A search for neutrinoless

double-beta decay in
tellurium-130 with CUORE

Jeremy Stein Cushman

Dissertation Defense
December 15, 2017



Outline

* History and background
* CUORE detector and cryostat
* Detector calibration system

» First physics results

Dissertation Defense, 12/15/17 Jeremy Cushman, Yale



The early days
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* Becquerel discovers that uranium randomly
emits lots of particles. Curie & Curie investigate
and coin the term "radioactivity."

* Rutherford notices that there are two types of
emissions, one of which penetrates matter much
better than the other; he calls them "alpha" and
"beta" particles

* Becquerel measures the mass-to-charge ratio of
the beta particles, and it exactly matches that of
the electron (discovered only 3 years earlier)

* Soddy & Fajans establish that beta decay
transforms an element into the one to the right of
it in the periodic table

* Everyone thinks that beta particles should have
specific energies, but Meitner & Hahn show that
beta particles are actually emitted in an energy
continuum

* Nearly Everyone: Is the law of conservation of
energy in trouble?
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The early days
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» After 20 years of debate, Pauli proposes the idea * Majorana proposes that the neutrino and
of the neutrino to conserve energy and antineutrino may be the same particle; this
momentum in beta decays would not have a noticeable effect on beta decay
* Fermi creates a formal theory of beta decay * Furry postulates that if neutrinos are their own
incorporating the neutrino antiparticles, then atoms should be able to decay

» Goeppert-Mayer postulates double beta decay: if by emitting just 2 electrons and no neutrinos

particles can decay by emitting an electron and a
neutrino, they should also be able to emit 2
electrons and 2 neutrinos
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Double beta decays

Ordinary (2v{3f3)

Observed in several isotopes
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oX = 59X +2e” + 20,

Neutrinoless (0vBp)

Hypothesized, if neutrinos are Majorana fermions
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Can we see 1t?

* Double beta decay is a second-order process

(highly suppressed) 12919?;2)6174 -
130T
» We have no chance of seeing it directly in 129.906224 u
isotopes for which single beta decay is allowed
» We need to look for cases where double beta 130Xe
decay is allowed and single beta decay is 129.903508

forbidden
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Detecting Ovp[3 decay

Goal: Measure the summed energy of both electrons released in the decay

Double beta decay spectrum

2vpp
'

Ordinary (2v[33):
Some energy goes into electrons.
Some energy escapes with neutrinos.

dN/dE

Ovpp
'

Neutrinoless (0v[{3f3):
Summed energy of electrons is always equal to Q-value.
No energy escapes.

2527

E |[keV]

Observation of Ovpp decay would be the first evidence of lepton number
violation and unambiguously establish the Majorana nature of the neutrino

Jeremy Cushman, Yale
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How rare?

* Most measured half-lives for 2v3(3 decay are on the order of 102! years
» Compare to lifetime of the universe: 1010 years
* Compare to Avogadro’s number: 6 x 1023
» A mole of the isotope will produce ~1 decay/day
» If it exists, the half-lives of Ov33 decay would be much longer
 130Te OV decay limit is > 1024 years

* A mole of 130Te produces < 1 neutrinoless decay/year

* A half-life of 102¢ years requires 32 kg of 130Te to see 1 decay/year
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Half-lives

e Shorter half-lives are easier to measure,
<m > |2 so choose an isotope with a high phase
b . .
space factor (high Q-value) and high

nuclear matrix element

(T{h//Z) b= GOV(Q/ Z)lMOV‘2| 2

Me
17", = OvBp half-life

G%(Q, 7) = phase space factor (x Q°) * Nuclear matrix element is calculated

theoretically, with different models

v _ :
M™ = nuclear matrix element differing by factors of ~2

(mpgp) = effective BB neutrino mass

m, = electron mass * Effective Majorana neutrino mass gives
hints about absolute neutrino mass
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Neutrino masses
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Detector sensitivity

» Choose a source with a high
of the Ovp3 decay emitter

» Create a detector with a high detection
efficiency and good energy resolution in a
low-background environment

* Run experiment for a long
with a large total mass of the source isotope

€ M-
b-0E

= source isotopic abundance

T}, sensitivity o

e = detection efficiency
M = total mass
= exposure time
b = background rate at Ovp energy

0E = energy resolution
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OvpBp decay detection techniques

130 e 136X e

¢ Xe scintillation: KamLAND-Zen

 Liquid TPC & scintillation:
EXO-200, nEXO

e Gas TPC: NEXT-100, PandaX-III

*T1/2>11x10%y

¢ Bolometer-based searches:
Cuoricino/ CUORE-0/CUORE

NEMO-3/
SuperNEMO

e Source foils with

76(e

e High-purity germanium
detectors: GERDA /
MAJORANA

e T1/2>53x 105y
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tracking and calorimetry

e Half-lives for 48Ca, 825e,
%/r, 100Mp, ...
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A world of experiments

SNO+
NEMO-3
MAJORANA E ® NEXT-100 o ® S
CUORE KamLAND-Zen
.EXO-Z()O GERDA ¢

O
PandaX-III
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Present and future

Recent results:

xXperiment Isotope | Detector technology | Half-life imit | Iso. exposure
GERDA 6Ge Tonization > 5.3 x 10%° yr 34 kg-yr
NEMO-3 100Mo | Tracker, calorimeter | > 1.1 x 10%* yr 35 kg-yr
CUORE-0 130T Bolometers > 4.0 x 10%* yr 30 kg-yr
EX0-200 136X e Liquid TPC > 1.1 x 10 yr | 100 kg-yr
KamLAND-Zen | ¥%Xe Scintillation > 1.1 x 10%° yr 504 kg-yr
Current and future experiments:

