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Dark Matter Searches

m The Sub-GeV Frontier: Exploring Light Dark Matter (LDM) requires strictly sub-meV
energy thresholds.

m The Scalability Challenge: Future observatories demand massively multiplexed
detector arrays with large target masses.
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Cosmic Neutrino Background Searches

= Absolute Energy Resolution: <50 meV FWHM is required to resolve CvB and neutrino

mass orderings.

= The Pile-Up Issue: Requires nanosecond-scale readout to survive the massive tritium
beta-decay flux without signal overlap.
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Cosmic Neutrino Background Searches

s Parametric Fluorescence proposal: 10 meV sensitivity is required to resolve CvB.
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FIG. 3. A schematic plot of the experimental setup for detecting
By St Ny ‘ v) parameter fluorescence. The target is a solid film with dimensions
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How to Reach meV Threshold?

= Atomic energy gap, eV level threshold, Charge and Light

m Cooper pair energy gap, sub-meV, Phonon
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Superconducting TunnelJunctions (STJs)
Kinetic Inductance Detectors (KIDs / MKIDs)
Transition Edge Sensors (TES)

Nanowire Single-Photon Detectors (SNSPDs)
Qubit-Based Sensors (QPD/QCD)

Table 1: The performance landscape of current mainstream detection architectures.

Detector  Archi- RepresentativeEnergy Reading Com- Temporal Re-
tecture Project Threshold plexity & Scala- sponse
bility
High-Purity Germa- CONUS [14] ~100 eV Moderate Nanoseconds
nium (HPGe)
Skipper-CCD SENSEI [15]1 ~1 eV High (Precision  Milliseconds to
Oscura  [16], multi-sampling) Hours
17
Transition Edge Sen- [PTOLEMY ~100 meV  Extremely High  Microseconds to Mil-
sor (TES) [i] Al- (SQUID  multiplex-  liseconds
iCPT ﬂ12] ing)
Kinetic  Inductance CCAT- ~1 eV Moderate (Fre- Microseconds
Detector (KID) prime (18] quency  multiplex-
ing)
Superconducting QROCODILE  ~100 meV Low Picoseconds
Nanowire (SNSPD) 11 9]
Superconducting "‘Be  Nuclear ~10eV Moderate to High Nanoseconds
Tunnel Junction  Recoil [13] .
(ST) arXiv.2608.08592

impossibletriangle
Sub-meV, ns, and scalability



SuperEM Proposal e

= Superconductor-Coupled Semiconductor Electron-Multiplying Detector
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Key Features:

e Sub-meV threshold and high gain

 Nanosecond level Response, non-thermal equilibrium

* Good Scalability, Compatible with semiconductor processes
* Tunable Quantum Gating via I-Layer bias V

Sub-meV
;
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|
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Architectural Framework (S-I-P-N):

e Superconducting Absorber (S-Layer)

* Quantum Tunneling Barrier (I-Layer)

e Charge Multiplication Region (P-N Junction)
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SuperEM Superconductor Materials

= Superconductor Materials offers a variety of options with energy gaps ranging
from 0.005 meV to 5.8 meV.

Sub-meV.
\ Superconducting Critical Cooper Pair Typical Detector
\ Film Temperature (1) Bandgap (24) Application
Tungsten (W - « ~ 0.015K = 0.005 meV Deep sub-mK TES
phase) (SuperCDMS)
Hafnium (Hf) ~0.1K ~ 0.03 meV Ultra-low threshold
TES
Mo/Au or Mo/Cu Tunable 0.015-0.06 meV  Precision tunable
(Bilayer) (0.05-0.2 K) TES arrays
Titanium (Ti) ~ 04K ~ 0.12 meV MKIDs, low-
threshold TES
Molybdenum (Mo) ~ 09K =~ 0.27 meV Bilayer bases, STls
Aluminum (Al) ~ 12K ~ 0.34 meV MKIDs, Qubits,
MVMb /e' e Phonon trapping
o e p+ Tantalum (Ta) ~ 44K ~ 1.4 meV STJs, Qubit
resonators
: Niobium (Nb =~ 92K = 3.05 meV SQUIDs, STls,
Slgnal _I N++ (el SSSPDS
Niobium Nitride ~ 16.0K ~ 5.8 meV High-speed SNSPDs
(NbN)



SuperEM Extraction Efficiency

u Thinning the superconducting aluminum absorber to 100 nm yields an excellent
macroscopic extraction efficiency of 98.1%

Sub-meV

Efficiency vs. Absorber Thickness (d = 2.0 nm, V;, = 1.5 V)
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SuperEM Extraction Efficiency

= Furthermore, tuning the internal bias and barrier width reveals a broad, feasible
operating zone that avoids dielectric breakdown while maintaining efficiency

Sub-meV.
Macroscopic Extraction Efficiency (7))
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= Undoped Interface & High Field: Immediately forces electrons into vertical drift
preventing lateral diffusion, 295% Drift Survival. . cathode cathode

Sub-meV
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SuperEM Energy Resolution

