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Ordinary Double Beta Decay (2v[3p3)
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1935—Maria Goeppert-Mayer, 1937—Ettore Majorana
-+ Can be thought of as two single beta decays occurring simultaneously:
(Z,A) > (Z+2,A) + 2e— +2v

 Occurs when the single beta decay is forbidden by energy conservation.

19-21

- Slowest observed natural process (t;, = 10 y)

- Observed since the 1980s in Even-Z, Even-N nuclei (130Te, 76Ge, 136Xe, others...) — stable due to spin
coupling.
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Neutrinoless Double Beta Decay (0OvB])

+ Double beta decay with virtual annihilation of the neutrinos.

> >
- Possible if the neutrino is a Majorana fermion—its own antiparticle: VWG

Must be a fundamental neutral fermion.

+ Mass from Majorana mechanism.

» Only 2 states, defined by helicity: left-handed antineutrino is the W- e
neutrino and vice-versa.
'

- Would be much more rare than even 2vpp —t,, >10" y

Majorana Dirac Majorana
I | I

| | | | |
Lyip = lmLugCTuL — MmpVRVL, + %mRugCTuR + h.c.

2T bt £

not independent independent not independent

Ly violates U(1) symmetry by two units — Lepton Number violation!
vy — e“buL ,CM — ezngﬁM
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Detecting Ovp[3

- Neutrinos annihilate virtually—100% of energy in 3’s.

cartoon Ee.
spectrum

* Manifests in E,, spectrum as small peak at Qg given
sufficient sensitivity (right).

* Isotope chosen based on abundance and Qg value.

Ovpp3
@ Qpp

- Techniques and technologies:

» Liquid scintillator
« SNO+, KamLAND-Zen

* Liquid Xe TPC 1 | 1 1 l 1 1 1 1 I 1 1 | 1 I 1 | 1 1 L 1 /I\ L

III|III|III|III|III|III

- EXO isotope  QOgg G" nat. abun- prod. 2013 experiment/R&D  FWHM/E fiducial 88 mass
(keV)  (107Byr ') dance (%) (tons) at Qg (%) (kg)
+ Xe gas TPC ®Ca 42737 24.81 0.187 - CANDLEY’ - 6—>40
Ge 2039.1 2.36 7.8 155 GERDA? 0.1-0.3 15-30
- NEXT Majorana Dem.” 0.1 25 ..
82Se 2995.5 10.16 9.2 >2.3%103 SuperNEMO 7* 4 7—100
* Dual phase TPC LUCIFER ! 0.3 _
00Mo 30350 15.92 9.6 2.7x10° MOON* - -
« PandaX N 4 AMORE' _ 100
Cd 2809.1 16.70 7.6 2.2x10 COBRA"™ - -
* HPGe detector 30Te 25303 14.22 34.5 >95 CUORE */” 0.2 10200
. MaJ orana, GERDA 136 SNO+P L. ~10_______.160-270 ______.
B6Xe 24578 1458 . 89 ... 34, 55 (o S
- Bolometer KamLAND-Zen? ___10________1300260-340__
NEXT/ 06 . ... 9590 T
- CUORFE/Lucifer/CUPID  °Nd 33673 63.03 5.6 ~17x10* DCBA®
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The CUORE and CUORE-O
experiments
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Bolometers: general principles

- Detection of thermal signatures of absorbed L. L/ <— Heat Sink
particles:
E.opont <—Weak Thermal Coupling
AT =
(7absorber

. Low T (10mK—100mK): l <~ Thermistor

- minimization of Cypsorber ’[ < Absorber

- achieved using Dilution Refrigerator Energy

Release

* Scaleable 6900

example CUORE-0 pulse

+ Fundamental limit on energy resolution very low:

AE o~V kCT?2

* Wide range of absorber materials can be used—
some flexibility in 1sotope choice.