Experiment Isotope | Detector technology | Sensitivity | Iso. mass | Start
GERDA (Phase II) | "Ge Ionization 1 x 10%¢ yr 30 kg | 2016
MAJORANA DEMO. | "Ge Tonization 2 x 10%° yr 26 kg | 2016

SuperNEMO 52Se Tracker, calorimeter | 1 x 10%° yr | 100 kg | 20207

CUORE 130T Bolometers 9 x 10%° yr | 206 kg | 2017
SNO-+ 130Te Scintillation 9% 10%° yr | 800 kg | 20187

EXO0-200 (Phase IT) | ¥%Xe Liquid TPC 6 x 10%° yr 76 kg | 2016
NEXT-100 136X e Gas TPC 6 x 10%° yr 90 ke | 20187
PandaX-III 136X e Gas TPC 1 x10% yr | 180 kg | 20197

KamLAND-Zen 136X e Scintillation 2% 10% yr | 600 kg | 2016
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Advantages of CUORE

* Excellent energy resolution of TeO, bolometers (~0.2% FWHM resolution at 2615 keV)

» 130Te: High natural abundance (no enrichment required), good Q-value (above
Compton edge of 2615 keV line), relatively accessible Ov(33 decay half-life
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Outline

* CUORE detector and cryostat
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CUORE

The Cryogenic Underground Observatory for Rare
Events (CUORE) searches for Ovp3 decay in 130Te

* Located deep underground at the Laboratori
Nazionali del Gran Sasso (LNGS) in Assergi, Italy

* Composed of 988 TeO- crystals (total mass of
742 kg, with 206 kg of 130Te)

* 19 times the mass of the predecessor experiment
CUORE-0

* Runs in a new custom-built cryostat with much
lower backgrounds than CUORE-0
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History

CUORE-0

Cuorics
uoricino (2013-2015)

(2003-2008)

CUORE
(2017-2022)

T1/0v88 > 4.0 x 1024y (90% C.L.)

Phys. Rev. Lett. 115, 102502 (2015)
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Projected:
T120vBF > 9 x 1025 yr (90% C.L.)
mgpg < 50 — 130 meV
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Bolometric detection

* Bolometers are operated at ~15 mK, so that » Each TeO» bolometer crystal is instrumented
single particle energy deposits cause a with a resistive heater and a neutron
measurable spike in temperature transmutation doped germanium (NTD-Ge)

thermistor

* Temperature is measured by measuring
voltage across temperature-dependent
resistors (thermistors)

:hs::':":"zs:':'nwmwm ...................... ................................. ................................ ................................ ......... Ab SO rb er
| (TeO»)

Heater '

Thermistor
(NTD-Ge)

/

Thermal coupling
(PTFE + gold wires)

Thermal Bath
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Cryostat and shielding

300 K

600 mK
50 mK

10 mK

Top Lead
Shield

Side Lead

External Shield

Shields

Detector
Towers

Bottom Lead
Shield

Bolometers are assembled into
towers and cooled by pulse-tube-
assisted dilution refrigerator

Detector towers are surrounded
by copper and lead shields at
successively colder temperatures

Cryostat is surrounded by large
lead shield and borated
polyethylene neutron shield

Side lead and bottom lead shields
are ancient Roman lead

Dissertation Defense, 12/15/17
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Ancient Roman lead

« Radioactive shielding can harm experiment as much as it helps

» All lead contains radioactive 210Pb from the 238U decay chain
(219Pb half-life = 22 years) when mined

» Ancient Roman lead recovered from shipwreck is used for CUORE
http:/ / www.nature.com /news/2010/100415/ full / news.2010.186.html
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Projected backgrounds

( TeO,: natural radioactivitﬁ o

NOSYV Cu: natural radioactivity

NOSYV Cu: cosmogenic activation
TeO,: cosmogenic activation

( OFE Cu: natural radioactivity

Detectors

Roman Pb: natural radioactivity

Cryo stat Modern Pb: natural radioactivity

Superinsulation: natural radioactivity e

k Stainless steel: natural radioactivity | o

( Environmental muora —e—

Environment Environmental neutrons | o~ 90% CL Limit
—e— Value

. Environmental gammas S §

107 107 107 0.001 0.01 0.1
counts/(keV kg yr)
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Building the detector towers
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Building and commissioning the cryostat

| |
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Wiring and electronics
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Outline

* Detector calibration system
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Calibration

» Voltage signals from the thermistors must be * A two-step calibration process is used:

calibrated to determine the energy of each event
1. The thermistor gain is stabilized over time

* CUORE only measures energy, so precise

energy calibration is crucial 2. Thermistor readings are calibrated to

absolute energies

R R ———— - Pulse max
o F -
8
§ 5 -
—
S| - —gp [ —=? keV
é ] -
3
'ﬁ 5 -
Baseline
- < —
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Calibration hardware

* Bolometers require independent in situ energy calibration
« Bolometers must be calibrated at their operating temperature

» Moving sources into position must not atfect bolometer temperature

» We need to preserve ultraclean conditions for physics data taking
 (Calibration sources must be visible to detectors only during calibration

« Background contribution of calibration hardware must be low

* Procedure must be stable over expected 5-year lifetime of the experiment

Dissertation Defense, 12/15/17 Jeremy Cushman, Yale



Calibration hardware

CUORE-0

Calibration
source paths

* Only one tower

* Sources can be placed outside
cryostat but inside shielding

* Sources can be positioned by hand

CUORE
R, )
& =,
s sy
" g

300 K
40 K

4 K

600 mK
50 mK

10 mK

Top Lead
Shield

Side Lead
Shield

Detector
Towers

Bottom Lead
Shield

e Quter towers shield inner towers

* Sources must be cold and placed among

towers inside cryostat

* Source deployment must be automated
J. S. Cushman et al. NIM A 844, 32-44 (2017)
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Calibration strings

