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Neutrino Mass with Precision Beta Spectroscopy

Neutrino mass can be measured directly through tritium beta
decay: Energy carried away by the neutrino distorts the
endpoint of the tritium beta decay energy spectrum.
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keV-scale low-energy experiment, sub-ppm precision
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CRES Signals

Electron undergoes cyclotron and axial motion inside a magnetic trap.
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CRES Signals

Electron undergoes cyclotron and axial motion inside a magnetic trap.
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Standard reconstruction algorithm
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Reconstruction with State Space Model
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e Time series-based reconstruction.
e Goals: 0.3 eV energy resolution, with

efficiency as high as possible. —
e Generalization: address all downstream Kinetic
needs (reconstruction, triggering, energy

scattering) with one algorithm.
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Why State-Space Models

e Our implementation has computational and memory
complexity of O(L). Linear scaling with long context!

e More see recently accepted NeurIPS paper: PhyTS: A
Benchmark for Scientific Time Series

e Small model (~600k) for long sample size, FPGA hardware

friendly
Window size Samples in window Transformer 1 Our SSM recurrent
attention head state memory
memory needed needed

102us 40 960 6.7 GB 0.4 MB
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Training dataset

Yao Yin

~100 k high-fidelity simulations of
realistic cavity CRES signals.

Flat in energy around Tritium endpoint
18.5 - 18.7 keV. Uniform distributions in
other observables

Signal ~0.4 ms, corresponding to 163
840 samples — only 40 960 used for
training and inference (102us).

No pileup or scattering, all signals
startatt=0s.

No noise; gaussian noise model added
to I/Q during training.
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Model Architecture
time series (noisy) Denoiser time series (denoised) Regressor M; .
| e N | e p E i
MMQ AN / \} < reconstructed energy
E Q '
Wy ey A
——> \ J - > \ y, i
time time -

reconstructed pitch angle

S4D, input dimension = 2, model dimension = 128, 6
layers, no dropout

~300k trainable parameters, mirrored between
denoiser and regressor (total ~600k)
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Model Architecture
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Model Architecture
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Model Architecture

time series (noisy) Denoiser time series (denoised) Regressor M '

| - \ A
N i "‘.. Wﬂ “,Mw W ' :

Q N l . .</ N reconstructed energy

Q
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time time
| reconstructed pitch angle
g 2 - |
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Gaussian Negative Log Likelihood LN = B Z = + log o},
B k

Allow us to reconstruct per-event mean + uncertainty
for each observable (e.g. KE)
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Electron Energy Reconstruction Performance
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Electron Energy Reconstruction Performance

100} 1 e Compared with standard algorithm with
identical test conditions.
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Electron Energy Reconstruction Performance
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SSM single window

Compared with standard algorithm
with identical test conditions.

+50% recovered events at target
resolution.

Same resolution achieved with only
Ys of the data available to the
standard algorithm — 1.9x lower
SNR.
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SSM single window

Compared with standard algorithm with identical
test conditions.

+50% recovered events at target resolution.

Same resolution achieved with only % of the data
available to the standard algorithm — 1.9x lower
SNR.

Lower SNR Physics impact: possible
to increase tritium gas density,
thereby increasing event rate &
sensitivity
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Electron Energy Reconstruction Performance
A - 1 e Compared with standard algorithm with identical
test conditions.
350 F 1 e +50% recovered events at target resolution.
< 00| | e Same resolution achieved with only % of the data
- available to the standard algorithm — 1.9x lower
g 250 - -1 SN R.
— . e Lower SNR Physics impact: possible to increase
22007 PrOjeCT 8 I tritium gas density, thereby increasing event rate
é 150 .. A & sensitivity
Pl’ellmln y e Computational effort (~10k events):
100 F .
o Standard algorithm: ~1hour (CPU)
50 . Our work: ~7.5mins (RTX 5000 GPU)
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SSM as an event trigger

Trigger on a sudden decrease in reconstructed uncertainty.
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SSM as an event trigger
Trigger on a sudden decrease in reconstructed uncertainty.
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SSM as an event trigger

Trigger on a sudden decrease in reconstructed uncertainty.
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Performance & Application in

Intro fo Project 8 Why SSM? Architecture & Training DAQ Chain Conclusion
SSM as an event trigger
Trigger on a sudden decrease in reconstructed uncertainty.
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Intro to Project 8

Why SSM?

Performance & Application in

Comparison with classical trigger

e Classical Frequency
Mask Trigger (FMT)
triggers on frequency
bin’s power exceeding

a threshold

e Model never trained
on noise-only records!
— out-of-distribution
generalization!

