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* Neutrinoless double beta decay (Ovfp)
» Bolometric experiment

 CUPID-CJPL

* R&D progress

 Roadmap



Neutrinoless double beta decay (0Ovp)
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Observation of 0vDBD: GD
1) Show the Majorana property of neutrino; V = V
2) Direct evidence of lepton number violating process \ ;/g.
3) Model-dependent measurement of absolute neutrino mass
4) Plausible scenarios for the origin of the baryon asymmetry of the universe
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» Multiple technologies applied for Ovpf search

» Experiments based on different isotopes
achieved comparable measurement sensitivity

» The next generation experiments will explore
the full inverted hierarchy region of the neutrino
effective Majorana mass
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Cryogenic bolometer
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Cryogenic bolometer: low temperature particle detector

* Working at extreme low temperature (~10mK)

» High sensitivity measurement of energy deposition S

» High detection efficiency (>85% ) : source = detector

» High energy resolution (~0.25% FWHM)

» NTD-Ge bolometer: based on NTD-Ge thermistor h
(developed by LBL, Beeman) MR R

! Room T

Offset Adjust
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The CUORE experiment
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Counts / keV

« 15ton @4K, ~1 m3 @GmK Recons?uzc(t)edﬁr%esg'(kew

« 988 TeO, crystals (total mass: 742kg) [.~7.0 keV(FWHM) @ 2615keV
. 130Te.mass: 206kg BI(ROI): 0.0138 cts/keV/kglyr
- Physics goal: '%°Te Ovf( Phys. Rev. Lett. 124, 122501 (2020)
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The CUORE experiment

B Base cuts

B Base cuts + AC

m Base cuts + AC + PSD
—— Best fit
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] 3500 - 3 ton yr of Exposure Shifter @ March 2025 |
- ) i o .

2500 —{ 1 ton yr of Exposure Shifter @ January 2022

Jan-2020 Dec-2021

" Jan-2024

e s HQ
Dec-2025 Jan-2028

T,,% > 2.2x1025 yr (90% C.L)
mBB < 90 - 305 meV

Nature 604, 53 (2022)

T,,% > 3.2x10% yr (90% C.L)

Phys. Rev. Lett. 124, 122501 (2020)

The most stringent constraint of
Te-130 OVBRR !
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The CUPID experiment
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CUPID (CUORE Upgrade with Particle Identification)

« Scintillating bolometer technology

 CUORE-like infrastructure + detector upgrade

» Light-heat dual readout: particle identification (>
99.9% a rejection @ROI)

* Physics goal: mgg< 10 meV
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CUPID-China

International CUPID collaboration CUPID-China collaboration

International Collaboration:
CUPID - Italy

CUPID - US

CUPID - France

CUPID - China

~ 30 institutes, >150 collaborators ~ 9 institutes, > 40 collaborators

CUPID is in the early stage of technical development
CUPID-China is actively collaborating with CUPID- France, Italy and US
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CUPID-CJPL

China Jinping Underground
Laboratory(CJPL)
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CUPID-CJPL.: A scintillating bolometer
experiment for OvBB search at CJPL

« 100Mo-enriched LMO crystals
» Light-heat dual readout (PID)
* [4<0.25%(FWHM), R, g¢ <10

* AK vennal

* 50 oK farge
* 50 ¥ flange

CUPID-CJPL demonstrator conceptual design

Single crystal Array structure Total mass [kg]

45x45x45 mm (280g) 4x9 10
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Detector R&D

High Q-value isotope

. Detection
lso\fbp\ic Efficiency Detector Mass

; Radiopure material Abundance \
ad

é N

T,/ (exp) = (In 2)NZ£

Light-heat readout (PID) Atomlc Energy

mass  Background level Resolution
(count/keV kg year)

The next generation experiment requires:
» Larger detector mass
» Lower background
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Detector R&D : target isotope

Candidate | Q (MeV) | Abund. (%)
“®Ca 4.271 0.19
15Ge 2.040 7.8
82Se 2.995 8.7

100Mo 3.034 9.6
116Cd 2.802 7.5
2] 2.228 5.8
130T 2.533 34.1
136Xe 2.479 8.9
150Nd 3.367 5.6

» Mo-100 as a promising isotope for double beta decay study
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* high Qgg value: ~3034 keV, above natural radioactivity endpoint
 relative high natural abundance
« theoretically high decay rate

10000
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Detector R&D: crystal
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synthesis and
15t growth "
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Li,MoO,