,
| * Twelve source strings are lowered into Kevlar string

B the cryostat during calibration periods N

| t | Thoriated tungsten

i * Cooled from 300 K to the bolometer (calibration source)

= operating temperature of ~15 mK

‘ Copper capsule -

.'j.‘ Each source string contains: shrIi)I;Flf Eﬂ})liiagt N § ,

1 » 25 or 26 source capsules of thoriated
| tungsten wire (containing 232Th)

; * 8 weight capsules

* 1 PTFE guide ball
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otring production

Sources produced at
UW-Madison and Yale
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Calibration source deployment

Dissertation Defense, 12/15/17

Strings are lowered under their own
weight through a series of guide tubes

6 Inner source strings

» 3.5Bqeach

e Guided between the bolometer
towers to illuminate the inner
detectors

6 outer source strings
« 19.4 Bq each

e Guided to outside of 50 mK vessel

to illuminate outer detectors

300 K

ik >
Lead " /

e [nner string @ Outer string
—— Copper shield

4 TeO, crystals
in copper frame

Jeremy Cushman, Yale



4-K Thermalization

. Rotary feedthrough
\ (- o
| |
Hanging
mass
<7
Pulley —
‘ Linear
actuator
Thermalizer
VACUUM
* Source capsules are fully thermalized at 4 K * 4 K stage is cooled by pulse tube cryocoolers
before being lowered further into the cryostat and thus has significant cooling power
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Cryostat temperature

* Deployment of a single inner string takes about 6 hours

» Staggered deployment of all 12 strings takes about 24 hours

- 4 K to 10 mK > | = >
9.0 ‘ . I 10 mk L2500
— 85| E = 2000
g | s s =
B 80| - 1500 <
*::3 5 Thermalizer squeezes 5 5 S
% 7.5 \ \ \ E | 1000 8
= a7y - = | s00
- : w ; — Base temperature
AGTATAN E — String position
6.5 : : : 0
0 | 2 3 4 5

Time [hours]
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Integration

pinasr e

.
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Control electronics

* All system control and readout is
done through a rack near the
cryostat

 Signal and power cables connect
the rack to the motion hardware on
the cryostat

— Temperature signals

Motion Box signals and control
— Thermalizer signals and control
— Vacuum signals

Cryostat
—1 Wiring Port

Dissertation Defense, 12/15/17
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Temperature J Rack  |— Linear
Monitor 1 ——| Breakout Box)_'_ Actuators
_ Control W— Motion
T h I Box 1 ) Box 1
| lemperature |__
P N { Monitor 2 |
— I
— | — Control W— Motion
Computer = (1 Box2 Box 2
- J I . |
= PXI Chassis | = —=
1] Control W_ Motion
l Box3 Box 3
|
: 4 .
Vacuum Gauge | _ Control W— Motion
Controller _‘ Box4 | _ Box4



Motion control boxes

* Majority of the motion control electronics are contained inside
4 boxes

* 3 strings + 4-K thermalizer controlled by each box

* Contain power supplies, motor controllers, custom PCBs,
relays, and more

* All designed, built, and tested at Yale and installed at LNGS
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* Wrote software t
aspect of the cali

Software control

nat controls and monitors every
oration system during operation

* Allows for tull, automated, and remote operation
of the calibration system

Proximity Sensor

4 K Thermalizer

Top of Helical Tubes
Top of Top Lead

Bottom of Helical Tubes
Tower Support Plate

1T iMm 1B 2T M 2B 3T 3M 3B 4T aM 4B
Quter Inner Quter In Quter Inn Quter Inner Quter Inner Quter Inn
HOME HOME HOME HOME
(-1191 mm) (-1196 mm) (-1176 mm) (-1201 mm)
HOME HOME HOME HOME
(-997 mm) (-977 mm) (-998 mm) (-981 mm)
HOME HOME HOME HOME
(-771 mm) (-798 mm) (-771 mm) (-793 mm)
[
-815 -797 -765 — e || g | T 7er -809 -819 -765 -828 -797 -787
212 184 208 166 192 163 210 173 201 170 192 156
604 871 606 913 596 904 604 868 595 938 596 875
1549 1289 —{1390 1333 - [13%6 1308 1526 —(1280 | 1390 1357 1515 1291
DEPLOYED DEPLOYED DEPII)YED DEPLOYED DEPLOYED DEPLOYED DEPLOYED DEPII)YED DEPE)YED DEPLOYED DEPLOYED DEPLOYED
(2373 mm) (2219 mm) (2279 mm) (2265 mm) (2279 mm) (2236 mm) (2318 mm) (2210 mm) (2209 mm) (2288 mm) (2341 mm) (2215 mm)
-1193 mm 1623 mm 2277 mm 1671 mm 2276 mm -799 mm -1176 mm 2208 mm 2207 mm -1202 mm -985 mm 1636 mm

* Clear visual overview allows operator to see
current status and next steps

* Monitors string position, string tension, guide

tube temperatures, vacuum pressure, and other
parameters during deployments to ensure safe
operation

* Saves and records all parameters for future

review and analysis

* Successfully used in first deployments of

calibration sources for CUORE
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Jeremy Cushman, Yale



Outline

» First physics results
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Data processing overview

