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Frontiers in Our Search for New Physics

Kyle Leach - UCLA DM 03/25/2025
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Mass/Energy Scale

Precision Frontier

Energy Frontier

Intensity Frontier

Known Particles and Forces
(Standard Model)

Å Create or manipulate microscopic systems at low-energy
Å Search for tiny deviations from SM prediction near quantum limit
Å Cover a wide range of physics scenarios
Å Flexibility to pivot as physics landscape changes
ÅtƻǿŜǊŦǳƭΣ άǘŀōƭŜ-ǘƻǇέ ǎŎŀƭŜ ŜȄǇŜǊƛƳŜƴǘǎ

2



Producing New Physics in the Lab using Rare Isotope Decay

K.G. Leach ς BSM Physics with RI Doped Superconductors
Physics Department Seminar, McGill University
February 21, 2023
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P. Walker, New Scientist Magazine (2011)

Weak nuclear decay: A sensitive BSM physics probe
Å Model-independent (Energy and momentum conservation)
Å Couples to all 4 fundamental forces
Å Complex, but understood systems (nuclear and atomic)
Å Can synthesize large quantities of rare isotopes (RIB facilities)
Å Generate SM and BSM particles spontaneously in the lab!
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Å Direct BSM Physics Searches
Å Indirect DM Searches



Weak Nuclear Decay: Powerful & Robust BSM Searches

Absolute Neutrino Masses
(3H decay)

Lepton Number Violation
(0nbb decay)

Exotic Weak Currents
(beyond V-A)

CKM Unitarity
(Top Row - Vud)

n Majorana 
fermions?
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EC Recoiling Atom as a Sensitive Probe of BSM Physics

Parent

Daughter

Precision b decay experiments typically performed via measurements of:
ÅElectrons (b-, atomic Auger, CE, etc.) 
ÅPositrons (b+ and IPC) 
ÅPhotons (g-ray, bremsstrahlung, and X-rays) 

~ 0.1 ς 10 MeV

< 0.0001 MeVb- Decay

EC Decay
< 0.00006 MeV

BSM Physics!

SM Physics!
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Need a sensing method with:
Å eV-scale energy threshold and resolution
Å Linear and characterized response from ~10 ς 200 eV
Å High count-rate capability to probe weak physics
Å Robust enough to handle rare isotope implantation
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Advanced Sensors for Decay Recoil Spectroscopy

Superconducting Tunnel Junctions
High-precision energy-resolving sensor

Åά/ǊȅƻƎŜƴƛŎ-ŎƘŀǊƎŜέ ǎǳǇŜǊŎƻƴŘǳŎǘƛƴƎ ǎŜƴǎƻǊ

 Ą High Energy Resolution (~1.2 eV)
 Ą Low energy threshold for recoils (< 5 eV)
 Ą Well understood linearity and response
 Ą άIƛƎƘέ wŀǘŜ όмл4 s-1 per pixel)

~200 nm

50 mm

Optically Levitated Nanospheres
High precision, quantum-based, momentum/force sensor

Å Force/acceleration sensitive optomechanical sensor 

 Ą High sensitivity to small forces (~10-24 N)
 Ą Quantum limited measurements (SQL)
      -- Potential to manipulate beyond SQL

 Ą ά9ǾŜƴǘ-by-ŜǾŜƴǘέ ŘŜŎŀȅ ǊŜŎƻƴǎǘǊǳŎǘƛƻƴ

Images from Dave Moore

Radioisotope 
Loading

Rare Isotope Beam Implantation
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RIB Production via ISOL Method
(CERN-ISOLDE and TRIUMF-ISAC)
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The BeEST Experiment ς 7Be in STJs

50 mm

(T1/2 ~ 53 days)
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Element- and mass-selective delivery
Å Purity > 80% (<20% 7Li (stable))
Å Rate > 106 7Be+ per second

Photoresist

Collimator Chamber
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Nuclear Electron Capture Decay (7Be)

