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Introduction

CUORE

. Thermal phonon detection with cryogenic calorimeters allows the study of a wide
energy range

. Fully exploit CUORE >2 ton yr of TeO, exposure down to keV scale for a broad
variety of searches

. CUORE demonstrated this technology at the ton-scale in a low background
environment to search for the neutrinoless double beta decay

Cryogenic calorimeters:

few Mev
e Sharp Resolution
e Low background
Large exposure Nuclear decays (123Te) or
new physics (e.g. axions)
@keV scale

Exploring the keV scale energy spectrum of CUORE - Alberto Ressa on behalf of the CUORE collaboration, LRT - Krakéw 2024



@ Cryogenic Calorimeters

CUORE
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2. The energy release heats up the crystal via thermal
phonons

3. The temperature increase is converted into an

electric signal by a cryogenic sensor (e.g. thermistor) ‘ T\ Energy

Thermal coupling release
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. allow pulse shape reconstruction




Cryogenic Calorimeters




Energy Resolution
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Cryogenic Calorimeters
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@ CUORE Experiment

CUORE

Cryogenic Underground Observatory for Rare Fvents

088 natural TeO, 5x5x5 cm3
crystals equipped with NTD-Ge i

300 K

thermistors aK

19 towers of 13 floors gt

mK

742 kg of TeO, (i.e. 206 kg of
13OT€)

o Thermistors
Toners (NTD-Ge)

Fottom Lead

<hitd Heat Sinl[¢

Operated in one of the world-leading dilution refrigerators in terms of power and size

1 m3 experimental volume: TeO, crystals kept at ~12-13 mK

* Located at Laboratori Nazional del Gran Sasso (LNGS)



@ CUORE Energy Spectrum

CUORE

https:/arxiv.org/abs/2404.04453
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@ CUORE Energy Spectrum

CUORE

https:/arxiv.org/abs/2404.04453
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@ CUORE Energy Spectrum

CUORE

https:/arxiv.org/abs/2404.04453
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CUORE Energy Spectrum

CUORE

Noise strongly affects
the detected events

Only a subset of
CUORE array
detectors achieve this
energy threshold

We need a dedicated
analysis procedure

https:/arxiv.org/abs/2404.04453
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Analysis Methods

CUORE

* Denoising: mitigate the noise by
correlating it with auxiliary devices
(microphones, accelerometers,

* Optimum Trigger: apply an offline
trigger on filtered waveforms to lower

: the energy threshold
seismometers)
E 3keV signal .
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https://doi.org/10.1140/epjc/s10052-024-12595-y https://doi.org/10.1088/1748-0221/6/02/P02007
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Low Energy Events

CUORE

. A variety of non-physical phenomena

. . . . 7 W0g R T EEEE
(e.g. induced vibrations, electronic - ey Rl I N R
spikes) produces temperature rise in E ../ PRELIMINARY
: - e = AT 1 bt
cryogenic calorimeters PR S Xy gervr S I S N T R R
FRIER NG o e S E
. To identify spurious events, we rely on & = AneENa g g

rromr

pulse shape studies based on similarity
of a pulse to the ideal one o

| lllllq

. This estimate is less reliable at 10°
lower energies due to higher levels

of noise. e fl /

—

. Down to what energy we can
separate the two populations? «m

. It depends detector-by-detector S B =S L



@ Low Energy Data Selection

CUORE
Selection procedure: sl .
1. Events Selection: : . :
108 L - . S
apply a detector by detector pulse shape cut ALY
L G PRELIMINARY

TWO examp Ie 10 15 20 25 30 as I 45 S0
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@ Low Energy Data Selection

CUORE

Selection procedure:

1. Events Selection: .. ..
108 = ’: . . ua ', b 3
apply a detector by detector pulse shape cut RLEIPIEL

PRELIMINARY

2. Detectors Selection:
The presence of non-physical events is

identified by:
. Rise in the pulse shape parameters R
ub
. Increased events rate at lower energy : .- ." PRELIMINARY

10 15 20 25 30 a5 40 45 50
Energy [keV]



@ Low Energy Data Selection

CUORE

Selection procedure:

T
wp 107 E
-

1. Events Selection:
apply a detector by detector pulse shape cut

107 |

PRELIMINARY

10k

2. Detectors Selection:
The presence of non-physical events is

identified by:
. Rise in the pulse shape parameters R —
g
. Increased events rate at lower energy - | w0 : 0
weol . T " S .