Raw voltage
acquisition

Energy calibration

l

Pulse shape analysis gy Coincidence analysis b

5P Online triggering

=

Thermal gain
stabilization

—>

<

Average pulses and
noise power spectra

l

Pulse filtering

Energy spectrum
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Acquiring data

* 984/988 (99.6%) of detectors are operational;
90% are used in this analysis

« Acquired in runs (~1 day) and grouped into
datasets (~1 month), which begin and end with a

* We acquire data continuously from operating calibration

detectors at a rate of 1 kHz
* We compute an average pulse shape and

average noise power spectrum for each channel
and use this to filter the waveforms

» We trigger on a channel and save a 10-second
waveform when the slope of the signal is above
a channel-dependent threshold

Voltage [mV]
AE
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Thermal gain stabilization

» Heat capacity of the TeO; crystals (CocT3)
and resistance of the NTD Ge thermistors
are strongly temperature dependent

* Therefore, our pulse amplitude for a given
energy deposition is strongly dependent on
temperature (which fluctuates slightly
while taking data)

» To correct for this, we periodically (every
~300 s) inject fixed amounts of energy with
Si heaters attached to the crystals

Heater

Dissertation Defense, 12/15/17
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Thermal gain stabilization

» Baseline voltage of the pulse is an » Each event is assigned an arbitrary-unit
(uncalibrated) measure of bolometer stabilized amplitude:
temper ature Pulse stabilized amplitude Pulse raw amplitude
5000 - Heater amplitude at pulse baseline

e Fit a curve to determine the estimated heater
pulse amplitude at any baseline

= i x>/ ndf  2.635e+05 /2378 3= i
— i p0 3177 = 3.735 = 5010+
3 5 N e i
2 3035 Pl -0.03175 = 0.00225 E )
= : 9 | L
= - = ] i
= 32301 = s
L M) .o o
Q -
i g
32251 g i
- 2 4990}
3220_ N B P B B T B B R B
—-1750 —1700 -1650 -1600 —1750 —1700 -1650 -1600
Baseline [mV] Baseline [mV’
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Monthly calibration

* We still need to convert stabilized amplitudes to real-world energies
» After deploying the 232Th sources, we acquire several days of calibration data

* Provides several strong peaks in the energy spectrum

Calibration spectrum in 1 channel Example calibration function
g 500 = ;
s F Entries 20620 2 3000
@ - - u
4001 20 2500
- Gs.:) N
- 8 N
300 2000
- * | > 1500F-
200 -
- 1000
100 500F-
o 1 PP B O:'"""""""""""'“
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Stabilized amplitude [arb. units] Stabilized amplitude [arb. units]

» We use these lines to create a channel-by-channel map from stabilized amplitude to true energy
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Event selection

* In order to select candidate Ov(33 decay events, we apply a variety of cuts to the data

» We also only accept events that are not

» Several pulse shape parameters are
simultaneous with events in other crystals

measured, and limits are set on:

* Gammas often Compton scatter in multiple

* Baseline slope
crystals

* Rise time and shape
* Muons almost always deposit energy in

* Decay time and shape multiple crystals

-3400- .
-3600 — — e

: Y (T

: Y

Voltage [mV]
AE

Jeremy Cushman, Yale

Dissertation Defense, 12/15/17



Physics spectrum

» Calibrated physics spectrum from our first two datasets, after event selection

 83.6 kg yr of TeO, exposure, from Dataset 1 (May — June) and Dataset 2 (August — September)

 Factor of 4 reduction in background rate in Ov33 decay region of interest compared to

CUORE-0, thanks to new cryostat

Dissertation Defense, 12/15/17
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Selection etficiency

* We need to evaluate the overall selection efficiency:
probability of us observing a Ov33 decay event
given that one has occurred

» Evaluate efficiency on gamma lines in the physics
spectrum (from 40K and 208T1)

* Overall, our efficiency on gamma lines is

(90.5 + 1.9)% in Dataset 1 and (92.7 + 1.4)% in
Dataset 2

* OvBP decay events are entirely contained in 1 crystal
88.3% of the time (estimated from simulation)

» Together, we estimate that we would see
(79.9 £ 1.9)% of 0v(3p decays in Dataset 1 and
(81.9 £ 1.4)% in Dataset 2

Dissertation Defense, 12/15/17

Selection efficiency (%)

Source Dataset 1 | Dataset 2

Pile-up cut 976 1.1 96.7£1.0

Pulse shape cut 939+ 1.6 | 96.8 £1.0
Anti-coincidence 99.8+0.1 | 100.£0.1
Trigger and reconstruction | 99.0 0.1 | 99.0 £ 0.1
Total excluding containment | 90.56 £1.9 | 92.7+£ 1.4
Containment 88.3 0.1 | 88.3 0.1

Jeremy Cushman, Yale



Line shape

Ratio
N oo PO I N

SO P

)

— ek —
-} - -
w N

Counts / (2 keV)

[
-
(\9]

* We need to know what a Ovf33 decay signal might look like

* For this, we use the 2615 keV calibration line
* Close in energy to Qpg = 2528 keV
» Sufficient channel-by-channel statistics to estimate line shape

-------

I !
I} |}
1 1 |l‘{ 1 1 | S I T T N T T TR A TR TS S E TR T SR B 2 MG Y

Bttt e PR 3
_ CUORE

= Exposure: 86.3 kg-yr

(8

B (c)':'/ (b

Reconstructed Energy (keV)
arXiv:1710.07988

ol I B B
2540 2560 2580 2600 2620 2640 2660 2680 2700

(a) Main photopeak (modeled as sum of 3 Gaussians)

