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Dark Matter
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Observations

The composition of “85% of the mass in the universe is unknown.




Sterile Neutrinos

Questions in Cosmology: Questions in Particle Physics:
e What is dark matter? 4 Vs e What is nature of neutrinos mass?

e Why is there more matter than ' * Do right-handed neutrinos exist?
antimatter in the universe?

Fermions Bosons
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Sterile neutrinos are an appealing dark matter candidate. But they are well-motivated without dark matter, too.

1) (Active) neutrinos.exist ~ 2) (Sterile) neutrinos could explain several big questions
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How to Find Something that
“. 1) Doesn’t emit light
2) Doesn’t absorb light
3) Doesn’tinteract (except through its mass)?:




How to Find Something that
“. 1) Doesn’t emit light
2) Doesn’t absorb light
3) Doesn’tinteract (except through its mass)?:

Use | Preutrine] = | PLi7| to search for missing momentum in nuclear decay of "Be.




Why ‘Be?

Why ’Be? Superconducting Tunnel Junction Detector

2-body Electron Capture decay 'Be +.e' = ‘Li+V
= Monochromatic recoil

Long half life of 53 days
—> Easy handling

LowZ =7 .
—> Manageable calculations

Large Q =861 kéV
= “Large” recoil signal E.= 56 eV
' | High energy resolution '
Why qu Be? - High speed, >1000 counts/s

10% EC.decay into excited state “Li*

o Sensitive to phonons
— Doppler-broadened secondary peaks

Use | Ppreutring | = | PLiy| to search for missing momentum in nuclear decay of ’Be.




2) Semiconducting vs Superconducting Detectors

[
Conduction bgnd (empty)

Photon

(Energy E)
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Signal=eN = e :

3Ebandgap

Noise = (FN)¥2 with F = 0.1

Signal/Noise oc 1/VE, 4eap



2) Semiconducting vs Superconducting Detectors

[ [
Conduction bgnd (empty)

Photon Photon

(Energy E) (Energy E)
Eband gap
Asupercond.
=1 meV
\ 4

mz 0.1 meV

NS

E

: : E
Signal=eNze ——— Signal =eN = e ——— — ~1000x larger !
3Ebandgap 1-7Asupercond.

Noise = (FN)¥2 with F = 0.1 Noise = (FN)¥2 with F = 0.2 —> ~30x larger

Signal/Noise oc 1/VE,,,4eap ~30x higher energy resolution, no quenching.




Superconducting Tunnel Junction (STJ) Radiation Detectors

STJ Cross Section STJ Operating Principle
Radiation
Ta Al Al Ta
AlOx

X-ray

Si Substrate

Signal = Cur\!ent pulse

Small superconducting energy gap (A = 1meV) = High resolution (<10 eV FWHM)
Short excess charge life-time (~us) = High count rate (>1,000 counts/s/pixel)
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STJ Soft X-ray Detectors
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STJs were initially developed for high-resolution spectroscopy with soft X-rays where lines are closely spaced.



Counts / lhour

FWHM [eV]

STJ Characterization with Pulsed UV Laser
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Pulsed 355 nm (3.5eV) laser at 5,000 Hz

= Comb of peaks at integer multiples of 3.5 eV

= Energy resolution between ~1.5 and ~2.5 eV FWHM

Only quadratic non-linearity

Calibration accuracy of order +1 meV in 1 hour



« TRIUMF
- 3) A Sterile Neutrino Search with Superconducting Tunnel Junctions

Implant Be Superconducting Detector

at TRIUMF from LLNL
'Be
y gL ST!
— —D
’

Implant 7Be into STJ detectors.

T1/; = 53 days, Q = 861 keV




2 TRIUMF
~ 3) A Sterile Neutrino Search with Superconducting Tunnel Junctions

Implant Be Superconducting Detector

at TRIUMF from LLNL

'Be STJs during Si collimator alignment
ot - — STJ
a

After alignment

25um  68um 138um  208um 284um

Implant 7Be into STJ detectors.

T1/; = 53 days, Q = 861 keV




Beryllium-7 Electron Capture in Superconducting Tunnel Junctions

Implant 'Be Detect 'Be Decay
at TRIUMF at LLNL
'Be
oA

Ay STJ
(X —D

Measure electron capture decay of 'Be to ’Li.

2-body decay = Monochromatic recoil (in principle)
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Beryllium-7 Electron Capture in Superconducting Tunnel Junctions

Implant 'Be Detect 'Be Decay
at TRIUMF at LLNL
'Be
7 N P R Y7 T - o

‘Be+e-—Li+v,

|‘--"

Measure electron capture decay of 'Be to ’Li.

2-body decay = Monochromatic recoil (in principle)
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Be-7 Electron Capture in STJs: The BeEST Experiment

Implant 'Be Detect 'Be Decay
at TRIUMF at LLNL
'Be
oA
a

4

E7 p— Qz_m’lzjc
Li recoll Z(Q—m7ucz)

— 56.826(9)eV form, = 0

Heavy sterile neutrinos would reduce ’Li recoil energy.

Look for shifted peaks in the recoil spectrum.
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The BeEST Sterile Neutrino Experiment 7/
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Implant 7Be Detect 'Be Decay High-Resolution Recoil Simulation
at TRIUMF at LLNL
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Calibrate STJ with pulsed laser.