Yao Yin - CPAD Conference - 10/21/2026
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Architecture & Training DAQ Chain Conclusion
data reduction (%)
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—
—

_——’

Project 8
Preliminary
= = (Current classical frequency mask trigger
SSM, 20 ups window
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Performance & Application in

Intro fo Project 8 Why SSM? Architecture & Training DAQ Chain Conclusion
Comparison with classical trigger
. data reduction (%)
° CIGSS'CqI Frequency 99.98 99.9 99 95 90
MCISk Trlgger (FMT) 100 Continuous data stream with 2000 Events _
—
'rr.lg’gers on frequen.cy \m’r’rer _
bin’s power exceeding 0.98l —— [ —
a threshold g =T
45 _-——_’—’
e Model never trained ;0,96. -------- -
on noise-only records! = PI‘OjeCT 8
— out-of-distribution 8 . .
. . 0.94;
generalization! = Preliminary
R - = = (Current classical frequency mask trigger
e 61lus and 102us SSMs 0.92f SSM, 20 ps window
demands on GPU too —— SSM, 61 ps window } *
high to be ran as a —— SSM, 102 ps window

0.90

10°° 102 10!
false positive rate

Level-1 trigger
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Intro fo Project 8 Why SSM?

Comparison with classical trigger

e Classical Frequency Mask
Trigger (FMT) triggers on
frequency bin’s power
exceeding a threshold

e Model never trained on
noise-only records!
— out-of-distribution
generalization!

e 6luysand 102us SSMs’
demands on GPU too high to
be ran as a Level-1 trigger

e Work in Progress: implement it
as a high-level trigger after
the FMT

e *SSM with classical event
builder, not pure SSM!

Yao Yin - CPAD Conference - 10/21/2026

Performance & Application in

false positive rate

Architecture & Training DAQ Chain Conclusion
data reduction (%)
99.98 99.9 99 95 90
100 Continuous data stream with 2000 Events _
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Intro fo Project 8 Why SSM?

Work In Progress:

Performance & Application in
DAQ Chain

Path to SSM online

Architecture & Training

triggering and reconstruction

SSM on 1 H200 GPU, batch 256, input data rate 403MHz:

Throughput

Classical FMT Real time,
(for comparison only, 403 MHz
NOT on GPU)

SSM 20us window ~7.9 MHz

SSM 61us window ~2.3 MHz

SSM 102us window ~1.2 MHz

Data reduction rate
needed from Level-1
Trigger to be real time on
1 H200

N/A (this is the L-1
Trigger)
~98%

~99.4%

Yao Yin - CPAD Conference - 10/21/2026

Conclusion
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Intro to Project 8

Why SSM?

Architecture & Training

Performance & Application in
DAQ Chain

Conclusion

Work In Progress: Path to SSM online
triggering and reconstruction

SSM on 1 H200 GPU, batch 256, input data rate 403MHz:

Classical FMT

(for comparison only,
NOT on GPU)

SSM 20us window

SSM 61us window

SSM 102us window

Yao Yin - CPAD Conference - 10/21/2026

Data reduction rate
Throughput needed from Level-1

Trigger to be real time on

1 H200
Real time, N/A (this is the L-1
403 MHz Trigger)
~7.9 MHz ~98%
~2.3 MHz ~99.4%

~1.2 MHz

One model can double
as High-level trigger +
online energy
reconstruction after the
classical trigger!

Small model size
suitable for dedicated
FPGA: 2.4 MB in FP32,
(not yet quantized) —
Weights and state fits in
on-chip memory. Work
in Progress!
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Intro fo Project 8 Why SSM?

SSM task-specific heads

e Foundation model
can be generalized
with specialized
task heads trained
on top of it - e.g.
detect when a
scatter happens in
its window

Yao Yin - CPAD Conference - 10/21/2026

frequency (MHz)

recon. E (eV)

true — recon.
E (eV)

Architecture & Training

Performance & Application in
DAQ Chain

Conclusion

T T T
18700 KP) +10 (predicted) —e~ reconstructed E ---

18650

T
True

L ™

E 1

time (ms)

kinetic energy (eV)

-102.5

—-105.0

-107.5

-110.0

PSD (dB)

-112.5
-115.0
-117.5

-120.0

38



Intro to Project 8

Why SSM?