(b) Compton multi-scatter continuum
(c) X-ray escape after 2615 keV deposition
(d) Flat background

(e) Coincident 2615 keV and 583 keV deposition
followed by pair production and single escape
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Calibration resolution

« We use the 2615 keV line to estimate our calibration resolution

* Physics-exposure-weighted harmonic mean resolution = 8.3 keV
(in calibration data at 2615 keV)

200
180
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30
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40
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Channels

II|IIII| I I I T ]
10 15 20 25 30 35 40 45 50

FWHM Resolution (keV)

-
)
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Full spectrum analysis

» Using the 2615 keV calibration line shape, we perform fits to other visible

lines in the physics spectrum

» Allows us to estimate our resolution and energy bias in the physics data

82— 0
_TF 60,
S 6E °
&0 - 60C
% 5 O
f/ 4 54MH
z |
L N
o
S

208

Residual (0)

Counts / (2 keV)

1 20
900 1000 1500 2000 25 0

Reconstructed Energy (keV)
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Resolution and energy bias

e
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Reconstructed Energy (keV) Reconstructed Energy (keV)
* Extrapolating to Qg = 2528 keV, we find a * We see no evidence of an energy bias, and
physics resolution of: conservatively set a systematic uncertainty of
* (8.2+0.4) keV in Dataset 1 +0.5 keV on Qpgp

e (7.1 £0.7) keV in Dataset 2

« Working hard to achieve resolution goal of
5.0 keV
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Blinded spectrum

* The spectrum is blinded during data analysis by inserting a fake peak at Qgg

» Events are swapped between the region around Qgg and 2615 keV

CUORE physics spectrum (blinded)
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Blinded spectrum

* The spectrum is blinded during data analysis by inserting a fake peak at Qgg

» Events are swapped between the region around Qgg and 2615 keV

80 E 208
= R Blinded Tl I
70 | — Unblinded =
60F- CUORE O
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= 50 =
2 40F
= -
S 30F ROI 5 3
20 f_ 0 _EEE E
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Ll -
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Energy (keV)

o e Rl .
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Region of interest

» Unbinned extended maximum likelihood fit in the region of interest

 Using the line shapes in each channel obtained from calibration data

* Floating parameters: Ov3[3 decay rate, background rate, ®9Co location, and ¢Co rate
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Counts / (2.5 keV)
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d

HQH

1
2480

N R Y ST
2500 2520 2540

Reconstructed Energy (keV)

N P
2560

Best-fit decay rate:
(—1.0 795 (stat.)) x 1072° yr~!

Background index (no-signal model):

(0.014

0.002) counts/(keV kg yr)

Dissertation Defense, 12/15/17

Jeremy Cushman, Yale



Systematic uncertainties

* We account for several systematic uncertainties:

 Line shape (perhaps the Ovf33 decay peak does not
have the 3-Gaussian structure)

» Resolution (there is uncertainty in the resolution
evaluation due to low background statistics)

o Efficiency (there is uncertainty in our efficiency for
the same reason)

» Background shape (it could be slightly not flat)

 For each, we evaluate an absolute and relative bias using Monte Carlo simulations and adjust the
negative log-likelihood curve appropriately

Absolute uncertainty

Relative uncertainty

yr ] 70

Resolution — 1.5
Energy reconstruction — 0.2
Line shape 0.02 2.4
Background shape 0.05 0.8
Efficiency — 1.8

NLL

---- Stat.
— Stat. + Syst.

A LA R LA

I
ek
-

123

Decay Rate (10 yr)
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Half-life limit

* Integrate the negative log-likelihood in the physical region (decay rate > 0)
to obtain a 90%-C.L. limit on Ov3(3 decay

\®
-

F CUORE
18 . CUORE-0
] e I Cuoricino CUORE half-life limit (90% CL):
14 CUORE + CUORE-0O + Cuoricino O 95
12F Ty, > 1.4 x 107 yr
E :_02—
i3 _ CUORE + CUORE-0 + Cuoricino:
s T, > 1.5 x 10% yr
2 _____________..---""‘
O e _ - -r—-r‘T"r'T'T‘.*T-T-T-T. ol

1 05 0 05 1 15 2 25 3
Decay Rate (10 yr)

Strongest limit on OV decay in 130Te to date
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Sensitivity

» We perform 20,000 toy Monte Carlo experiments to evaluate median half-life

limit given the background rate we observe

(W
-
(\®)

Experiments
[—
=

L—

-
\®)

90% C.L. Half-Life Limit (yr)
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* Sensitivity of our search (dashed red line):
7.5 % 102y

» Probability of observing a more stringent
limit than the one we observe (solid red

line): 2.6%
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Ettective Majorana mass

» We can interpret these results as an effective Majorana neutrino mass assuming;:
* 0vp3[ decay is mediated by light neutrino exchange
» o4 =1.27 (free space value)

* We obtain mpgg < 140 — 390 meV (depending on nuclear matrix elements)

10° = =4 10° = A )
- * [ Mo - w0 Nuclear matrix elements:
- A : T\ *Phys. Rev. C 91, 034304 (2015)
P ) |0? -Phys. Rev. C 91, 024613 (2015)
- CUORE sensitivity (Te) CUORE sensitivity (Te) *Nucl. Phys. A 818, 139 (2009)

* Phys. Rev. Lett. 105, 252503 (2010)

Inverted hierarchy

Half-life limits:

«130Te: 1.5 x 1025 yr from this analysis

*76Ge: 5.3 x 10% yr from Nature 544, 47-52
(2017)

«136Xe: 1.1 x 102 yr from Phys. Rev. Lett. 117,
082503 (2016)