Low Enrichment

4

High Enrichment

» Czochralski & Bridgeman growth of high purity
Li,MoQO, crystals

« large size (®55x100 mm3) cylinder ingot growth

« standard size 45x45x45 mm3 crystal production

« improvement of material purification and zone
refinement procedures

» continuous R&D on reducing impurities

> R&D on '%Mo-enriched LMO crystal

« background control: 232Th/238U <10 uBqg/kg

Long Ma
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Detector R&D: crystal
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» Transmittance and scintillating property study

Low temperature test platform with Xe light and laser
Crystal tested with Xe light (280 nm) at T~10-300 K
Scintillating properties obtained for the Bridgman LMO

» Light transmission continuously improve through

refinements in the crystal production

Long Ma
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Detector R&D: bolometer module

Heat-sink T()
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COMSOL modeling > Bolometer module design based

(courtesy of Jiaxuan Cao)

on multi-physics simulation

« study thermal-electric response

» evaluate pulse signal significance
* minimize material usage

« improve scintillating light collection
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Radiopurity assessment
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> ICP-MS material QA

* high sensitivity radiopurity assessment

* Th/U contamination measured for raw material
(Li,CO4,M00,) and LMO samples

 input for experimental background evaluation

Long Ma
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Radiopurity assessment

Cog SamRle e T
T 1N TR Isotope U-238 Th-232
GX-4N-1 <2.5e-4 <8.0e-5
GX-4N-2 <le-3 <6.5e-4
GX-5N-1 <1.8e-4 <4.5e-5
Caftwsind Ky GX-5N-2 <8.5e-4 <5.5e-4
B Aurubis CuOFE-1 <2.0e-4 <5.5e-5
iy Aurubis CUOFE-2 <6.0e-4 <4.5e-4

Radiopure material selection

» Copper: high sensitivity ICP-MS
measurement (ppt level)

» HPGe chip: low background HPGe
gamma spectrometer at CJPL

» PTFE & PLA material : prepared for

* PTFE - classical material for bolometers HPGe test
* PLA - 3D printed, new material - radiopurity measurements

oo wvry m owesonr [BLETE]

y ==
y
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Detector R&D

Vibration damping ]

Detection

Efficiency Detector Mass

Isotopic
Abundance
MT Time
Ov a
T (exp) = (In2)N, = e

Atomic Energy

mass  Background level Resolution
(count/keV kg year)

Low noise electronics ]

The next generation experiment requires
» Larger detector mass
» High energy resolution
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Vibration damping

Amplitude (x) /gal
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3

Sample rate
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Low frequency

0.01 Hz

High frequency

>50 Hz (100 ps)

» Relative vibration amplitude

A

|

A JU—(@/w) ) +4r @l a,)

» Lessons learned from CUORE

» Detector noise effect energy resolution

* Vibration from PTR is one major source

» Large displacement at low frequency (<20Hz)

» On-going measurement based on high
sensitivity seismic accelerometer

Long Ma

SPCS 2022 19



Vibration damping
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» Two-stage vibration isolation

« 1st-stage : active damping system
(BF-AD, Minus-K)

« 2nd-gtage : spring plate

» New techniques for de-noising
« spectrum analysis
* phase cancellation

Long Ma
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Electronic system R&D

» R&D on low noise front-end and
readout electronic system

 circuit design verification

« JFET test and performance evaluation

* new design of the front-end board

» Technical collaboration with Milano

DC bias and pre-amp circuit board university
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Electronic system R&D

USTC Electronics Design Block Diagram
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» Readout module test (USTC):

« measurement of the equivalent
input noise spectral density
« relative low noise level
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NTD R&D

Energy Resolution(FWHM)
—— Fitting function

E Kalpha:56.7%

asof e Kbetﬂ:53.6% _
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1Ge Kx —ray 9.2keV

Ge wafer

Defect
recovery&study

Cutting

1 » NTD-Ge (Neutron Transmutation

Doped Germanium thermistor)
remens o key component for converting
temperature rise into the voltage
change
» Radioactivity measurement (HPGe
and lanthanum bromide detector)
» good irradiation performance

Cooling

Radiactivity
measurement

Electrical
contact

Thermistor

Irradiation at CIAE and machining at USTC
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NTD R&D

R0=3.77chm, T0=5.41K

RO=1ohm, T0=4K
v Data

R(ohm)
2 a3 %
L RALL R B P L Bl |

10*
10°
‘y:iA | Rl D b | PT ¥ ATOE B B
] 002 004 006 008 Tl;;() 012 044 046 018 02
Dumpiier [APC
~ Kapton Padff R,
» Performance test in ground DR:

NTD: 3x3x1mm? - 4 fabricated NTD and 2 reference NTD (LBL)

* |-V and R-T curve studied
* Improved test is on-going
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TES R&D