= Furthermore, tuning the internal bias and barrier width reveals a broad, feasible
operating zone that avoids dielectric breakdown while maintaining efficiency

Sub-meV
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Electron-Multiplying or Carrier Freeze-out

m One of the big questions to answer is whether electrons can drift and multiply
within a semiconductorat a temperature of 10 mK

1

Sub-meV
1L ~e - S

Whether a p-n junction can achieve electron
pr ™ > multiplication at a temperature of 10 mK???
N+ Carrier Freeze-out Effect
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Characterization of SIPM at 10 mK

= A dilution refrigerator test platform, PS+241Am as light source, SensL J 6 mm SiPM
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|-V curve and Breakdown Voltage at 10 mK

= The breakdown voltage displays a non-linear temperature dependence, there is
an inflection point at 50 K, followed by a slow rise.
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= At 10 mK, the SiPM maintains good single photoelectron (SPE) resolution.

= Pulse width undergoes a significant change: as the temperature decreases, it first
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Gain and DCR at 10 mK =

Gain

= Linear relationship between gain and bias voltage remains from room temperature
down to 10 mK, DCR down to 10-3 Hz/mm? at 10 mK, important for rare event search
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Projected LDM & WIMP Sensitivity

= Target: 100 kg Superfluid Helium.

= 1 meV threshold will push DM sensitivity down to the 1 MeV limit.

DM-Nucleon Cross Section o, [cm?]
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PTOLEMY 9 meV Discovery (Normal Ordering)

= Hafnium (Hf) SuperEM: Ultra-low gap ( 0.02 meV) yields a sharp 3.1 meV FWHM

resolution at 100 meV.

m Zero Pile-up: Nanosecond response isolate the CvB signal from the beta-decay endpoint.

Event Rate [Counts / year / meV]
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PTOLEMY CvB Discovery Sensitivity

= Background-free performance accelerates the CvB discovery timeline.

= 5 sigma Discovery: Achieved in just 8 months.

Statistical Significance [o]
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Reactor CEVNS Detection

= Unlocks access to observable signals orders of magnitude larger than current
detectors.

Observable Reactor Neutrino CEvNS Recoil Spectrum
100 kg Mass Comparison Truncated at Current Physical Thresholds
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True Muclear Recoil (NR) Threshold References (Accounting for Quenching):

[1] Ge (0.8 keWnr): Derived from 160 eVee jonization threshold, H. Jiang et al, (CDEX), Phys. Rev. Lett, 120, 241301 (2018).
[2] Csl {0.5 keVnr): Cryogenic scintillation readout threshold. Eur. Phys. J. C (2024) 84:440.

[3] LXe (~1 keVnr): |. Aalbers et al, (LZ Collaboration), Phys, Rev. Lett. 129, 161801 (2022).

[4] LAr {~3 keVnr): Derived from 0.6 keVee. P. Agnes et al. (DarkSide Collaboration}, Phys. Rev. Lett. 121, 081307 (2018).
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Reactor CEVNS Sensitivity

= Enablesa 10 kgmin scale CEVNS detector.

CEVNS Physical Sensitivity vs. Exposure
Corrected for True Nuclear Recoil Thresholds and Backgrounds
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Radioactive Background References (Integrated ROI):
[1] CaWO4 (~0.15 ev/kg/d): A. Minster et al. (CRESST Collaboration), JCAP 05, 018 (2014).

[2] Ge (~2.5 ev/kg/d): H. Jiang et al. (CDEX Collaboration), Phys. Rev. Lett. 120, 241301 (2018).

[3] Csl (~2.5 ev/kg/d): Background derived from KIMS. S. C. Kim et al. (KIMS Collaboration), Phys. Rev. Lett. 108, 181301 (2012).

[4] LXe (~0.001 ev/kg/d): ). Aalbers et al. (LZ Collaboration), Phys. Rev. Lett. 129, 161801 (2022).

[5]1 LAr (~1.5 ev/kg/d}): P. Agnes et al. (DarkSide Collaboration), Phys. Rev. Lett. 121, 081307 (2018).



Reactor CEVNS Sensitivity

= Enablesa 10 ka.min scale CEVNS detector.

Required 50 Exposure vs. Background Rate
CaWO4 Target (4 GW Reactor, 40 m Baseline, 1 meV Threshold)
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Other Potential Applications

= CMB-B mode searches, photon counting mode

e 160 GHz~0.66 meV,
e 0.01 Hz/mm2~10-23 W/Hz2
e 150-170 GHz, ~227 photons/ns/cm?

= THz photon detector
e 1THz~4.1 meV
= Quantum computing real-time error correction

e ns response, anticoincidence detector

25



sSummary =

The SuperEM Architecture: A novel detector featuring sub-meV
thresholds, nanosecond response times, and massive scalability.

Theoretical framework: Detector mechanism analysis and simulation
show that the detector architecture is feasible.

Empirical Milestone: SIPM avalanche amplification has been
successfully verified at 10 mK.

Physics Impact: Redefine the limits of Dark Matter, CvB, CEVNS
experiments and have other potential applications.

Current Status: A fully integrated SuperEM prototype is in design for
fabrication.
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