«100Mo: 1.1 x 1024 yr from Phys. Rev. D 89,
111101 (2014)

* CUORE sensitivity: 9.0 x 10% yr

Normal hierarchy

Other isotopes Other isotopes

|| ] ] ||||||| 10—1
1 10 10° 50 60 70 80 90107 2%x10° 3x10°

mlightest (meV) Msym (meV)

—h
<
—_ =
O| —
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summary

* We have collected almost 100 kg yr of exposure » With 5 years of live time, the sensitivity of CUORE
with CUORE will improve by over an order of magnitude from

1t t val
* CUORE has set a world-leading limit on 130Te Ov{3[3 1S curtent vatue

decay, greater than 1025 years: arXiv:1710.07988 * Thanks to the DOE Office of Science, Nuclear
Physics, and Yale University for funding thi
* The CUORE cryostat, a huge engineering feat, has yoIES, Gpie Taie IIVEISTLy TOT s T
. . . . research
been operating smoothly and reliably in these first
datasets * More physics results are on the way!
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Thanks

Thank you to all current and former members of the Yale CUORE group!
Karsten Heeger, Reina Maruyama, Tom Wise, Ke Han, Kyungeun Lim, Danielle Speller, Christopher Davis,
Surya Dutta, Byron Daniel, Katie Melbourne, Ivy Wanta, Nikita Dutta, Basil Smitham
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Backup
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Cryostat support structure

Main support plate beam

P B
Plates: B e .. . . .
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Shield Concrete walls
Detector .
Towers Screw jacks Borated polyethylene
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Bojctom Lead . o .
Shield Seismic isolation
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Calibration integration

600 mK m=
50 mK

10 mK
Lead shielding —

Detector towers ——
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Line fitting strategy

 Perform a simultaneous unbinned extended maximum likelihood fit over
all channels, with a separate fit for each line in the background spectrum

* Fit parameters:

* Fixed, and split by channel:
» Exposure (some channels were not live in some datasets)
e Reference width (each channel has a different resolution)

* Floating, and split into two layers (inner and outer detectors):
* Peak rate (counts/kg yr)
» Background rate (counts/keV kg yr)

* Floating, and common to all channels:
* Peak mean (floating in order to evaluate our energy reconstruction)
* Overall scaling of resolution (the resolution is energy-dependent)
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Line fit results

Energy Signal rate Background rate FWHM resolution Bias
keV] counts/(kg-yr)] counts/(keV -kg-yr)] keV] keV]
e [ 102053 e OIS 0mE (o | SLOSI BST |35,00
60822 | 0% 1) (onter) | 0453 £0.090 (outer) | 5,58 £0.11 (D 2) | ~002 007
1332492 | 17510 fouter) | 0.381 £ 0,022 (outer) | 508 £ 0.16 (Ds 2) | ~12% 003
o | 03 el OO0 e | IS0 05| 0
o | SELEUTS Gl S8 T 32080051 o
i | STV (el | B 08 o) | LS00 0510,
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ROI fit

f(E) = &céeRpp IN (xpprsnos E) + 6N (epxpsi, no; E) + krN (erX s, 105 E)]

+ fngCOe_t/TCO [N(XCo/% No; E) + KLN(GLXCOM, No; E) + RRN<€RXC0M7 1o, E)]

+ ebA L.
Rss = (—0.13 £ 0.04) counts/(kg-yr)
Reo = (0.23 4 0.08) counts/(kg-yr)
by = (0.016 £ 0.002) counts/(keV-kg-yr)
by = (0.015 £ 0.002) counts/(keV-kg-yr).
Mreo 159.6 g mol ™! . B B
ov _ 2 _ Ov _ (_ +0.37 25 1
oo X =N, T (03417 (6.022 x 102 mol-1) ™ = (-0.991g37) x 1077 yr
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Pulse shape cuts
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where (i is the vector of parameter means and S is the covariance matrix.
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Run time breakdown
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August
September
Run Time Breakdown
47.8 % 90 =
80
70F
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o —
05 % % 50
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2 40F
247 % o) ~
a« —
20F
Physics Calibration 10 i_
B Other Setup = . . . | . . . | .
Test May-2017 Jul-2017 Aug-2017
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155 ROI pulses