Q = 862 keV

Final State: 7Li + neInitial State: 7Be + e-

Phase space for new particle creation



Sample of Phase-III: A Rich Playground for Fundamental Physics

ÅSingle pixel
Å20 hours
Å50 Bq

150 mm

ER

En ~ 862 keV

7Li

355 nm NdḊYVO4

(SPE = 3.49965(15) eV) 

~0.1% of Phase-III data
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KGS: 56.826(9) + EK
KES: 11.296(4) + 17 + EK

LGS: 56.826(9) eV
LES: 11.296(4) + 17

KGS

KES
LGS

LES

Å36 pixels
Å50 days
Å50 Bq/pixel
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Electron Shakeup/off



Fundamental Science Program with the BeEST
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Heavy Neutral Lepton Search (Sterile Neutrinos)

Fundamental Tests of QM: Localization and EntanglementeV-Scale Nuclear Stopping Powers in Matter

Phase-II: PRL 126, 021803 (2021)
Phase-III: PRD 111, 052010 (2025) ς Analysis Procedure
                  (data unblinding in May) ς Sterile Search

PRL (submitted) arXiv:2411.08076

Nature 638, 640ς644 (2025)

Search for sub-MeV New Particles (e.g. Majorons)

c
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Searching for Heavy Neutrinos in the BeEST Phase-III Data
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Phase-III Analysis Procedure:
PRD 111, 052010 (2025)

ÅUnblinded fraction: ~ 8%
ÅBlue ς systematics limited
ÅRed ς statistics limited

Preliminary Projected Phase-III



Where are we Headed?
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Center for 
Advanced Sensing

Å Expand the use of radioisotope 
loaded advanced sensors

Å Nimble and diverse technology 
that can adapt quickly to 
changing physics landscape

7Be
37Ar
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The Colorado Underground 
Research Institute (CURIE)

Phase - IV

Å 128 pixels
Å 1 kBq/pixel
Å 100 days

PRD 111, 023036 (2025)

Å >400 mwe overburden ς 103 reduction in m flux
Å Cryolab #1 excavation completed
Å Operation summer 2025



Conclusions
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ÅAdvanced sensors loaded with radioisotopes are new tools in the fundamental 
and applied science measurement toolkit

ÅBeEST Experiment ς Model Independent Search for keV Mass BSM Physics
ÅPrecision solar astrophysical dynamics PRL (2020)

ÅMost stringent laboratory limits on sub-MeV sterile neutrinos PRL (2021)

ÅOnly direct limits on spatial extent of neutrino wavepacket Nature (2025)

ÅeV-scale heavy ion recoil dynamics and stopping powers in materials PRL (submitted)

ÅOngoing efforts at other facilities and with quantum techniques provide 
powerful new approaches to expand the field
ÅOptomechanical sensing of a single nuclear decay (Yale, Mines, LBL, LLNL)
ÅSALER at FRIB opens the entire nuclear toolbox for BSM physics searches
ÅLow-background fundamental science at the Colorado Underground Research Institute
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Exploring the Fundamental Nature of our Universe

Kyle Leach - UCLA DM 03/25/2025
U.S. 2023 P5 Report

Decipher the Quantum Realm
ÅElucidate the Nature of 

Neutrinos
ÅReveal the Secrets of the 

Higgs Boson

Explore New Paradigms of Physics
ÅSearches for Evidence of New 

Particles
ÅPursue Quantum Imprints of 

New Phenomena

Illuminate the Hidden Universe
ÅDetermine the Nature of Dark 

Matter
ÅUnderstand What Drives 

Cosmic Evolution
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άwŀǊŜέ LǎƻǘƻǇŜǎ ŀƴŘ bǳŎƭŜŀǊ 5ŜŎŀȅ
Å The element is determined by 

