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Coupling Strength

Frontiers in Our Search for New Physics

Mass/Energy Scale

Energy Frontier

Known Particles and Forces
(Standard Model)

A Create or manipulate microscopic systems at-Ewergy

A Search for tiny deviations from SM prediction near quantum limit
A Cover a wide range of physics scenarios
A Flexibility to pivot as physics landscape changes
At26SNFdzfi LI 1 &EOF 8S SELISNRAYSyY
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Producing New Physics in the Lab usmg Rare |SG’LQ@€ De

A DirectBSM Physics Searches
A IndirectDM Searches )
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Weak nuclear decay: A sensitive BSM physics probe

Some very proton-rich <O i ] .
Sititng &t A Modelkindependent (Energy and momentum conservation)
o eris & A Couples to all 4 fundamental forces

NICKELZ=28\ ===
IRONZ=26 |

A Complex, but understood systems (nuclear and atomic)
A Can synthesize large quantities of rare isotopes (RIB faciliti
A Generate SM and BSM particles spontaneously in the
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Weak Nuclear Decay: Powerful & Robust BSM Searche

Absolute Neutrino Masses  Lepton Number Violation Exotic Weak Currents CKM Unitarity
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EC Recoiling Atom as a Sensitive Probe of BSM Physic

Precisionb decay experiments typically performed via measurements of:

A Electronslf-, atomic Auger, CE, etc.)
A Positrons f* and IPC) ~ 0.1¢ 10MeV

A Photons ¢ray, bremsstrahlung, and-2gys) R
Recoil Energy Spectrum from

Z_BOdy Decay (EC) Maximum Recoil

o Decay ~ Daughter} < 0.000IMeV n_ExEner
SM Physic ﬂ

BSM Physics!

R—

Atomic Recoil Energy

EC Decay

~ Daughter} < 0.00006MeV _ _
Need a sensing method with:

A eVLscale energy threshold and resolution

A Linear and characterized response from €100 eV
A High countrate capability to probe weak physics

A Robust enough to handle rare isotope implantation




Advanced Sensors for Decay Recoil Spectroscopy

Superconducting Tunnel Junctions
High-precisionenergyresolving sensor

)
A G/ NE2AKSKYNEDS ¢ & dzZLIS ND2 v R dz0O . a\Qoa“‘“
A High Energy Resolution (~1.2 eV) “\ec,\\ e

A Low energy threshold for recoils (< 5 eV) 3“\;\&\‘
A Well understood linearity and response o"“‘;“ e
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RIB Production via ISOL Meth
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2 TRIUMF The BeEST ExperimenBe in STJs

Element and massselective delivery Collimator ~  Chamber
A Purity > 80% (<20%i (stable)) Photoresist o ‘ii}’ |
A Rate > 107Be’ per second &\

STJ array removed from
holder

Repeller electrode
Potential barrier to suppress ions from target

(shifting of target and repeller voltages)

——————

RFQ ion guide for radial
confinement of laser ions

Pulsed

Heat shield
(water cooled)

Element selective laser
ionization in cold

environment M Lawrence Livermore

National Laboratory

10mm

Initial State:’Be +e Q
Q=862 keV

Phase space for new particle creation L |
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Sample of Phashkl: A Rich Playground for Fundamental Phy

Counts / [0.2 eV]
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Counts /0.2 eV

Fundamental Science Program with the BeEST

Heavy Neutral Lepton Search (Sterile Neutrinos)
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10
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Energy [keV]

S0 Ta0 e 80 100 120 140 Phasell: PRI126, 021803 (2021)
Energy (eV) Phaselll: PRO1L11, 052010 (20253 Analysis Procedure
(dataunblinding in May¢ Sterile Search



Searching for Heavy Neutrinos in the BeEST Flhasata

10~2

Preliminary

Projected Phasdl

py

10_5 :_l e I I ) | l el l el ] e l IS
300 400 500 600 700 800

my (keV) 10~
A Unblinded fraction: ~ 8%
A Bluec¢ systematics limited
A Redc statistics limited

&

BeEST Phase-II

BeEST Phase-III (projection)
O3Ni = (95% C.L.) [54]
38 B~ (95% C.L.) [55]