Four peaks due to K- and L- capture into ’Li ground and excited state
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The BeEST Sterile Neutrino Experiment 8 T

Implant 'Be Detect 'Be Decay Data from 1 Ta-STJ Detector for 28 Days
at TRIUMF at LLNL
'Be o e 4 primary peaks

5 —
“‘ 8 ST 10 ﬂ — 2 x K-capture, 2x L-capture

I : — to ’Li ground state and to “Li*
Pulsed Laser LI i - .
: 10° b | e 4 high-energy tails
(Calibration) : :

— Shake-off effects

Counts/0.2eV

e 2 low-energy tails

1000 :
— (Partial) Auger e- energy loss

T
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The BeEST Sterile Neutrino Experiment

Data with Hypothetical Sterile v Signal Exclusion Plot
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10x improvement with 1 pixel at 10 counts/s.

PRL 126, 021803 (2021)

Residuals/YN
Ebooa

20 40 60 80 100 120 140
Energy [eV]



The BeEST in Context
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4) Why Are The Capture Peaks so Broad?

Exclusion Plot
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Chemical Broadening?



Density Functional Theory (DFT) Simulations of Li 1s Energy Shift

Li Configuration: Substitutional Li 1 Li Intersitital 2 Li Intersititals 3 Li Intersititals Li;,-V, Complex

1s Energy Shift: O (reference case) 1.18 eV 1.58 eV 1.30 eV 1.67 eV
Formation E: 1.23 eV 4.07 eV 7.63 eV 11.23 eV 2.50 eV
Binding E / Li atom — — -0.26 eV -0.33 eV -1.53 eV

vs. separate interstitials

0 Ta

@ Octahedral site

Simple configuration changes can alter Li 1s energy levels by >1 eV.

A. Samanta et al., submitted to Phys. Rev. Applied and arXiv: 2206.00150



DFT Simulations in Disordered / Amorphous Ta

Li at Grain Boundaries Li in in Amorphous Ta
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Even extreme disorder only shifts 1s levels by ~¥2 eV and cannot explain the observed 6.7 eV broadening




DFT Simulations of Li 1s Energy Shifts due to Imp

Energy Shift Ajs [eV]

TOF-SIMS Analysis of Impurities in STJ Detector
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Impurities can change the Li 1s energy levels by ~2eV
(Again, much less than observed experimentally.)



DFT Simulations of Li 2s Energies in bcc Ta

Li 2s Levels in Ta 5d Band L-Capture is Broader than K-Capture Peak
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Hybridization of Li 2s with Ta 5d-6s band with explains why L-capture peak is broader than K-capture peak.
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5) Next: Bigger Detector Arrays, Higher ‘Be Dose

Improved Sensitivity with Ta-STJ Arrays 112-pixel Ta-STJ Array
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Next ’Be implantation on 09/22/22
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Next: New Materials

Improved Sensitivity with Ta-STJ Arrays STJ Detectors from Different Materials

Ta-based Arrays Al-based Detectors
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Next ’Be implantation on 09/22/22

Distinguish material effects from BSM physics



The BeEST Sterile Neutrino Search

’Be in STJ detectors

2 eV FWHM and 2-body decay

= Missing Momentum Search — High Sensitivity
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e High resolution: ~2 eV at 100 eV

e High speed: >1,000 counts/s/pixel
e No quenching
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e Accurate laser calibration
e Material effects non-negligible
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e O(107) with 128-pixel arrays

e New Al- and Nb-STJs = Separate
BSM physics from material effects




Thank You!
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STJ Fabrication STJ Experiments STJ Preamplifier Processing / Analysis BSM Physics Material Characterization
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Different STJ Detectors

Current Geometry
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Next Geometry
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Complementary experiments and simulations of different materials might separate BSM physics from material effects.

Different Materials
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Competing Sterile Neutrino Experiments

3H Beta Decay KATRIN = KArlsruhe TRItium Neutrino Expt
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We are more sensitive and much cheaper than competing experiments

(which admittedly are not optimized for sterile neutrinos.)



Experimental Limits on Sterile Neutrino Dark Matter

Limits from Nuclear Decays Limits from Astronomy
Look (in vain) for kink in beta spectrum Look (in vain) for decay X-rays from galaxies
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So we’re looking for ~keV neutrinos, 1012 to 1073 of which are mixed to active neutrinos.

Astronomy limits depend on underlying assumptions and models.




STAR

CRYOELECTRONICS
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Adiabatic Demagnetization Refrigerators (ADRs)
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ADR refrigerators for automated cooldown to <0.1K are commercially available (~$500k).
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STJ Electronics Tm—
STJ Biasing 32-channel STJ Preamplifier (XIA)
...in Textbooks ...in Real Life
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Specialized preamplifiers for STJs are commercially available.




STJ Characterization at High Speed

Nb-STJS (Tyecay = feW ps) Ta-STJs (Tyecay = few 10 ps)
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DSP pulse processing:
e Trapezoidal filter
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STJs detectors can be operated at rates well above 1000 counts/s per pixel.

Nice, but only at low energies.



Low-Energy Nuclear Spectroscopy of 23°™U

Ponce et al. PRC 97, 054310 (2018)
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e Absorb 23°™U from 23°Pu decay in STJ

e Measure 23°™U decay with 2 eV resolution
e Result: 23°MU energy: 76.737 + 0.018 eV