# of protons (Z)

Å Certain combinations of 
protons and neutrons are 
άǎǘŀōƭŜέ
Å Have some natural 

abundance on Earth

Å¢ƘƻǎŜ ǿƘƛŎƘ ŀǊŜ άǳƴǎǘŀōƭŜέ 
undergo decay
Å Are not naturally found 

on Earth
K.G. Leach ς BSM Physics with RI Doped Superconductors
Physics Department Seminar, McGill University
February 21, 2023

Kyle Leach - UCLA DM 03/25/2025 16



άwŀǊŜ-9ǾŜƴǘέ wŀŘƛŀǘƛƻƴ 5ŜǘŜŎǘƛƻƴΥ 5ƛǊŜŎǘ ǾǎΦ LƴŘƛǊŜŎǘ

Direct Search
(Large Volume Detectors, Rare Interaction)

Indirect Search
όά¢ŀōƭŜ-ǘƻǇέ tǊŜŎƛǎƛƻƴ 9ȄǇŜǊƛƳŜƴǘǎΣ vǳŀƴǘǳƳύ

PROs:
ÅSearch for specific class of BSM physics
ÅModel dependencies can be small in most cases
ÅLarge SM signals allow for in-situ calib./charac.
Å Inexpensive and tabletop scale

CONs:
ÅLittle-to-no information on exact mechanism
ÅSmall mass range probed in each experiment
ÅExperiments probe a unique scenario ς not universal

PROs:
ÅDirect observation of radiation in our galaxy
ÅSensitive to nearly all scenarios that couple to SM
ÅWide mass range of new particle

CONs:
Å Incredibly weak (possibly zero) couplings to SM
ÅLittle information on exact nature of particle
ÅHeavy model dependencies in extracted physics
ÅExpensive and Large

K.G. Leach ς LLNL/Mines Meeting
Lawrence Livermore National Laboratory
December 4, 2023
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Nuclear Electron Capture Decay (7Be)

Q = 862 keV

Kyle Leach - UCLA DM 03/25/2025

άLŦ ȅƻǳ ǿŀƴǘ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ƴŜǳǘǊƛƴƻΣ ŘƻƴΩǘ ƳŜŀǎǳǊŜ ǘƘŜ ƴŜǳǘǊƛƴƻΗέ

Final State: 7Li + neInitial State: 7Be + e-

Å Neutrinos are notoriously hard to detect
Å To have a 50% chance of stopping a single 1 MeV neutrino you would 

need a slab of Pb that stretches from here to Proxima Centauri

Hints of Sterile 
Flavours

Baryon Asymmetry 
of the Universe

The Dark Matter 
Problem

2015

The Standard 
Model

Masses are 
Very Light

Non-Zero n 
Masses > 3 flavours?

Majorana 
Masses?

Majorana
Mass

Right-Handed
State

Why are these questions not already solved??

Smn < 0.16 eV (cosmology) mne< 0.8 eV (b decay)

mbb< 0.036-0.156 eV (bb decay)

(Planck and BOSS data) PRD 101, 083504 (2020) (KATRIN) Nature Physics 18, 160 (2022)

(136Xe KamLAND-Zen) PRL 130, 051801 (2023)
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The SM 3x3 Paradigm ς A Tale of Two Symmetries
In the SM, the mass and weak eigenstates of the quarks and leptons are not equal and are related through two 

rotation matricies which are, to first order, symmetric.

PMNS Matrix
(Lepton Mixing)

CKM Matrix 
(Quark Mixing)

*There is currently a ~3s tension 
with the SM unitarity condition 
for the top row sum

*The elements of the PMNS 
matrix may indicate hidden 
symmetries for neutrinos

If the SM is a complete theory, 
these matrices must be unitary

Are probed via semi-
leptonic decay of 
hadrons

Are probed via 
oscillation and 

mass experiments
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Search for Heavy Neutrino Mass States

ne
7Li

Daughter Atom Recoil Kinetic Energy

Recoil from heavy 
(mostly sterile) 
neutrino mass 
state(s)

Recoil from light 
(mostly active) 
neutrino mass 
statesC

o
u

n
ts

1

2

3

Neutrino Mass States

4+

William C. Louis, Nature 478, 328 (2011)
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How Challenging are Nuclear Recoil Measurements?