= determine if the cut is sufficient to reject
spurious events in a given Region of
Interest ((10))).

. * .
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= Selection cuts defined to balance the loss
of efficiency and exposure with the

107"
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reduction in background level in the ROI Energy ke



Data Selection Results

CUORE

- Which CUORE detectors are selected for low energy?

. a specific production batch of thermistors (lower thermal noise)

I 41C
I 39C
I 39D

. inner CUORE towers (higher screening) 1060.

PRELIMINARY

800

. central floors (lower effect to vibrations)
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Performance at Low Energy

Efficiencies for LowE 2TY Datasets on 10 keV chs
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Efficiency

We estimate efficiencies at low energy by:

Te X-ray peaks at 27-31 keV (Pulse

Shape efficiency)

* Injected thermal pulses at varying
/ g amplitude
o | 20 40 gy V]60 % 100 FWHS (haV]
nergy |ke e
—+— Median Baselin2 Resolution 4+ —3
—4— Mean Baseline Resolution ).-—{/
- —$+— Te X-ray FWHM [keV] / /__/.‘.
* We estimate energy resolution at the %}i%:%'/
baseline and with Te X-rays PRELIMINARY
* We varied ROIs energy intervals
from 3 to 40 keV
. '»‘5 Channed Sdi:bonﬂveshoils[kevl i, ;5 .a



@ Data Selection Results

CUORE
We focused on two ROls:

102 Low Energy Exposure Compared to Collected Exposure ’ [10,20] keV: minimum required for
- N Solar Axion search at 14.4 keV
: ‘ "] * About 30% of exposure is
=S 69] kg yr
20 PRELIMINARY saved
‘-05 ° ® 10 keV threshold chs . .
5 , D | o iV tresholdels * [3,10] keV: the lowest accessible in
8 10° - . 15 mK n
éj : ° Se : 1 3 EE, added damping CUORE

°® [ 15 mK, added damping
2017 20I18 2019 2020 2021 20I22 20I23 ¢ Few % Of the exposure is Saved

Dates

1§ mK

* Available only at ~12 mK

Improved with oscillation
damping system



@ Low Energy Spectrum

CUORE

° Single Site events: fll“y M1 spectrum of detector with OT threshold lower than 10 keV
contained in a single 2 PRELIMINARY
o | | Basic Cuts (BC) - 1120.6 kg yr
CUORE Cl"YStal ;‘ 10 - BC + Pulse Shape (PS): <¢,,> = 0.76
2 .
R R 4 - BC + PS + Detector Selection - 691.0 kg yr
* Detectors with Optimum E
Trigger thl‘eShOld < ROlS O : Nuclear Recoils Single Site Events
lower edge from a decays |55
107! "Te
* Pulse shape cut applied
20 40 60 80 100 120 140 160 180 200
* Selected Detectors Energy (keV)

/ 601 kg yr out of 2 ton yr

[10,20] keV
ROI



@ Low Energy Spectrum

CUORE

The stricter selection

. . M1 spectrum of detector with OT threshold lower than 3 keV
improves resolution and ~
highlights background s O R Teisotopes Bask O B0) - 177 ko
¢ ¢ § BC + Pulse Shape (PS): <t > = 0.64
S ruc ures % 10 BC + PS + Detector Selection - 11.4 kg yr
E ; .
* Spectral features are under : Single Site Evg?g;b
investigation ! B4y
* Tellurium Isotopes ol
(125T€ 123T€ 121T€)
’ ’ 10 20 30 40 50 60
Energy (keV)
* Surface lead
contaminations (*'°Pb) 11.4 kg yr out of 2 ton yr
[3,10] keV
ROI



125Te investigations

CUORE

* 3Te has 0.9% of natural abundance (about 1.8 kg in CUORE)

* Predicted to decay by EC, its detection has a controversial history (first detected
than refuted)

L1-Shell electron lin‘t 4.7 keV

ok
K-Shell electron line at 30.5 keV K ¢
N ‘1'0 e 3040
T AN MR Encrgy [ch]
https:/journals.aps.org/prc/pdf/10.1103/PhysRevC.67.014323 CUORE Crystals Validation Runs
https:/iopscience.iop.org/article/10.1088/1475-7516/2013/01/038 CUORICINO
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125Te investigations