Electronics
Transition Edge Sensor, TES

Heat Sink

S TES photon

photon -

2e-g
e —— LMO
., TES AITi — g
E
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= . I ]
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& osl Regian ¢. I
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Temperature (K) 30 H
TES R&D for LMO bolometer (BNU): £
« competitive technology for fast readout
« progress in simulation and chip design v R
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Crystal test: cryogenic system

USTC
| ) Fudan-IMP cryogenic system
\Mumm W Customized cryostat system
o104 l!'l | 'l “h, « Large sample space: $500x600 mm
| - 4 k 2 PT (cooling power >1.8W@4.2K)
A ' Radiopure copper vessel (C10100)

] lt~=
* Inner shielding support (~250kg)
« Base T~8.8 mK, 0:<100pK@10mK

*'_ -
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~ Crystal test in the ground lab

L Heater signal 150 mV

Cosmic ray signal (Ey,,~30 MeV)
.INM' ,
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o
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» Ground test without background shielding (USTC)

* bolometer module: CSNSM setup + Ningbo crystal

« DAQ: NI 6218 (16 bit ,16 ch) board, low pass filtering

 indistinguishable calibration signal due to heavy
environmental background

» New DAQ board is in development (32 bit, 8/16 ch,

analog signal filter)
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Crystal test in the ground lab

« Ground test with background shielding (FDU): cooling down and calibration study
« Underground test (LNGS): light-heat readout performance and background level

Long Ma SPCS 2022 28



Crystal test in the underground lab

LMO3
Czochralski

p %
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S : A 3 i i
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. . . nergy
\_ Background spectrum ® Relative light yield " W,

Underground test @ LNGS (2021.8)

» 2 Bridgman+1 Czochralski (45x45x45 mm?3) LMO crystals
produced by SICCAS and Ningbo University

» Good alpha separation and energy resolution are seen for

the Czochralski crystal
» Cleaner raw materials have been selected and new crystal

samples will be tested

Long Ma
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Simulation study
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» Geant4-based simulation tool developed for the detector simulation

» Systematical studies performed:
« environmental background shielding
« material radioactive background

« cosmogenic isotope production and background contribution

e P (1111
2500 3000 3500

L e e
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CUPID-CJPL Roadmap

Crystal testing
(2022-2025)
6-12 natural crystals

" W CUPID-CUPL Demonstrator (10k) A1 next generation experiment
"= N CUPID-CJPL 200

CUPID-CJPLAT

3 o discovery sensitivity on m. [eV]

-
=

.

CUPID-CJPL Demo
(2025-2028)
10 kg enriched crystals

arxw 2203 08386v2

...............................................

0 05 1 15 2 25 3 35 4 45 5
Measurement time (yr)

Cupyy  CUpyy  CUpyy LG, M g,
Plo h/g,"ac Pla GEN a,;:” ’m"*l//., 0::4”02 2:,7'” X0

» 10 kg prototype experiment

-

- demonstrate key technologies

» 200 kg+ experiment

- competitive results

- probe effective mass down to 10meV

CUPID-CJPL-200/1T
(2028+)
> 200 kg enriched crystals

or lower

Thank you!

Long Ma SPCS 2022 31



Backups: CUPID international schedule and timeline

Build a large-size CUPID-CJPL detector as a part of CUPID

network detectors to achieve ultimate ton-scale sensitivity
for Mo-100

| 202 2003 204 205 205 027 2008 2009 2030
Project Start(1/4/22)

COMPLETE: CD-1/3A ESAAB Approval(3/1/22)
COMPLETE: CD-2/38 ESAAS Approval (1/3/23)
COMPLETE: CD-4 Early Finish{6/6/28)
COMPLETE: CD-4 Approve Project Completion{S/31/30)

Detector Components R
100Mo Enrichment s
Subsystems
IT fncichment 2102 1-
\ l ‘ l US Enrichment s 1+ Detecror Components ’
3. Detector Structure.
Crystal /2128 4 > |
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1T IMO Crystal Preduction Ly S « Data Readout HW & SW |
LMO Crystal Productions /s S Puchgmung Conept |
7 - Operatom |
% - Rl 7 Precps |
3 Assambly Une D ajve 8- Operstions |
 Tower Assembly Dy
Detector Installation v
Data Readout HW & SW WA
Background Control wavn
Mur-.ru
] Operations VIV

CUPID-1T: HALLMARKS
1000 kg of 1Mo in a new cryostat or
multiple facilities world wide

L

m,(ev]
1

Experimental state-of-the-art

S

10!

107

Next-generation goal

Towards CUPID-1T. Snowmass
2021 Planning workshop