—-6950

-7000

-7050

Bolometer voltage (uV)

L

O
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+ Can be augmented with scintillation or Cherenkov
optical channel or ionization (as in CDMS)).

1 | 1 1 1 1 | 1 1 1 1
3 4 5

Time (s)
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« Cryogenic Underground Observatory for
Rare Events.

- Bolometric search for OvpBp in Te (with
secondary topics 2vB[p, other isotopes,
axions...).
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- An example of state of the art ton-scale
bolometric detector.

. 988 TeO, 5 x 5 x 5 cm’ crystals in 19
towers of 52: source and absorber, Misoope =
206 kg.

* Tbase < 10mK

« First cooldown as we speak. Data this
winter.

il

« CUORE-0—single CUORE tower, operated
2013-2015.

A. Drobizhev 8 Physics 290E 11/09/2016



CUORE and CUORE-0: measurements

5x5x5¢cm? TeO; at 10mK:

AT , = Eevent
even Ccrystal

with C.1  ~100uK/MeV

crystal

Readout with Ge NTD thermistor:
Ryrp = RoeV 1o/

example pulse from CUORE-0

Amplitude [mV]
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Profile NLL

CUORE-O results and CUORE projections

« CUORE-O:
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Energy Resolution
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AEcvorE—0 = 5.1 =

- 0.3 keV FWHM @2615 keV (background)

AEcvorg—o = 4.9 keV FWHM @2615 keV (calibration)

» CUORE 1s expected to exhibit comparable resolution

A. Drobizhev
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Backgrounds

- CUORE-O0: 0

— Cuoricino
| — CUORE-0

- 0.058 £ 0.004 (stat.) = 0.002 (syst.) counts/keV/
kg/y in ROL.

» 0.016 £0.001 counts/keV/kg/y in a region.

- CUORE expected: <0.01 counts/keV/kg/y (ROI).

Counts / (keV kg yr)

- Q = 2528 keV—high energy edge of y region, but ;-
away from major peaks due to good energy

resolution.
| I | | | | | | | | | | | | | | | | | | | | | | | | |
Y region o, continuum 2600 2800 3000 3200 3400 3600 3800
. Energy (keV)
— Cuoricino

Event Rate [counts/keV/kg/y]

< tfull spectrum

s... 3 Q T PR ; : .' R 1 18 1§
. value Energy [keV] .
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Anti-coincidence background rejection

* Only thermal channel, NTD readout simulated cosmic p
= only energy measurement = not P in CUORE

possible to distinguish individual a,
B, v, or u events.

- Anti-coincidence:
- 2vBP, OvBP events — 1 crystal.
- Some surface a’s — 2 crystals—
nuclear recoil into source crystal,

o absorbed on adjacent crystal.

« Some 7y’s — multiple crystals
(Compton length 5-20cm).

- Cosmic u’s— multiple crystals.
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nti-coincidence background rejection
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CUPID and next generation
bolometer R&D at Berkeley
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CUPID

» CUORE scale and geometry, same cryostat, same backgrounds.

« CUORE Upgrade with Particle Identification.

- Add optical channel for active discrimination—*‘best of both worlds.”
 Option 1: Scintillating crystal (“Lucifer/CUPID-0 style™)
- ZnSe, ZnMo0QO,, Li,Mo00,, or CAWO,

« 82Se (Q = 2995.5 keV, NA = 9.2%), 1%9Mo (Q = 3035 keV, NA
=9.6%), 116Cd (Q = 2809 keV, NA = 7.6%)

« Strong light signal.

- Difficult and expensive to grow crystals in large amounts.