CUORE

* 3Te has 0.9% of natural abundance (about 1.8 kg in CUORE)

* Predicted to decay by EC, its detection has a controversial history (first detected
than refuted)

i 30k ~4-
h ‘ : / : _;/I"\.\l
Peak at 4.7 keV still there ’i 205 A/ N
after underground storage! ° -+ -\
20 10 b4 \
; X | - T
— \C_H_'__:__'_
— 5 &
Decayed after underground storage: 1077 .
ascribed to #'Te from neutron activation '

40
Encrgy [keV]
https:/journals.aps.org/prc/pdf/10.1103/PhysRevC.67.014323 CUORE Crystals Validation Runs

https:/iopscience.iop.org/article/10.1088/1475-7516/2013/01/038 CUORICINO



https://journals.aps.org/prc/pdf/10.1103/PhysRevC.67.014323
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125Te investigations

CUORE
https:/journals.aps.org/prc/abstract/10.1103/PhysRevC.56.R1675

Low Energy Spectrum for ds3817

* In CUORE we observe again peaks - j:: :
corresponding to the K (30.5 keV) and L1~ ¢ PRELIMINARY:
(47 keV ) shells 7 200 5

* Rate is constant in time, and the a{

. . o
associated half-life longer than the >
best limit

Low Energy Spectrum far ds3817
* The L3 lin 1 keV is predi O S A A E
e L3 .e at 4 | eV s.p ed ct.ed t.o | . PRELIMINARY. E
have the highest intensity, but is missing 3 - E
. z = :
in our spectrum! S

* Investigations are ongoing oF O - e
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Conclusions & Perspectives

CUORE
* Operation of a a ton-scale cryogenic calorimeter experiment down to keV scale
(~ 3 orders of magnitude of energy scale)

CUORE as a multipurpose experiment (neutrinos, nuclear decays, dark matter...)

Spectrum investigation foreseen in the next months
with the optimized set of data

* CUORE cryostat upgrade in view of CUPID:

A 2nd CUORE run is foreseen, with improved
vibration environment

It aims at accessing lower thresholds for dark
matter studies

Low Energy studies provide key insight for the
upgrade



Thank You! )

CUORE

o IS RT3 bR 7
= = ﬁ A »
zcs'*!:.-f".....e" giog s IhaT L arewol <~
BICOCCA . . — | SINAP
@m INFNE s Yale NG
o e i \ X
,‘\| |\|‘ : F
F(reErees Oy
BERKELEY LAB :
q l':' JOHNS HOPKINS
UNIVERSITY

SAPIENZA

[UNIVERSITA DI ROMA |

CAL POLY §

SAN LUIS OBISPC

Esglggol?y

P

l - Massachusetts
Institute of U ‘ L A
Technology

”
i La "
UNIVERSITY OF wrence Livermore VIRGINIA
South Carolina National Laboratory TECH CUORE



Backup Slides



@ 210Pb contaminations

CUORE

CUCRE Preliminary Simulations

«10°
* Surface contamination of TeO2 4w | -
— ‘ — Cu 210Pb surface contamination
and COppel‘ 350 | 11 TeO2 210Pb surface contamination
300 :_ | — TeO2 210Pb bulk contamination
* It can explain the structures we - ‘1
80— |
observe at 10-13,30 and 37 keV ~ *°© |
200 [ ‘1‘
* It evidences nuclear recoils at o | PRELIMINARY
£0 - 1
100 keV i ‘g
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Double Site events

CUORE
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M2 spectrum of detector with OT threshold lower than 10 keV

PRELI M I NAR - Basic Cuts (BC) - 1120.6 kg yr

BC + Pulse Shape (PS): <¢ >=0.76

- BC + PS + Detector Selection - 691.0 kg yr

107!
Nuclear Recoils

from a decays

1072

20 40 60 80 100 120 140 160 180 200
Energy (keV)

M2 spectrum of detector with OT threshold lower than 3 keV

PRELIMINA - Basic Cuts (BC) - 17.7 kg yr

BC + Pulse Shape (PS): <¢,.>=0.64

- BC + PS + Detector Selection - 11.4 kg yr

counts/(keV kg days)

10 20 30 40 50 60
Energy (keV)




CUORE )

CUORE

Cryogenic Underground Observatory for Rare Events

Operated in a world leading dilution refrigerator in terms
of power and size

Equipped with 4(+1) Pulse Tubes for cooling to 4K

Nested co-axial copper vessels at decreasing temperatures

15 tons cooled below 4 K and 3 tons below 50 mK

* Searching for 088 of B3°Te at ~ 2.5MeV

2 0
o 7.