2F B~ (90% C.L.) [56]
Meson decays (90% C.L.) [57]

Phaselll Analysis Procedure: 107> R S ]

PRDL11, 052010 (2025) 10' 102 103
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o~ CMB . 7 Wireless communication in our
% 10—6 I Be | modern world can overwhelm
> 37A . N e small signals in advanced sensors
Super—K

1078} NAG2

- A 128-pixel 2eEST
—10 . “. \BBN
107 A 1kBqgpixel| .
A Phase IV _,
100 days X—ray CMB +BAO +H, Seesaw
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1077 10°° 107 1 +nd
CASE
COLORADO SCHOOL OF Center 0
MINES Center for CASE ”MM“’ / .
NIST lllii” Advanced Sensmg Spsomeshanical Sensitivity to single

Quantum-enhanced
technology at the
frontier of energy &
force measurements

l

quanta of radiation
for extreme
applications in
fundamental physics

Yale

A Expand the use of radioisotopt
loaded advanced sensors

CURIE

Extreme low-background laboratory
spaces to isolate our advanced
sensors from the environment

PRDL11, 023036 (2025)

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

== Microwave &
Cryogenic Y radiation control .= CRES

sensor arrays for fundamental &
applied science

Cosmic Radiation
High-energy particles
from space dramatically
affect sensitive devices

¥,
The'Colorado Undergrou

Research Institute (CURIE

Mechanical Vibration
Microscopic movements
of devices, even footsteps,
can cause interference

&

Cryogenic Infrastructure
Superconducting technologies
require temperatures colder than
interstellar space to operate

A >400mwe overburdenc 102 reduction inmflux
A Cryolab#1 excavation completed
A DMO3/252025 R - Operation summer 2025



Conclusions

A Advanced sensors loaded with radioisotopes are new tools in the fundame
and applied science measurement toolkit

A BeEST ExperimeqtModel Independent Search for keV Mass BSM Physics
A Precision solar astrophysical dynamicseo
A Most stringent laboratory limits on sullleV sterile neutrinoss. eox
A Only direct limits on spatial extent of neutringavepacketaue zos)
A eVtscale heavy ion recoil dynamics and stopping powers in matefials-

A Ongoing efforts at other facilities and with quantum techniques provide

powerful new approaches to expand the field
A Optomechanical sensing of a single nuclear decay (Yale, Mines, LBL, LLNL)
A SALER at FRIB opens ¢n¢ire nuclear toolbox for BSM physics searches
A Lowbackground fundamental science at the Colorado Underground Research Instit



The BeEST Collaboration
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Exploring the Fundamental Nature of our Universe

.
26.8% Dark
Matter o t

G538 BATK 4.9% Ordinary »
. 0
EREEQY Matter

T——

¥ Deci her T o alm Explore h= . sics  llu atexth\l-ndgen Unlverse"
A Elucidate the Nature of - earches for Evidence of New A Determine the Nature of Dark
Neutrinos Particles | : Matter
A Reveal the Secrets of the A Pursue Quantum Imprints of A Understand What Drives
Higgs Boson New Phenomena Cosmic Evolution
Kyle LeachUCLA DM 03/25/2025 15
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awl NS¢ Laz2zaz2L3Sa |yR b
A The element is determined b
# of protons(4

A Certain combinations of
protons and neutrons are
Gaiol of S¢
A Have some natural

abundance on Earth

Rn

WA ¢CK2aS gKAOK |
undergo decay
| Nd| | sl Eu] GA|To | Dy |Ho | Er | Tm| Y6 Ly A Arenot naturally found
 Np Pu AmCmBk Cf Es Fm Md No Lr on Earth
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Vd Pa A

GWIFINBSY U € wkERAIFUOAZY 5S0S

Direct Search Indirect Search .
(Large Volume Detectors, Rare Interactionp d ¢ Hi@fLE t NBOAAAZ2Y O9E

Py g

PROs: PROs:
A Direct observation of radiation in our galaxy A Search for specific class of BSM physics
A Sensitive to nearly all scenarios that couple to SM A Model dependencies can be small in most cases
A Wide mass range of new particle A Large SM signals allow forsitu calib/charac

