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“Exotic” Decay Searches
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Neutrinoless Double Beta Decay Searches
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Image credit: Bradford Welliver, TAUP 2021 conference

Qee

BB decay: rare SM process, in which 2v
emitted simultaneously

* Broad energy distribution

* Observed half-lives T > 10*° years

Neutrinoless version (OvBB): hypothetical
as-yet-unobserved process, can only occur
if lepton number is violated in v sector

* Tiny peak at high edge of 2vBB spectrum

* Majorana mass for neutrinos?

* Explanation for universe’s baryon asymmetry?
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Neutrinoless Double Beta Decay Parameter Space

Parameter space: effective Majorana mass vs Only a few isotopes make good candidates,
lowest neutrino mass eigenstate based on their Qg

Experiments have just begun to probe Inverted (circled ones to be mentioned in Part Il)
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Proton Decay

SM: free protons are stable, free neutrons decay only via weak force

BSM: may allow proton decay (with lifetime >> universe) and/or additional neutron
decay channels

Search in detectors with very large #nucleons and sufficiently low SM backgrounds
(e.g. cosmic ray muon induced)

* Some commonly-predicted modes (e.g.
p—en’, p—u'y, p—vK*) would deposit
large E in detector

160->15N
Some other hypothetical modes yield b “
"invisible decays”, detectable only via , € - ﬂ.— -
subsequent nuclear de-excitation and y o .=
emission —> visible ‘

- = 3 invisible

K+

Single nucleon or di-nucleon decay
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Backgrounds... or, why bury detectors
in shielded underground clean-rooms

(more on this in Part Il)




Underground Shielded Secret Lairs

Backgrounds, backgrounds, backgrounds!

Cosmogenic

* Cosmic ray muons
* Spallation neutrons
* Activated materials

Environmental
* Airborne radon & daughters
* Radio-impurities in materials
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The most troublesome backgrounds

Most from trace radioactivity (U, Th, K)
or cosmogenic (cosmic ray muons
produce fast neutrons via spallation,
difficult to shield against)

_’ Photon and electrons scatter

J from the atomic electrons
-

- NR

-
WIMPs and neutrons scatter

Rt I : often indistinguishable from WIMP

Slide credit: Enectali Figueroa-Feliciano
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Managing backgrounds (in 6 not-so-easy steps)

Build detector out of highly radiopure
materials in state-of-the art clean lab

Go underground where fast neutron flux
(from cosmic ray p spallation) is reduced
Surround experiment with tons of
(radiopure) shielding

For WIMP NR search: distinguish ER vs NR
(expect ~10°x more ER than WIMP NR
events)

“Fiducialize” target volume to reject _
surface events (requires some info about ot
event position as well as energy) s P i — | _
Fine-tune background rejection “cuts”, ;s”":h': ) sk
maximize signal acceptance to get the e _

most out of the data: use simulations + : : S . EDELWEISS FID ]
statistical analysis _ Watsr-Tagk Dc‘;/f'szln. a0 60 80 100 120 140 160 180 200
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Detectors

... more in Part Il
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Part Il: What’s in Underground Labs

Detectors

* Solid-State CCDs, Cryogenic crystals
* Liquid Noble Argon, Xenon

* Other Liquid Scintillator

* Water Cerenkov

* Proportional Counters

* Bubble Chambers Traditional, Scintillating

Other Infrastructure Calibrations, Cryogenics, Background mitigation

Part Ill: world-leading underground labs + some highlights of recent results
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Rare Event Search Needs

“Rare event search” needs:

Cryogenic
bolometers absorb ~100%

Large Exposure (Target Mass x Time) i e
Low Energy Threshold PHONONS / HEAT

: Good Energy Resolution
Low Backgrounds Cryogenic bolometers Scintillating cryogenic

bolometers
Silicon / / -
Germanium : N \, Scintillating
/ / \ \, crystals

detectors
) LIGHT absorb ~few%
CHARGE of E~1 keV/y
absorb ~20% Liquid noble-gas Liquid noble-gas

of E~10 eV/e- dual-phase time detectors
projection chambers

: Signal vs. Background Discrimination "'th charge 'ead"”/

Cryogenic detectors lead the way! —
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Example: different technologies for different DM masses

5 |_.[_‘:4_-"‘h_,|.rj Halium

NR

DM mass
{scattering)

DM mass:-
{absorption)

ER

2Uparcon ductors Semiconductors

https://arxiv.org/abs/1707.04591
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CCDs for Rare Event Searches

currently commissioning/operational

Multiple generations, for multiple Halo Dark . ny: N -
applications Matter direct enSEI 5 . OSCU RA

detection
(<1 GeV mass)

Run warm (~80 K, liquid nitrogen cooled) )
2 Nucl - Dark M DarkNESS
compared to semiconductor crystals s haina W VIOLETA T B li

in space

conduction

valence band

coherent elastic scattering
Images credit: Ana Martina Botti
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Solid-State Detectors:

CCDs and Cryogenic Crystals
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CCDs for Rare Event Searches
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* Pixels ~15 x 15 um?, hundreds of um thick

» “Skipper” CCDs reliably detect excitations as small as 1 electron in a pixel

50 pixels

Low-energy Electron
candidates
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¥2 { ndf 49.45/ 49
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. https://damic.uchicago.edu/detector.php
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CCDs for Rare Event Searches

R&D for specialized CCDs still ongoing

MAS-CCD Sisero-CCD Skipper-CMOS

n
-
3
=5
i
—

.