* Alternative mode of the Standard Model
2upp

Test Majorana nature of the neutrino and
Total Lepton Number violation
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Analysis Methods

: % oisE- ] : .
s | »
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, :: ‘ 0) S0 -S40 -8200 i.aine(nv;w 0 S -
LN N Thermal Gain Correction: Energy Calibration:
- correct amplitude dependence  based on
Optimum Filter: on the operating temperature measurements with
suppress the (~ baseline) drift by using the external 232Th-60Co
frequencies most injected thermal pulses source deployment
affected by the noise
relying with ideal pulse https:/arxiv.org/abs/2404.04453

and noise spectrum


https://arxiv.org/abs/2404.04453

Low Energy Data Selection

CUORE

The pulse shape cut levels and the subset of selected
detectors are defined to maximize the Significance
and optimise the sensitivity to the axions coupling
constant

Te X-rays

Counts / 0.2 keV

. Evaluated from a low energy
signal template: Te X-rays at

- 27-31 keV g
. lis i .!!k M A T J Energy [keV]

* - Defined by the selected
\/@ ag00042_PRE|”.”|’M'IN"ARY"} ....... e -
detectors < 0004 S St b et S Y — -
Zooosf * _______ - % ................. n =
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0.0034 i ek e RS e R, R
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D03
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exposure with the gain in background level. £ cutat 511 KeV in calibration data



CUORE

Energy Resolution

FWHM by dataser tor [3,10] selected chs
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@ Other Threshold algorithms

CUORE

Detector Sclection Algorithms Comparizon (Datasel 15)
1

R § - * The adopted detectors
. i § e " ) selection procedure is not an
0 [ ! ¢ s . . .
= ; . . algorithm assigning a threshold
E ) as the other methods
w ] ] ® 1
I I B . It is repeated step by step at
z § § different energies
= 20 i o § ¢ o CLORETTY Preliminary Verhaods
i | CLOIRI D Methads L T + T3 T T T 5
i E . T TPRELIMINARY | | ; D
a4 oo s e CUCRE 2TY Methods . e ’
':» 1 '(_l 15 20 '2!;", :%l(.l 3'.;‘3 40 1', f ’ PRELIMINARY
Energy Threshold [keV] 1o
O
Log scale L I |
| |
03 5 T ‘ T T r




@ Coincidence Tagging

CUORE

Time window optimized on Te X-rays signal-to-background ratio

The algorithm takes into account detectors location in the array

t .

PRELIMINARY o

¥ &8 B

Signal-te-Background rato
(S

8

20 k() 40 a0 6o mn an o “on
Coincidence 'Windows [ms])



Solar Axions signatures

CUORE

Production

. Primakoff conversion: nuclear plasma interacts

with blackbody photons (kT = 3keV), and Total
. ) Primakoff x 5()
produce an axion 25 FF
FB + BB

Compton

.- Atomic Fe deexcitation, axio-Bremmstralhung,
axil-compton scattering

Detection

. Convert axions back to photon

. by interacting with crystalline electric field: /.
modulated Signa] O 1 2 3 4 5 6 7 & 9 1

- Through a magnetic field (inverse

Primakoff) 10.1088/1475-7516/2013/12/008

. Compton Scattering axions to photon
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Solar axions interaction with crystalline structure
CUORE

Different mechanism to detect the axions from s7Fe line: Inverse Coherent Bragg-
Primakov Conversion

* Axion couples to a crystal lattice charge through a virtual photon

* The interaction produce a photon only if the Bragg’s condition is satisfied

* dependent by the Sun-CUORE angle which varies over a day

- Incwlant E is —
\BI Plancwave t
T~ - g . '..;") 5 30
T e e Twoe %7 2dsina g
dI L e o '§ 25|
—® - e /o, o . Conslructive interlerence £

dsni when '?x' 20k | ]

e o o o o @ ni =2dsin 0 =R :

