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Searching for Dark Matter: Direct vs. Indirect Methods

Direct Search Indirect Search
(Large Volume Detectors, Rare Interaction) (“Table-top” Precision Experiments, Quantum)

A el

PROs: PROs:

* Direct observation of dark matter in our galaxy » Search for specific class of BSM physics

* Sensitive to nearly all scenarios that couple to SM * Model dependencies can be small in most cases
* Wide mass range of new particle * Large SM signals allow for in-situ calib./charac.
CON:s: CON:s:

* Incredibly weak (possibly zero) couplings to SM * |s observed BSM physics galactic dark matter?

 Little information on exact nature of particle Small mass range probed in each experiment
* Heavy model dependencies in extracted physics Experiments probe a unique scenario — not universal
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Creating New Physics in the Laboratory with Rare Isotopes

Weak Nuclear Decay is among the MOST sensitive BSM physics probes:
* Pure energy-to-matter conversion: spontaneous matter creation

* Complex, but understood systems (nuclear and atomic)...in most cases N I e
* More than 3500 different systems for case selection |

Exceptional experimental control possible (precision atomic methods, etc.)  wadwhea s
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Characterizing Nuclear B/EC Decay

Precision 3 decay typically performed via measurements of: Recoil Energy Spectrum from

* Electrons (B-, atomic Auger, CE, etc.) 1 3-Body Decay (B*)

* Positrons (* and IPC) } ~0.1-10 MeV | |
* Photons (y-ray, bremsstrahlung, and X-rays) Maximum Recoll

Energy

Unique probe of:
* Quantum nature of
radioactive decay |

B-Decay o Daughter} ~0.1- 100 eV

Q
E Atomic Recoil Energy
 Rare SM effects R .
Recoil Energy Spectrum from
o W kl | d EC Decay Z-BOdy Decay (EC) Maximum Recoil
ed y Coup e Daughter <60 eV I Enrergx
. ~ SM Physics! [T
new physics /\

BSM Physics!

e Exotic new particles
and interactions

Atomic Recoil Energy
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High Precision Decay Recoil Spectroscopy

Superconducting Tunnel Junctions
High-precision energy-resolving sensor

“Cryogenic-charge” superconducting sensor

- High Energy Resolution (~1 eV)

- Low energy threshold for recoils (~2.5 eV)
- Well understood linearity and response
- “High” Rate (10* s! per pixel)

Rare Isotope Beam Implantation
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Optically Levitated Nanospheres

High precision, quantum-based, momentum/force sensor

Force/acceleration sensitive optomechanical sensor

= High sensitivity to small forces (~10-24 N)

- Quantum limited measurements (SQL)
-- Potential to manipulate beyond SQL

- “Event-by-event” decay reconstruction

-=- LQG target states

‘ Radioisotope

Loading

P (xPy)

Images from Dave Moore

PHYSICS.MINES.EDU .



TRIUMF-ISAC
Production
- 101051

’Be (EC Decay)
Fundamental
probe of SM and
BSM neutrinos

E?ﬂ" T1/2 - 53 dayS




Beryllium Electron Capture in Superconducting Tunnel Junctions
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Signals, Sensitivity, and Backgrounds .. _
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’Be Recoil Spectrum: A Rich Playground for Fundamental Physics
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Limits from BeEST Phase II Data

Heavy neutrino signature is overlayed spectrum with: 1072 -

1) Shifted recoil energy AE (m)
2) Reduced amplitude (4 o« |Ugy|?)
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Synergy Between Cosmology and Laboratory Measurements
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Future of Decay Exp
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3-Body Decay Search: Neutrino-Coupled Light Bosons

New bosons coupled to neutrinos can address
problems in cosmology

o D.McKeen, KGL, et al., 2023 2-body component

)

Daughter Atom Recoil Kinetic Energy
Example: Majoron signature in the BeEST Data
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Search for Neutrino-Coupled Light Bosons

10

Light bosons coupled to neutrinos can help
resolve the H,, tension (see Cyr-Racine et al.)
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Coupling Superconducting Sensor Arrays to the RI Beamline

HITN =
Short-Lived Rare ‘ | 4 N § SALER
Isotopes (T,/,>0.15s) i camgES ‘ 2 % | g <
i3l &
* Nearlyall nl.JC|eI : ReA3 o H FRIB
can be studied : D i"
* Measurements ‘\l Construction of apparatus nearly complete
pgrformed {n Situ - > t[l e Delivery to FRIB in October 2023
with beamline P 5 |
S
coupled ADR SALER Setup
i 1 on AT-TPC GPL
I Star MCP-Viewer o
I_ [ Cryoelectronics Sf" ryo compressor
) ADR Cryostat X-ray e s
Spectrometer w/ Angular grader
cart Beam Implantation