- Option 2: Cherenkov light w/ TeO,

« Enrichment to >90% 3%Te (33.8% natural in CUORE)—nearly 3& 1 T | o
triple isotope mass without increasing background and bulk & [_| CUORE®D:Cuoricino limit (Te) : _T&
mass. ) i

107 T CUORE sensitivity (Te) =

- Well understood and affordable crystals. R B

nvertie ierarchy —

- Weak, challenging to detect light signal. CUPID senatty (7o

1072E
* Surface/bulk discrimination with scintillating or superconducting :
(pulse shape) films. Normal hierarchy

. . o e . -3
10 y live time w/ sensitivity goals: 107¢

. tip: (2—5)X1027 Yy (30') i
-4l | Lol 1 | Lol
+ mgp: 6-15 meV (90% CL) "0 107 102 10°

m lightest
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Effect of a background rejection
(stmulation)

Crystals surface

Crystals surface
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Simulated CUORE backgrounds from 233U and 23?Th chain contaminants on
crystal and copper (structure) surfaces.
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Cherenkov light bolometers

Light Detector

 Primary energy readout is still the conventional bolometer.

+ A second bolometer detects Cherenkov radiation from the crystal to

) ) ) Light
identify particles.
Thermometers
+ Motivation and advantages:
L : : Energy
+ Cherenkov light is generated by P particles moving faster than c¢/n. release

* No Cherenkov light from a’s: binary discrimination.

Allows us to have optical channel with non-scintillating TeO, |
crystals.

« Growing scintillating crystals with B isotopes has proven
difficult.

+ Challenges and Research Opportunities:

« Low light yield.

- High rate of total internal reflection in TeO,.

* Detector ideally must have < 10 eV threshold,

- Dynamic range, however, is not prioritized because of binary
nature of signal.
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Cherenkov particle ID: LNGS prototype
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CUORE-type TeO2 crystal.

+ Ge bolometric light detector with NTD readout.
3M VM2002 reflector.
Successful proof of concept.

- Insufficient for complete alpha rejection—Ilight detector baseline noise < 20eV
(3—4x% less) needed.

« New light detector development is necessary.
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Transition Edge Sensors

- Transition Edge Sensor—based on
superconducting transition of a metal or alloy.

* In narrow region around Tc, R(T) much more
sensitive than exponential.

- Typically read out by SQUID

« Our TES’s are bi-/trilayers of superconducting
and normal metals (e.g. Ir/Pt or Au/Ir/Au).

- Main challenge: sufficiently low Tc.

Bias point Signal out

f

R[Q]
I [nA]

T[mK] t [us]
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L1ght detector TES R&D at Berkeley

N
01

Resistance [ch
(@)
S

Au/lr/Au Trilayers
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| —=— 100/100 /100 [nm]
—— 151 /100 /151 [nm]

0.15

0.1
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i 200/100 /200 [nm]

0.05 gumpum
/ 3
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First patterned Ir/Pt TES prototype
(layout & fab at ANL)

TES2

Ir 100nm/Pt 60nm
2.25cm

300nm thick, 10 um Nb wires

Ayteso Ir 100nm/Pt 80nm

TES1

Ir 100nm/Pt 70nm

Ir 100nm/Pt 40nm

TES4

substrate: 2in x 500um Si

50 um x150 um

50 um x250 um
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Our first TES bolometer test jig

At (trigger — heater) raw double pulse response
| , ‘ : ! % 505_ 2 Heaters V = 60 mV E’ E_
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§ ) g 205_ -0.03:—
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0.025
* 3mmx0.25mm Ir/Pt
bilayer (80nm/20nm @
% 0.015 6OOOC;
Tc= 56mK) and 300k
CUORE heater glued
0,005 ~860keV linearity cutoff on lecm*XlemXx(0.5mm
0.000

00 02 04 06 08 10 12 14 16 Slngle-CI'YStal A1203 .

Heater "Energy” (V2 *s) le-7

« SQUID readout. - Au bonds for thermal connections

- Al bonds for electrical connections * Operated at 53—55 mK
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Athermal phonon light detector

- Being developed in collaboration with Berkeley CDMS group (Matt Pyle).
« “Super CDMS-style”: 1030 W tes’s with aluminum collector fins on 3™ S1 wafer.

- Being developed in parallel with standard “thermal” designs.
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