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Low Radioactivity Techniques 2024, Krakow

October 2024



CUPID

CUORE Upgrade with Particle IDentification

Next generation 0νββ bolometric ton-scale
experiment in CUORE infrastructure

Discovery sensitivity:
T1/2(

100Mo) > 1027 y
mββ < 20 meV
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The detection concept

CUORE 130Te
Bolometers

Heat

No γ/β - α identification

CUPID 100Mo
Scintillating bolometers

Heat and Light

γ/β - α identification

CUPID Backgrounds October 2024 2 / 15



From CUORE to CUPID
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Disposition : Titre et contenu 
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CUPID precursors 

CUPID-‐0	  –	  Zn82Se	  	  	  	  	  	  	  	  Q2β =	  2998	  keV	  
(evolu%on	  of	  LUCIFER 	  )	  
First	  running	  demonstrator	  
24	  crystals	  (enriched	  in	  82Se)	  –	  5.28	  kg	  82Se	  
Best	  limit	  on	  82Se:	  T1/2	  >	  4.7×1024	  y	  
Energy	  resolu%on:	  ∼23	  keV	  FWHM	  

alphas	  

betas/gammas	  

Q2β=	  3034	  keV	  

Main	  crystal	  
Light	  

detector	  ScinCllaCng	  bolometers	  

PID: α parCcle	  rejecCon	  

alphas	  

betas/gammas	  
CUPID-‐Mo	  –	  Li2100MoO4	  
(evolu%on	  of	  LUMINEU 	  )	  
Physics	  data	  taking:	  April	  2019	  –	  June	  2020	  
20	  crystals	  (enriched	  in	  100Mo)	  –	  2.34	  kg	  100Mo	  	  
Energy	  resolu%on:	  ∼ 5-‐7	  keV	  FWHM	  

b	  =	  3.5	  ×	  10-‐3	  
LNGS	   –	   Italy	   counts/(keV·∙kg·∙yr)	  	  
Useful	   informaCon	   for	   the	  	  
CUPID	  background	  model	  

Direct	  proof	  that	  α’s	  dominate	  
background	  above	  2.6	  MeV	  

LSM	  –	  France	  

b	  =	  2.7	  ×	  10-‐3	  

counts/(keV·∙kg·∙yr)	  	  

In	  non-‐opCmized	  
cryostat	  

	  

Best	  limit	  on	  100Mo:	  T1/2	  >	  1.8×1024	  y	  
Full	  α rejecCon	  	  
Radiopure	  crystals:	  U/Th	  ≤ 1	  µBq/kg	  

Qββ (100 Mo) = 3034 keV, above γ background from natural
radioactivity

Heat and light detection allows α rejection
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The CUPID detectors

Li2
100MoO4 scintillating crystals,

1596 crystals, 45 x 45 x 45 mm3

Enrichment > 95% → 240 kg 100Mo

1710 Ge light detectors, with
Neganov-Trofimov-Luke amplification

Objective: Energy resolution 5 keV
FWHM at 3034 keVDetector Structure - from CUORE to CUPID

● “gravity assisted” - no 
vertical constraint, stack 
of crystals and light 
detectors sitting one on 
top of the other (vs. rigid, 
fixed height structure in 
CUORE)

● tunable spring at the top 
for vibration damping and 
extra rigidity during 
transport

● easy and safe assembly - 
no screws, self-aligning 
structure

● loose tolerances - cost 
effective, easy cleaning

21La Thuile 2023 - Les Rencontres de Physique de la Vallée d'Aoste March 5-11th, 2023
CUPID prototype tower

  

Light detectors

  
Li

2
MoO

4
crystals

PTFE pieces

Copper structure

NTD
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CUPID Background sources

1 Radioactivity from crystals

2 Radioactivity from holders

3 Radioactivity from cryostat shields and infrastructure

4 Muons

5 Neutrons

6 2νββ pileup
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Simulations and Selection cuts

1- GEANT4 based Monte Carlo
2- Detector response: energy resolution, light yield, NTL on light and
ionization

Selection cuts:

Light yield selection: remove
α particles

Delayed coincidences cut:
remove events from 214Bi
and 208Tl decays

Select events with energy
deposit in only one crystal

 

LÉONARD IMBERT 9

208Pb
stable

212Bi
61 
min

208Tl
3.1 
min

Qα = 6207 keV

Qβ = 4999 keV 

Thorium chain :
 

     

       

222Rn
3.8 d

218Po
3.1 
min

214Pb
26.8 
min

214Bi
19.9 
min

214Po

Qα = 5590 keV 

Qα = 6115 keV 

β

Qβ = 3269 keV 

Uranium chain :
 

   
       

       
   

Select

Veto events
within 31 min

Select

Veto events
within 227 min

Select

Veto events
within 231 min

ROI: (3034 ± 15) keV
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Method to obtain the background from radioactivity

Activities from background models of previous experiments.