\

5x2.5 um

IEEE Transactions on Electron Devices, Phys. Rev. Lett. 133, 121003 IEEE Transactions on Electron Devices, vol. 71,

vol. 71, no. 6, pp. 3732-3738 (2024). ne. 11, pp. 6543-6833,20

Slide credit: Ana Martina Botti
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CCDs for DM Direct Detection

Hour[s] of “exposure time” per “image”

' * DAMIC (Dark Matter in CCDs)
@SNOLAB
SENSE! (Sub-Electron-Noise
Skipper-CCD Experimental
Instrument) @SNOLAB
DAMIC-M @Modane
OSCURA (Observatory of
Skipper CCDs Unveiling

| Recoiling Atoms) collaboration

Pirsa: 26070015 Page 17/41



Cryogenic Crystal Detectors

Collect phonons [plus electrons or photons] Phono ks

=

Calorimetry, not tracking/imaging b

Operated at tens of mK: liquid He cooling required!

< Thermal phonon

Weak thermal link

o o )
B e T

AR S e e e e e
B B B L P B B B B B BB P B B B B P B B P B B e P B J.I]

Thermal bath https://arxiv.org/abs/1509.08767
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Cryogenic Crystal Detectors: Modular Design

Decoupling thermometer from crystals for ease of fabrication: an alternative to depositing
thermometer directly onto crystal surface
e.g. Ricochet (for CEVNS):

; arXiv:2304.14926
Au-wire

Au-pad e

o

- S
: / Wafer

TES
Thermal link
to heat bath

arXiv:2111.00349

Photon
detector

Germanium wafer

MMC for photon (a) With ahsorber (h) Without ahsorber
detector

erystal s ki Thermal conduction facilitated by a gold wirebond

MMC for phonen

detector (at the back) Can be coupled to a variety of target materials

Phonon
detector

arXiv:1903.09483
Slide credit: Ziging Hong
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Cryogenic Crystal Detectors: Basic Model of Phonon Channels

Thermometer types include:
Transition Edge Sensors
Neutron Transmutation Doped Thermistors
Metallic Magnetic Calorimeters
Microwave Kinetic Inductance Detectors

Thermometer

Absorber The height of the pulse is
proportional to the energy

deposited

L
=
&
Q
Q
5
=

Weak Thgrmal Link

Refrigerator
1040 mK
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Slide credit: Ziging Hong
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Cryogenic Crystal Detectors: Basic Model of Phonon Channels

Using Transition Edge Sensors (TESs) as example

50 < a <1000

Superconductor biased in its transition

o Elemental, e.g.: W, Al, Re, Pb

o Paramagnetic impurity doped, e.g. : Al/Fe, Al/Mn
o Bi-layers, e.g. : Mo/Au, Mo/Cu, Ti/Ak
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Low resistance allows readout with Superconducting
Quantum Interference Devices (SQUIDs)

Temperature [K]
Cold reduces transition width (parameterized via o), improves detector sensitivity

Slide credit: Ziging Hong
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Cryogenic Crystal Detectors: Basic Model of Phonon Channels

Key performance parameters:

- Signal-to-noise ratio . = FEE Tdeal Signal
' : Sl Signal with

- Energy resolution -

Thermalization
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: E . Frequency
Cold reduces noise, improves energy resolution
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Slide credit: Ziging Hong
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Cryogenic Crystal Detectors: Basic Model of Phonon Channels

Energy Threshold for
Bolometric Detectors
Mo/Au TES

y Tb S|
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Cold reduces heat capacity, lowers energy threshold

Slide credit: Ziging Hong
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Cryogenic Crystal Detectors for Ovf3

CUORE (Cryogenic Underground Observatory for Rare Events), Gran Sasso: tonne-scale, using 128Te & 13Te

— Best fit
“==== 90% CI limit on ",

Counts/(2.5 keV)

1 1 L L
2480 2500 2520 2540 2560
Energy (keV)