' — — ¢ . .
o s st 231 e 20 uses 2020 Dases 0 Comes: 2021 . [r—— [r—— p—— Oxsset 201 e
_— - 1 1 Cramet. 244 1 Crame. 183 7 Chamet 47 \ Chamet 202 some] | Charmet 172 o A Charret 33 e 3 1 Crarret 1e2 smocst 1 Crarres 248 - f Crarre 04 - \ P—1
s ot v 26162 Eovyy 24600 e Eowgy 24675 Coepy 220 — [y 1o Grevpr 25006 e [y — Coegy 2407 o0 Cwy 26213 - Coongy 36220
e - \ 9
L s o 1 -~ - . 20000 o0
wand \ cened - \ o - - — \
—— meerl —— -— . e S~ e
T — —_— - L - — — ok - - - — —
— Outaet 30 temet X3 - Lt o Datwset 3018 Duaset S50 a0
0 A Chunmer. 881 | Qerret & e | - A ] Crarvet 307 1 Crarver 262 = A Cure.
- Creqy. 2005 Soargr. 24019 - - Eneryy. 2935 . ey 29063 - Cneny: 22025
o \ B \ o B E \ .
- - \ o000 9 \ et \ -
vve = ) \ - - \ - \
\ o \ \ — oo \ e \
\ oot
. \ - \ ) \ -
~ - N 2 I\ S| T - - - |
~ _— " A — o ~————
p— . e —— P S— —— I oy ———— S| - My — e —— P A L S 3 — - -
o - oty . .
o o oo 3 Dot 2018 - oo 21 Dotasnts 21 et Oweset 30
e Chasest 0 | | vl E ) | Crav 26€ ! | et 15 e | orvel 440 } - | Owve: 7 ]
Tover 2 - Tomer 13 2 Tow 8 on o - - Tower 1 et T
Cremzta — oo Eitn | : s o) \ = Crem 2474 p—
- \ \ o
- - \ -
o \ \ ] \ - | . \ P \ o o
\ e \ . - ey | - ! -
ANy . ‘A i - =
J —————— S S | S~ —— -t N St frrm— - _— WAy oo —J e — \\‘
[re—— - 2 - Ee—— — wm= Damest 3243 o Daseat: 201 o Oamex: 2021 P Camaes: 2016 [ -l [m—— Owaeet 3021
1 Chasset n — | 1 Cwret. 74 \ | \ Cravet- ¢ \ Chamet 2 1 oy 1 vt 3¢ i | Crarvet 208 1 oxn [ ]
. D - Tower 13 et o3 Toww: 18, Tower & —— L) Tewse 13 e - Tower 2 - ower 19 B e
Ereuy 26602 — - Sy 20622 Ewyy 2608 e vy 26748 - ey 20679 Eoeray 2154 Eeryr 5846 £ Gy, $474 - Erenpy 26673
t h - \ — m
0o s ‘\ ‘3o, el
| \ \ \ -
\ i — e e \ _—
- \ \
- . “ . N \. - \\ omom
——— - p— B P werf— —— S—— -
gy S - P N r e - PR - hreadteardh - - A - P o — - - - - - bt . [ - - —e. L . -t . — — — ——ad
- Duatacat 303° o] e -t Duiaset 2221 o e Datset: 2018 Dames: 2021 Catagat: 2016 -t Cataset: 2016 Dsaset X021 Daaset 2018 e Oataset 2001
Chusmes 412 \ | g | Ger. 23 . \ G 160 \ A Chavme 232 Charemt 28 | Charvet 7 f Craret 18 ! Cwre 3z e 1 Crare. 4y P
Ereoy 2002 - Srerar 26132 v 264660 : Eowen 28030 Eowen 24663 -y ) Ererav 2925 Grerww 20052 Gy 26908 Enorr 2494 o Ery 2602 [
o s s - e - - -
- - o g -
\ \ e \ st \ = \ \ § !
o \ \ \ - - \ = b \
- N N N — N | L ) el N
el ————— - - — e —— e ——— - —— ——— NN e —— — - —— - - JS— —— e ———————
[ . oo Owemet X% F Oweset 3208 f Dt 3018 Dument 3921 o 2 wed - Dataset: 3016 o Dmaset 3016
| Chamast 500 | | wect | Cravvel 251 \ Cam 046 = \ o €14 Chavw 806 - | Chavewt 504 I Overvet o ] el ) i 1 Craves 400 t 1 b \
Tower: 9 e Tomer & - ower 13 Tower: 13 Towse & Towse 11 008 ™ ar 14
Cremy: 205 - Cogy 2210 Cowpy 24087 Caop 234D - Coergy AES - Coeray: 4722 — Crergy 2530 1 Crepr-28221 vee
- - | s
1 \ - \ =
o - po 1 o \ t \
-~ \ P - \ IS \
e e \ )
v \ \ - \ e |2 \ 20008
& I \\—5_ . - b et _— ————— — | S— —— py — —— ——
wnf 2 seo s
1ece) Ovtaset 302 etme €30 Oetaset X% T ot DOuwieect 3321 Dwisct 3021 Dutsow: 3016 Datwset: X1 et Duaset 3018
" Chasewt 201 A = 1 Craveet 31 o A \ Chavw 13 - A Chawmi 430 ¢ | Charemt 130 1 - 3 1 Crovvel 4 ! \ P
- ? Tower 11 w000 Toww: Towwr & Tower & Tower 18 |
e Cremy 2 - a2 st oo . Caerpr 020 2o Creray =320 Crerar e Crecar. o8¢
. \ - - -
. - -
- \ -~ e \ - .
oo \\ - o 3 \ B \ - i
; o \ n
- N —_ e e . - . E i,
- P T - o —— o F
et Cutamse 304 b 3 Cotsser %9 e Omtseet 300 Ontseen 303 Dumeat 2024 ! Damex: 2010 [—— oo - [—— Dxaset 218 fr——
. 1 rm—r— 1 Crareet. 011 1 i 7 o - - | Charmet 127 \ Charret 303 ] Crarret 343 - 1 Crarres. 500 1 [e—t cn 1 prv—
- Tomsr 1 e v 2 Tower 19 , Towwr 2 Yo 7 - Towe 15 L r 19 er 13 —
s e 26000 —g - Evwe 28072 [T o Greraw 24734 Ererar 2506 “ [ Ereerr 2449 . [ ) o Cowry 24072
— et o - = s ez
= \ \ — e \ . \ \ e
\ - - \ \ e \ - 3\ \
-~ \ \ \_ N L aveen
o . e — ~ — S~ - e S —
——— o ———— | S— —_— £ — e J S — - —
- | Cmsser %0 Gusast 210 ) Damesr 3010 ey Comau: 2006 pr—— ey Owaset 108 - Dxsset 221 Oxaset 2018
1 b 1 et Te8 - | e A Chavnt 128 A Chammt 102 el rem—yey | Crarvet 138 120 | Craret 230 1 Craves 90 | f—r e
o 18 Towrs Towar 18 Townc 3 ol ot iy - — - —
e 2476 o= Coepy Courme 443 - Crerar 230 Crerar. e Crergr. 25364 Crepr 84723 Coeay. 25007 Couny. 2487
- | - - - e -
e i | - e \ = - |
== \ 2o - -
\ - o \ - \ \ -~ \ o \
. \ \ e -~
o) =1 \‘\ ~~ 3 \\ - \\ - \~\W - n - S— - S~
S J S - ————— b S — i S— ——— R A e ] ——— - J | S T
- [ 3 Outiet 69 sooof- e Ouset X618 - Omenet 3203 Dwest 3008 - Owtos 18 - [—— . [ of Dmmset 3016 Owaset 318 Owaset 3
| Chasowt 70 \ Crasvet ' Sraveet 004 - | ) Gt 181 N Chavwi 46 \ Clant 47 Chmont 18 vt ! ; et 345 ) - a—
- Tower: 4 P f Tower 14 . Touer Towsrt | Towar 16 . Towsc & q ! ower 19 o e 10
Creny. 2078 Crerar 2018 oot ey 22233 s e ) 3 v 22en oo AR Crerzy: oA 2 i [ Cregy. 22202
veve 3 - e \ — - - . \ ¢ P —
B | e \ s \ el o e \ » \
t \ . on \ \ \ \ -
\ oo \ - \ ~
s N e s by o \\ - =
b - -
e — _ S — S —— S - ) - — —_— . —_— —— B S b
Outmer 300" ’ E ) Omeset 2301 vt 232 -~ Denon 2921 Ovmon 016 s Dot 221 =t Dm0 Onaset 20 Oveset 31
oo Chasaas 4T | ek A C— 1 7 Cowvw T1Y oo \ Coarw a8 | Chawwi 717 \ Churnt 54 | ] Cravewt 971 - ] Cwrw 228 e 1 w124 G 8
- Sower 0 oo o 13 Tows oo Tew 14 - - Yo 13 s — s . Y
Ereuy 26065 Grergy 2601 5 Evgy o0 o Eomyy 26465 gy 26602 Crevgy 26473 Greryr 24005 coes- Eronyy 26000 Enogy 26472 Erangy 36260
- -: - - o
e 4 om0 e -
- P 2 \ P \
‘\ et \ e \ 1 \ e
- \ e e o - A - x|
= - 4 N : \. - |\ \ - N - N .
o TS | At R | e ————— o~ ey S | —~————— — — ~———— ——— —r S —————— T st~
- . - - s o
woave s Cetase: 262 sonccf Cetaser 3030 o o [ Dusset 3000 oo Datusar: 2021 o) ] [—— ond f— Ouaset 201 P Dxaset 213
Crerres 7 A ey N t oot — ol " e \ vy \ | Crarret 34 I Cravet 20 f 1 ) 1 Grwre. 7
- e Towe 17 Tomer 3 - over 12 Tower1 = Teww 16 e o] Yo 10 e Tower 4 e r & v
o 25430 - T 25107 : Comen 2040 | Comen 24042 Coepw. 21085 [oesy-04 Greear. ¢ f T 84778 Comr 25043
- oy o \ - —-— \ - e \ ) .
\ \ o - scms \\ — e \ - \ ! \
S e — oot h = -1 \xm-"
| SN —_— — — | - - [ — —_— I ' |" ’RE