COHERENT@ORNL Ą > ña few keVò, First observation of CEnNS

    COHERENT Collaboration, Science 357, 1123-1126 (2017)

NUCLEUS Experiment Ą Thermal (n,g) calibration recoils > 0.1 keV
    CRAB and NUCLEUS Collaborations, Phys. Rev. Lett. 130, 211802 (2023)

TRINAT@TRIUMF Ą ñéE field accelerates the Ar+ recoils to 4.8ï5.3 keVéò

    A. Gorelov et al., Phys. Rev. Lett. 94, 142501 (2005)

Method
Atom Trap

(MOT)

Scintillator
(CsI[Na])

Semiconductor + 
Superconductor

(Si + TES)

Bulk Crystal + SC 
(CaWO4 + TES)

A few current examples:

Largest EC Decay Recoil Energies:

7Be  Ą 7Li : 0.056826(9) keV
37Ar Ą 37Cl: 0.009618(5) keV
67GaĄ 67Zn: 0.00804(2)   keV

SuperCDMS@SNOLAB Ą Si recoils > 0.1 keV, ñéthe lowest energy probed so faréò

    CDMS Collaboration, Phys. Rev. Lett. 131, 091801 (2023)

Requirements for 
direct decay recoil 
measurements:

11C b+ Decay 
Recoil Spectrum

< 0.09 keV

Kyle Leach - UCLA DM 03/25/2025 21



milli-Kelvin Sensor Operation

Kyle Leach - UCLA DM 03/25/2025

Semiconductor Detector Superconductor Detector
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Superconducting Tunnel Junction (STJ) Sensors
High-precision energy-resolving sensor Ą Direct Cooper pair breaking and QP generation

~200 nm

50 mm

Rare Isotope Beam Implantation

Kyle Leach - UCLA DM 03/25/2025

Å Superconductor-Insulator-{ǳǇŜǊŎƻƴŘǳŎǘƻǊ άWƻǎŜǇƘǎƻƴ ƧǳƴŎǘƛƻƴέ

Åά/ǊȅƻƎŜƴƛŎ-ŎƘŀǊƎŜέ ǎŜƴǎƻǊǎ

Å Operation at temperatures <0.1 K

Å Ta, Nb, and Al STJs

Large chips can host 
an implanted activity 

of >10 mCi

S. Fretwell et al., Phys. Rev. Lett. 125, 032701 (2020)

BeEST Phase-IV 
Gen 2 Chip
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A Rich Playground for Fundamental Physics
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3/2-

3/2-

7Be

gs

gs

90%

7Li

K Shell (BE=0.054 keV)

L Shell (BE=0.005 keV)

10%
1/2- 477.612

Nuclear Recoil
Ek ~ 57 eV QEC ~ 862 keV

478 keV gT1/2(
7Li*) = 73 fs

Nuclear Recoil
Ek ~ 17 eV

PRL (submitted) arXiv:2411.08076
PRC (in press) arXiv:2409.19085
Nature 638, 640ς644 (2025)
PRC 109, L022501 (2024)
JLTP 2024, 1-9 (2024)
PR Applied, 19 014032 (2023)
JLTP 2, 1-8 (2022)
JLTP 1, 1-7 (2022)
PRL 126, 021803 (2021)
PRL 125, 032701 (2020)

KGS: 56.826(9) + EK (eV)
KES: 11.296(4) + 17 + EK (eV)

LGS: 56.826(9) (eV)
LES: 11.296(4) + 17 (eV)
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Material Effects
Theory: Molecular Hybridization of 7Li in Ta

(Inter., Subs., Clustering, Impurities, etc.)

A. Samanta, et. al, Phys. Rev. Applied 19, 014032 (2023)
C. Harris, et. al, Phys. Rev. Mat. (in prep.) (2024)

Aluminum

Gallium

Lithium
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Atom Probe Tomography (APT)
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