Bragg's Law 15} :

- ® ® ® D gg | ]

I 1T S R

0.0 0.2 04 0.6 0.8 Lo

https:/iopscience.iop.org/article/10.1088/1475-7516/2016/02/031



Other Experiments
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- _ 1 _ Background level Energy
CCVE result: 44 kg d Exposure [kg yr] .
EDELWEISSHII: 3 kg yr [counts/(keV kg yr)] Reosolution [keV]
10-1%) PandaX-ll: 74 kg yr
—— XENONNT: 1160 kg yr CCVR 0.12 70 0.7
=== CUORLC 2t 10 keV: 691 kg yr-2.3 d.ru. - 2.7 keV I'WiM
CJORE et 3ke\: 11.4kgyr-1.6d.ru. - 1.0 keV FWHM
101 i CUORE [10,20] keV 691 840 2.7
'% Py
o
= CUORE [3,10] keV 11.4 580 1.0
- 10-16 4
F EDELWEISS-III 3 300 0.5
10-1?.
PandaX-Il 74 1 4
0 15 XENONNT 1160 0.02 3

https:/journals.aps.org/prl/abstract/10.1103/PhysRevLett.129.161805
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.082004

https://iopscience.iop.org/article/10.1088/0256-307X/38/1/011301
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Sensitivity Validation

CUORE

|
——— CCVR result: 44 kg d
~ —— EDELWEISS-III: 3 kg yr
018 PandaX-ll: 74 kg yr
© —— XENONNT: 1160 kg yr
10 PRELIMINARY
%
o
- R N
(=)
- 10 16:
10 1’ -------"""""""""'"“'""‘""'"::::
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210Pb From Copper surfaces

CUORE

* Surface 210Pb can decay emitting x-
rays that hit TeO2 producing this
spectrum in single site events

h
Furses  10GEGENIIT

'\ PRELIMINARN:.  +" + peaks are present in all copper
| ) N components of CUORE
L‘.k | \ * This can explain our excess at 13 keV
F P ./! _
f{ o Ay * |t also provides a peak at about 30
F 1 N -.I | ' I kev
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@ Pulse Shape Parameter: Optimum Filcer 42

CUORE
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6 Solar Axions

CUORE

* Axions are appealing dark matter candidates in
addition to solving the strong CP problem

- The Sun is an optimal axion flux source thanks to
the high temperature and density, and it provides a
simple experimental signature (among many...)

57F€ e
3 Joe -
B Ze : P Ze
Monochromatic 14.4 keV flux Converted into monochromatic 14.4
from thermally populated ¥Fe keV peak by interacting with absorbing
excited level material’s electrons

https:/iopscience.iop.org/article/10.1088/1475-7516/2013/05/007

Exploring the keV scale energy spectrum of CUORE - Alberto Ressa on behalf of the CUORE collaboration, LRT - Krakow 2024



Sensitivity to Solar Axions

CUORE

Nu =819 0| Nreo, - AT

~ CCVR result: 44 kg d

—— EDELWEISS-II: 3 kg yr

—— MAJORANA: 1.3 kg yr

. o : ~-14| —— PandaX-ll: 74 k

Axio-electric effect cross section o g2, 107 T Rdaxurekewr

---- CUORE at 10 keVv: 691 kgyr- 2.3 d.r.u. - 2.7 keV FWHM

CUORE Prase 1+1l at 10 keV. 1 lonyr+ 691 kgyr- 2d.ru.- 2.5 keV FWHM
-- CUORE at3 keV 11.4kgyr- 1.6 d.r.u. - 0.8 ke” FNHM
CUORE I+l at 3 keV: 100+ 114 kg yr- 2 dr.u. - 0.9 keV FWHM

Axion flux from %’Fe in the Sun « g2,

=3

2
—
w

|9ae Ganl

Assume a continuous background
and no signal

10~ 164

10-17.

Use Exposure, Background Level, PRELIMINARY
and Energy Resolution as input |

0 2 ¢ 6 10 12 14 16

- .1 We aim to improve the previous resul
C.I. from Poisson probability p p S result

with CUORE technology (4 crystal
data collection in a different cryostat)
by an order of magnitude