RE calorimeter.
re (i) the absorber Top Lead
8 Shield

Side Lead
Shield

Detector
Towers

DOI: 10.1126/science.adp6474

Bottom Lead
Shield

Pirsa: 26070015 Page 24/41



Cryogenic Microcalorimeters for DM Indirect Detection

Side View

Mushroom Absorber Arrays of eV-resolution sensors can be

used as ultra-sensitive X-ray detectors

i Widely used in Earth-based telescopes,
rocket & satellite-based probes

e re—
|

Array cross-section

/absorber / absorber B
/' stem T S /

Fig. from E. Figueroa, COF| PIRE 20017
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Cryogenic Crystals with Phonon Amplification for DM Direct Detection

* Drifting charges across a V, generates cascade of “Luke phonons”

* Lowers recoil energy threshold
;Readout S1 phonons

Electron propagation

* But “true calorimetry” lost

— Luke phonons

Primary recoil phonons

Total Primary Luke phonon
phonon recoil energy . Hole propagation
energy energy T

- EDELWEISS (Expérience pour

IperCDIVIS (Cryogenic Dark Iviatter Searcn) "Hig

o

Detecter Les WIMPs En Site Souterrain) @ Modane

Caar ! h Vo ) (T
viuillagc
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Cryogenic Microcalorimeters for DM Indirect Detection

s ¢ NASA Goddard Space Flight
Transition-edge sensor arrays Center TES Arrays

.
o £ /absorber absorber o
nitride e /f oo
o stem ; i
"nembrane E j 3

Q\TE S//l‘. ,— /‘:—ﬁ 65"??
. f’§’ b

Fully wired 32x32 array (8x8 mm?) with /// - &
64 pixels connected to bond pads on each side ‘ J ‘ ‘ ‘ & 7

8000
Al-K.

A AEpwum = 2.34 £ 0.004 gV

6000 i{ Counts: 491506

Counts / 0.05 eV bin

Natural line
shape

1480 1485 1490 1495 1500 1505 50

Slide credit: Ziging Hong Energy [eV]
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Cryogenic Crystal Detectors with Charge Channels: Phonons + lonization

Combination of phonon and ionization
channels allows NR vs ER discrimination
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 https://arxiv.org/abs/1706.01070 -
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Cryogenic Crystals with Charge Channels for DM Direct Detection

Al Fin Length Vortex Sinks
Transition Edge Sensor (TES)

t‘ -
o
phonon readout

High Electron Mobility Transistor TESLength AW QP Trap

(HEMT) ionization readout
Crystal face

/evcoil energy

:'; g}.‘\r\: (tens of keV)

N

Image credits: Mike Kelsey
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Cryogenic Crystal Detectors with Charge Channels for CEVNS

Counts / (5 keV..)

Ge | |
L bl 1200 1300 1400 ||
lonization energy (keV,,) mj

. 11""{ et s W g 1,
Operates at ¥8-9 mK, during reactor-on and reactor-off cycles acocerneonst | VY

2 “ 6 [ 10 12
lonization energy (keV..)

Ricochet: array of Ge crystals, 42g each, at Institut Laue-Langevin reactor
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Cryogenic Scintillating Crystals: Phonons + Light

Along with phonon signal: instead
of collecting electrons in
semiconductor crystals, collect
light in scintillating crystals

Combination of phonon and light
channels allows ER & gammas vs
NR discrimination

NR oxygen
NR tungsten

6 8 12 14 16
Energy (keV)
https://arxiv.org/abs/1904.00498
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Cryogenic Scintillating Crystals for DM Direct Detection

e.g CRESST-III (Cryogenic Rare Event Search with Superconducting Thermometers):
calcium tungstate crystals

Operated at ~5 mK @LNGS «—  CaWo, isticks
/_.—/' d—_.,\ (with holding clamps & TES)

-« reflective and
scintillating housing

-«— light detector (with TES)

—— block-shaped target crystal
(with TES)

L
LEI ®—_<—— CaWO0, light detector holding
sticks (with clamps)

https://arxiv.org/abs/1904.00498
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Cryogenic Scintillating Crystals for Ov3[3

CUPID-Mo

e.g. CUORE Upgrade with Particle ID (CUPID):

Li,1%°MoO, (LMO) crystals, at Gran Sasso _ -
- NTD Ge sensors \  olometer

- 20 LMO crystals, ~200 g each
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= Data
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— Blinded Region
---- Mean ROI

CUPID-Mo
2.71 kg x yr, Preliminary

10, ‘ L

1 " I - I R i
2500 2600 2800 2900 3000 3100 3200
Energy [keV]

Image credits: Bradford Welliver, TAUP 2021 conference

Pirsa: 26070015 Page 33/41



Pirsa: 26070015 Page 34/41



Pirsa: 26070015 Page 35/41



Pirsa: 26070015 Page 36/41



Pirsa: 26070015 Page 37/41



Pirsa: 26070015 Page 38/41



Pirsa: 26070015 Page 39/41



Pirsa: 26070015 Page 40/41



Pirsa: 26070015 Page 41/41