Dissertation Defense, 12/15/17 Jeremy Cushman, Yale




Systematics

Lineshape Bias

Y2, = —2(NLL — NLL)

v;“l A x? / ndf 59.51 /5998 % FOI/ f’OV
5 - _
= PO 0.001361 = 0.00228 2 Ovy __ 2 : . Ov _ 2
— 1.2 p1 1.042 + 0.003765 5 Xsyst T (FOV) ) O-SySt(F ) (O-z,abs _I_ F O-Z,I‘el)
[ _ i Syst ;
= L
T 1 1 1 1
8 2 T s T e
i 0-8 - Xtot Xstat Xsyst
0.6 : 1.2
- NLL = — 5 Xtot
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L - [ Stat.
0. T 405_ — Stat. + Syst.
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Models for nuclear matrix elements

* Interacting Shell Model (ISM)

* Nucleus is a collection of fermions that obey the Pauli
Exclusion Principle

» Basis states are harmonic oscillator states with perturbations

* Includes all possible shell configurations, sums over a small

number of state energies (computational limitations) Moy, = (AX: 07 |H|AY; Jr)

* Quasi-Random Phase Approximation (QRPA)

» Uses particle—hole pair and quasiparticle dynamics to
include a larger number of energy states, but in fewer shell
configurations

* Interacting Boson Model (IBM)
* Considers pairs of protons or neutrons as bosons

e Useful for even-even nuclei
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Semi-empirical mass formula

Z2(Z —1) (A —27)
A3 AT

Ep =ayvA—agA?? —ac - 6(A, Z)

A odd

+d9 Z,N even (A even)
—d9 Z,N odd (A even)

. 49,
@ OQL @O0 %‘@%" 0@58
O @ OQ. O

Volume Surface Coulomb Asymmetry Palrlng

https:/ /en.wikipedia.org/wiki/File:Liquid_drop_model.svg
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Neutrino mass

Ve Ui Uea Ues| [ - 0.82+0.01 0.54+0.02 —0.15+0.03] [y
vl = (U Usa Uus| |vo]| = |—0.354£0.06 0.70£0.06 0.62+0.06 | |vs
v.| |Un Un Ups| |va| | 0444006 —045+0.06 0.77+£0.06 | |vs
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