Probability density functions Cupid-Mo/CUORE → Background Index
using the number of events in ROI

CUPID Background 
Budget

LÉONARD IMBERT 52

◦ Background budget based on data from 
CUPID-Mo and CUORE

◦ Crystals: CUPID-Mo

◦ PTFE: ICPMS

◦ CuPEN: HPGe

◦ Copper, Cryostat, and Shields: CUORE

◦ We obtain the probability distribution of the 
background index for the various contributions

◦ Activities based on CUPID-Mo background 
model

◦ Crystal Background Index meets the CUPID 
requirements

◦ Surface component of the close sources is the 
main contribution to the Background Index

To take into account correlations, we sample the full posterior
distribution for each step in the Markov Chain.
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Li1002 MoO4 crystals contamination

From CUPID-Mo (EPJC 83, 675 (2023))

226Ra to 210Pb 228Th to 208Pb
<0.2 µBq/kg 0.4± 0.2 µBq/kg
2.0± 0.5 nBq/cm2 <2.5 nBq/cm2
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+ 210Pb, 40K, 90Sr+90Y (Qβ < Qββ (100 Mo))
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Background from Li2
100MoO4 crystals

226Ra/228Th

Bulk →
1.5±0.7 · 10−6 cts/(keV·kg·y)
Surface →
9.0±4 · 10−6 cts/(keV·kg·y)

Cosmogenics: 90 days at sea level and
1 y cooling-down (ACTIVIA). 42K, 82Rb,
88Y, 56Co → 2.3 · 10−6 cts/(keV·kg·y)

Crystals
(1.0±0.7)· 10−5

cts/(keV·kg·y)
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Close components

Probability density functions for
activity from CUORE
background model.
(arXiv:2405.17937 (2024),

S. Ghislandi poster@LRT).

226Ra 228Th
<0.5 µBq/kg <0.4 µBq/kg
8.4± 0.7 nBq/cm2 11.5± 0.5 nBq/cm2

NOSV copper + PTFE spacers +
readout wires

Detector Structure - BDPT
Validation of the detector design: BDPT (Baseline 
Design Prototype Tower)

● preliminary proof-of-principle on small scale 
(2 floors) successfully deployed 

● validation of assembly procedures completed 
on full scale (14 floors)

22La Thuile 2023 - Les Rencontres de Physique de la Vallée d'Aoste March 5-11th, 2023
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Background from close components

Mainly from Ra/Th on surfaces

Bulk:
< 1.0 · 10−6 cts/(keV·kg·y)
Surface:
4.6±0.4 · 10−5 cts/(keV·kg·y)

Total: 4.7±0.8 · 10−5

cts/(keV·kg·y)
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Can be reduced by improvements on surface contaminations by

cleaner machining practices with laser cutting

extreme controlled storage and construction conditions

CUPID Backgrounds October 2024 11 / 15



Background from cryostat shields

Activities from CUORE background
model. arXiv:2405.17937 (2024).

Primary contribution: 226Ra and 228Th
on surfaces of 10 mK shield.

Other cryostat shields: Background from
226Ra and 228Th in bulk.

Total cryostat: 1.2±0.3 · 10−5

cts/(keV·kg·y)
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2νββ pile-up

Two 2νββ events close enough in
time that are not resolved, but re-
constructed as a single event →
background at 3 MeV
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Parameters that determine the ability to identify pile-up events: rise
time and signal-to-noise ratio

CUPID baseline: Light Detector
instrumented with
Neganov-Trofimov-Luke, NTL,
amplification

● Stylistic improvements for NTL infobox and 2nbb pile-up 
● New detector response plot with inset (LSC Run9 data)

R&D results of NTL performances combined with a phenomenological
law used for background estimate → 3 · 10−5 cts/(keV·kg·y)
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Total predicted background

Predictions based on results from precursor experiments, CUORE and
CUPID-Mo, and on improved new design.