A Inexpensive and tabletop scale
CONs:
A Incredibly weak (possibly zero) couplings to SM  CONSs:
A Little information on exact nature of particle A Little-to-no information on exact mechanism
A Heavy model dependencies in extracted physics A Small mass range probed in each experiment
A Expensive and Large A Experiments probe a unique scenaciaot universal

e ' A—
KLM K L M

.
Atomic "
relaxation
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3 ) = Z G) _| neutyno o neutyino .
m < m m m m . B 0.511 Mev . 105.7 MeV % 1.777 GeV Ma Orana
< & < < < (e op B > 3flavour® ,)
Sm,, < 0.16 eV (cosmology) m,.< 0.8 eVIf decay) - Masses”

(Planck and BOSS dpfaRDL01, 083504 (2020)  (KATRINNature Physic$s, 160 (2022)

m,,,< 0.0360.156 eV Ifb decay)
(138XeKamLANEZen PRI130, 051801 (2023) . — e = r T 1 — —_
L =Ly + iVpdrr — ( Frvr® — QURF (], — 5 (V%@+ VR
Why are these questions not already solved?? The Dark Matter

A Neutrinos are notoriously hard to detect Problem
A To have a 50% chance of stopping a single 1 MeV neutrino you would
needa slab of Pb that stretches from here to Proxima Centauri

Nuclear Electron Capture DecayBg€)

e
/

- 7 _ .
Initial State:’'Be +& Q F Hints of Sterile Baryon Asymmetry
Q=862 keV " Flavours of the Universe
18
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The SM 3x3 ParadiggA Tale of Two Symmetries

In the SM, the mass and weak eigenstates of the quarks and leptons are not equal and are related throug}
rotation matricieswhich are, to first order, symmetric.

CKMkI\KI/Igtrlx If the SM is a complete theory,
(Quark Mixing) these matrices must be unitary
d’ Via Vus Vi d Ve
st | = Vg Voo Vi | | = Vi
b / ‘.[ "[ ‘ ’t 8 ‘ .t b b V—r

Are probed via semi e f . : e(\led

i .\ 097 .
leptonic decay of ¢ O\ O \C5
hadrons % . aCce X0\ B

§ikie© (e
| . ot A
*There is currently a ~3tension a\ 3 ‘(\\ U, U, U.,
with the SM unitarity condition . 70(\%
for the top row sum m\ 1vOr mixing (b) PMNS lepton flavor mixing

PMNS Matrix
(Lepton Mixing)

Uet Upp Up3 Vi
Url Ur2 Ur3 V3

Are probed via
oscillation and
mass experiments

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



Search for Heavy Neutrino Mass States

Neutrino Mass States

Mass

William C. Louis, Naturer8, 328 (2011)

9 | Recoil from heavy Recoil from light
S | (mostly sterilg (mostly active
O | neutrino mas neutrino mass Ve PMNS V1
O state(s) states vy | = ) V9
J v matrix
AN > Vr Vs

Daughter Atom Recoil KinetickgnergycLA biv 03/25/2025 20



How Challenging are Nuclear Recoil Measurements?

A few current examples:

TRINAT@TRIUMF

COHERENT@ORNL

A

A

SuperCDMS@SNOLAB A

NUCLEUS Experiment

Requirements for
directdecay recoll
measurements:

Method
| _ Atom Trap
N € field accelerates the Ar* recoils to 4.8i 5.3 keVé 0 (MOT)
A. Gorelov et al., Phys. Rev. Lett. 94, 142501 (2005)
i _ o Scintillator
>N a f e w Fiksteobservation of CENNS (Cs[Na])

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

Semiconductor +
Sirecoils>0.1keV, fike | owest ener gy $upenconduttors

CDMS Collaboration, Phys. Rev. Lett. 131, 091801 (2023) (Si+ TES)
A Thermal (n,g calibration recoils > 0.1 keV Bulk Crystal + SC
CRAB and NUCLEUS Collaborations, Phys. Rev. Lett. 130, 211802 (2023) (CawQ+ TES)
5]