34 Mobile
Diagnostics Box

Beam

K.G. Leach — sub-keV Nuclear Recoil Spectroscopy
O PHYSICS

G e Bl Light Dark World — KIT, Karlsruhe PHYSICS.MINES.EDU -

September 13, 2022



Pushing Beyond Superconductors: Optomechanics

1.55 um
90:10 (reflection:transmissicn)

* Our weak decay recoil experiments can be further |
improved by directly measuring momentum 4 \ \

* Prepare femtogram glass beads with embedded ¢ /(_ /(_
rare isotopes and optically levitate

Homodyne Heterodyne

* A weak continuous measurement of position and DAQ
momentum for the quantum harmonic oscillator &
1072
* When the particle moves, there is an optical 0w

phase shift (due to path length for scattered light) &
that produces a voltage change on the homodyne _
deteCtor. 0 50 100 Q/(zl){)?kHz) 200 250 300

F. Tebbenjohans et al., Nature 595, 378 (2021)
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Neutrino Mass Studies with Optically Levitated Nanospheres

PRX QUANTUM 4, 010315 (2023)

6 Searches for Massive Neutrinos with Mechanical Quantum Sensors

EC decay \
IB' ﬁsph\ ~ Augere

Daniel Carney,' Kyle G. Leach®,?? and David C. Moore®*"
]Ph.\'.\'izn\' Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720-8153, USA
“Department of Physics, Colorado School of Mines, Golden, Colorado 80401, USA

3 sge o3 ro " 3 §-gs
Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48824, USA

4 . : . . - A
Wright Laboratory, Department of Physics, Yale University, New Haven, Connecticut 06511, USA ‘

pv ve
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Nanosphere array

PhygT(g SYNOPSIS

Searching for Ghost Particles
with a Mechanical Sensor

Researchers have proposed a new method to search for invisible particles
called sterile neutrinos using a glass nanoparticle suspended by laser
light.

By Katie McCormick

“smaller than 1 quadrillionth of the momentum
transferred by a feather landing on your
shoulder” physicsyale edu

: K.G. Leach — sub-keV Nuclear Recoil Spectroscopy

PHYSICS Light Dark World — KIT, Karlsruhe PHYSICS.MINES.EDU
COLORADO September 13, 2022 24



Heavy (Mostly Sterile) Mass State Searches
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Conclusions

* Implanted rare isotopes in STJs and levitated nanospheres are a powerful tool for sub-
keV nuclear decay spectroscopy

* Since 2018 we have done precision measurements in the EC decay of ’Be — motivated
primarily by heavy BSM neutrino searches (the BeEST experiment).

e Using STJs, we are able to measure radiation from ~2.5 eV to 1 keV with high precision

* We have extended the BeEST concept to develop the superconducting array for low-
energy radiation (SALER) to perform nuclear recoil spectroscopy using short-lived RIBs
on-line.

* The first step for SALER will be offline commissioning in Fall 2023 and first beam tests at
FRIB in 2024
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Cryogenic Charge vs. Thermal Sensors

_ Charge Detectors (STJ) Thermal Detectors (TES, MMC, etc.)

Operating principle E— AQ — Al E— AT — AM or Al — AV Magnetic Superconducting
Energy Resolution ~ AE=2.355vFzE AE = 2.355/kgT?C Micro(cl:\j:\(jlrci;neter Tunne(ISJle)nction
Scales with E and energy gap Scales with T and detector volume
Achieved: 1-10 eV FWHM Achieved: <eV - keV FWHM
Energy Suitability Photons: eV — keV < 1 MeV photons
e-: eV — keV; heavy ions: eV — MeV e-: < few MeV; High-energy Hl’s
Rate < 10,000 counts/s per pixel ~10 counts/s per pixel
Operating T ~100 mK — (ADR -> Dil Fridge) ~10 mK — (Dil Fridge)
Readout FET (300 K) SQUID (4 K)

* Both classes of detectors are currently being used for experimental nuclear
physics from the eV to MeV scale and are characterized by their exceptionally
high energy resolution

* Applications in NP thus far range from small-to-large scale neutrino physics
experiments, low-energy nuclear structure (ie. 22°Th), geochronometry, and
nuclear safeguards slide Courtesy: Stephan Friedrich

PHYSICS
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