLD could start in 2030.



The NEXT project

e The operation of NEXT-White and now NEXT-100 (HD-DEMO) has established the
HPXE-EL technology and will allow us to optimise its design, both from the point of view
of improving the technology (e.g, replacing PMTs with optical fibers), and from the point
of view of reducing backgrounds.

e Aton-scale project can consist of one or more modules with masses around 1 ton.

e R&D on Barium Tagging (NEXT-BOLD) could result in a breakthrough.

e NEXT-100 physics program will take ~5-6 years. One could start building first module(s)
of NEXT-HD circa 2030.

e NEXT-HD could explore the inverted hierarchy with competitive results by 2030. NEXT-
BOLD could reach the normal hierarchy.