Largest EC Decay Recoil Energies: 11Ch* Decay < 0.09 ke

7Be A 7Li: 0.056826(9) keV Recoll Spectrum

37ArA 37Cl:  0.009618(5) keV - TN

67Ga\ 67Zn: 0.00804(2) keV L | |

Kyle LeachUCLA DM 03/25/2025 0 20 40 60 21 &
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Semiconductor Detector

milli-Kelvin Sensor Operation

Superconductor Detector

. Energy: E
° Energy: E
Conduction b “d (empt‘r‘l Siggalf] Number of e~hole pairs N = E /¢ _ _
verage energy & ~ 3Epand gap Signal: Number of e-holglRairs N = Q&
Photon nal Qs = Ne Average energy ¥ . 7Apana
(Energy E) 8 S Photon )
B _ (Energy E)
band § Noise: Statistical fluctuations ay o« VN Noise
Fano factor F = 0.1
= Noise Qy = VFNe )
QN \ [ Abm'uz:"g'a;;vzz 1meV se QN - \/—E’
O
Valence band (full) = S/N: Qs/Qn =+/N/F % 1/\[Epana gap Valence band (full) =S/N: Qs/Qy = /N/F % 1/ /Epand gap
@ = 1kelV 1) Energy resolution is proportional to I/Jband gap @ = 01meV 1) Energy resolution is proportional to I/Jband gap

2) Cooling is required to reduce thermal excitations Ny qmal- 1000x = 30x better resolution

-

Pacific Northwest
NATIONAL LABORATORY,
\

2) ~1000x smaller band gap —

M Lawrence Livermore
National Laboratory

Maybell

22
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Superconducting Tunnel Junction (STJ) Sensors

High-precision energyresolving senso¥ Direct Cooper pair breaking and QP generation

A Superconductoinsulator{ dzLJS ND2 y RdzO{ 2 NJ a W
Aal NBE2AKIWNIEDS ¢ &Sy a2 Nha
A Operation at temperatures <0.1 K

A Ta, Nb, and Al STJs

Nb Wiring

10x-Al Junction

S. Fretwell et al., Phys. Rev. L5, 032701 (2020) Rare ISOtOpe peam Implantation
UL ff//////i:

' l 1 . )
Superconductor ; Insulator ; Superconductor “Absorber” i “Barrier” | “Base”

Radiation or recoil energy
AR

Cooper pair
tunneling

Quasiparticle
tunneling

Density of
States (DOS)

BeEST Phad¥
Gen2 Chip

Kyle LeachUCLA DM 03/25/2025

Position in junction

a) Unbiased tunnel junction b) Voltage biased tunnel junction




A Rich Playground for Fundamental Physics

huger Effect K Shell (BE=0.054 keVKGS56.826(9) + HeV)

Electron Capture

3/2-

10% "
1/2- 477.612 Be

Tyo('Li*) = 73 fs £

Nuclear Recoil
E~17eV

478 ke\y
JVVVVVVVV 90%
3/2- gs

Qcc~ 862 keV 7 Ll

RefST

A} \

Nuclear Recc e
E~57eV [

1
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KES11.296(4) + 17 +[E&V)

L Shell (BE=0.005 keV).GS56.826(9) (V)
LES11.296(4) + 17 (eV)

gs

PRL (submitted) arXiv:2411.08076
PRCif pres$ arXiv:2409.19085
Nature638, 640;644 (2025)
PRCL0O9, L022501 (2024)
JLTR2024 1-9 (2024)

PR Applied] 9014032 (2023)
JLTR, 1-8 (2022)

JLTH, 1-7 (2022)

PRL126, 021803 (2021)

PRL125, 032701 (2020)
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Material Effects

Theory: Molecular Hybridization ofLi in Ta E% E]Ju vshy- SBJuD %o %o [VP
(Inter., Subs., Clustering, Impurities, etc.)
Q"

(a) — S

© Octahedral site

Energy Shift Aj [eV]

T B Aluminum
MS 1T .
MS/TPUS bt b O e om =t et OO O e e = O e e e P e = o = NN A = = NN N =N NN == Galllum
DQUINN 0 000 — < — 100 — IO — T = O~ N0 D 00— (D 00— D
Aundwp = & o z 0 < 7 Z = Py

B Lithium

Dopants/impurities can induce up to £2 eV broadening of K capture peak

A. Samanta, et. al, Phys. Rev. Appli8d014032 (2023) C. Haris, et. al, Phys. Rev. Mat. (in prep.) (20
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