0.00000 0.00002 0.00004 0.00006 0.00008 0.00010 0.00012
Background Index [counts/keV/kg/y]

100

101

102

103

Co
un

ts

Crystals
BI=0.10± 0.07⋅10−4ckky
Close Components
BI=0.47± 0.08⋅10−4ckky
Cryostat and Shields
BI=0.12± 0.03⋅10−4ckky
TOTAL
BI=0.69±0.06⋅10−4ckky

Probability density functions of the backgrounds

from radioactivity in CUPID materials

Preliminary

10−6 10−5 10−4
Background Index [counts/keV/kg/y]

Close Components

Crystals

Cryostat and Shields

Pileup

Muons

Neutrons

Total

0.47⋅10−4

0.10⋅10−4

0.12⋅10−4

0.30⋅10−4

0.01⋅10−4

0.02⋅10−4

1.02⋅10−4

Vertical blue bar: mode of the pdf distribution.
Orange band: ±1σ uncertainty

Preliminary

Room for background reduction on close components by improvements on
surface contaminations

CUPID Backgrounds October 2024 14 / 15



Summary

CUPID background from simulations,
based on precursor experiments and
light detector performances:
1.0 · 10−4 cts/(keV·kg·y). Reaches
the background goal of the project →

10−6 10−5 10−4
Background Index [counst/keV/k/y]

Close Components

Crystals

Cryostat and Shields

Pileup

Muons

Neutrons

Total

0.25⋅10−4

0.12⋅10−4

0.10⋅10−4

0.50⋅10−4

0.01⋅10−4

0.02⋅10−4

1.00⋅10−4

CUPID Background Budget - Total BI = 1⋅10−4ckky

Allows exclusion sensitivity at
90% C.L with 10 years livetime:

T 0ν
1/2 > 1.4 · 1027yrs

mββ < 10− 17 meV
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CUPID sensitivity (10yr exposure)

Parameters from NuFIT 5.0
IO: Best fit
IO: 3  band

NO: Best fit
NO: 3  band

CUORE

CUPID-0

CUPID-Mo

AMORE-I
MJD

GERDA-II

LEGEND-200

EXO-200

KLZ-800

CUPID sensitivity (10yr exposure)

CUORE: arXiv:2404.04453 (2024)
CUPID-0: PRL 129,111801 (2022)
CUPID-Mo: EPJC 82,1033 (2022)
AMORE-I: arXiv:2407.05618 (2024)
MJD: PRL 130,062501 (2022)
GERDA-II: PRL 125,252502 (2020)
LEGEND-200: Proc. Neutrino2024
EXO-200: PRL 123,161802 (2019)
KLZ-800: Proc. Neutrino2024

76Ge
82Se
100Mo
130Te
136Xe

Full prototype-tower tests at LNGS

Li2
100MoO4 crystals pre-production on going
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Extra slides
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Some radioactivity measurements

PTFE (Plastics & Seals) : ICPMS
238U 232Th

PTFE bulk [µBq/kg ] < 120 < 40
PTFE surface [nBq/cm2] < 26 < 8.7

(assigning all contamination on surface)

CuPEN : HPGe (Measured with full
copper layer)

226Ra 228Th

bulk [µBq/kg ] < 1000 < 800
surface [nBq/cm2] < 11 < 9
(assigning all contamination on surface)

Sensitivity of planned HPGe copper measurement (slabs 1mm thick):
226Ra<12 nBq/cm2; 228Th <20 nBq/cm2
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Background from muons and neutrons

Muons

Additional muon veto. Construction
on-going

From simulations, muon rejection
efficiency ∼98 % →
1.3 · 10−6 cts/(keV·kg·y)

Neutrons

Neutron shielding to be expanded to
mitigate (n,γ) reactions in Mo and Cu

With additional 10 cm of polyethylene
on the top and at sides, neutron
backgrounds suppressed to
∼2 · 10−6 cts/(keV·kg·y)

CUPID Backgrounds October 2024 3 / 4



CUPID Backgrounds October 2024 4 / 4


	Appendix