SSM task-specific heads

Foundation model
can be generalized
with specialized
task heads trained
on top of it - e.qg.
detect when a
scatter happens in
its window
Electrons scatter
due to collisions
with gas molecules
in our apparatus

Yao Yin - CPAD Conference - 10/21/2026

frequency (MHz)

recon. E (eV)

true — recon.
E (eV)

Architecture & Training

Performance & Application in
DAQ Chain

Conclusion

T T T
18700 KP) +10 (predicted) —e~ reconstructed E ---

18650

True E |

L ™

time (ms)

kinetic energy (eV)

-102.5

—-105.0

-107.5

-110.0

PSD (dB)

-112.5
-115.0
-117.5

-120.0
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Intro to Project 8

Why SSM? Architecture & Training

SSM task-specific heads

e Foundation model can
be generalized with
specialized task
heads trained on top
of it - e.g. detect when
a scatter happens in
its window

e Electrons scatter due =
to collisions with gas - v
. = L
molecules in our g Ldeol
(<]
o 1

apparatus

e Currently, classical
algorithm cannot yet
reconstruct events
with scattering

true — recon.

Yao Yin - CPAD Conference - 10/21/2026

frequency (MHz)

E (eV)

Performance & Application in
DAQ Chain

Project 8 Preliminary

Conclusion
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Performance & Application in
DAQ Chain

Work In Progress: SSM in the DAQ Chain

Intro to Project 8 why SSM? Architecture & Training Conclusion

. FMT Level-1 .
Raw I/Q tlme- Trigger Classical energy
series Reduce data rate for reconstruction
SSM Trigger
Possible inputs to‘classical Cross check
algorithm ’
SSM trigger Sl GELLY
scatter Electron Energy
detector

\§

One model!
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Performance & Application in

DAQ Chain Conclusion

Intro fo Project 8 Why SSM? Architecture & Training

Conclusion

e Demonstrated SSM architecture on Project 8 signal. Architecture
generalizable to different sensors and physics experiments
dealing with time series (See NeurlPs paper)

Yao Yin - CPAD Conference - 10/21/2026
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https://neurips.cc/virtual/2026/loc/sydney/poster/139305

Conclusion

e Improvement in both reconstruction efficiency & resolution
with a small network
o Size suitable for FPGA implementations

Yao Yin - CPAD Conference - 10/21/2026
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https://neurips.cc/virtual/2026/loc/sydney/poster/139305

Conclusion

e Reconstructed uncertainty as tuning: no hand-tuned power or
frequency cuts during triggering or analysis steps

Yao Yin - CPAD Conference - 10/21/2026
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https://neurips.cc/virtual/2026/loc/sydney/poster/139305

Conclusion

e Foundation model generalizable to many downstream tasks:
trigger, scatter identification, and reconstruction
o Demonstrated task-specific detector heads for

early-scatter detection
o Potential to reuse parts of network to save memory and

compute for variety of tasks
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https://neurips.cc/virtual/2026/loc/sydney/poster/139305

Conclusion

e Computational efficient: fast inference on a single GPU for offline
reconstruction
o WIP: Full online triggering paired with classical trigger

Yao Yin - CPAD Conference - 10/21/2026
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https://neurips.cc/virtual/2026/loc/sydney/poster/139305
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e Demonstrated SSM architecture on Project 8 signal.
Architecture generalizable to different sensors and
physics problems dealing with time series (See NeurlIPs
paper)

e Improvement in both reconstruction efficiency &
resolution with a small network

o  Size suitable for FPGA implementations

e Reconstructed uncertainty as tuning: no hand-tuned
power or frequency cuts during friggering or analysis steps

e Foundation model generalizable to many downstream
tasks: trigger, scatter identification, and
reconstruction

o Demonstrated task-specific detector heads for
early-scatter detection

o Potential to reuse parts of network to save memory
and compute for variety of tasks

e Computational efficient: fast inference on a single GPU for
offline reconstruction

o  WIP: Full online triggering paired with classical
trigger

-
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Uncertainty Calibration

e Pull distribution follow N(0,1) — can be used
as tuning parameter and replace manual
efficiency cuts.

e We can choose a final resolution and define
an uncertainty threshold to cut out events
with high error.

etrue - 02
pull, = —me 7%
gi
energy pitch angle
T T ! T T T T T T T
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Signal-to-noise ratio comparison

e Signal-to-Noise ratio (SNR) defined per event as the ratio of summed
signal power to noise power in the entire analysis window (5 or 20 bins)

o longer analysis window has larger SNR
SNR distribution of reconstructed events

100

e Average input SNR: : — Standard Algorithm
o Standard algorithm: 73 250} — e
o SSM: 38 _ 200

e Same resolution at factor =1.9 %150‘-
lower SNR g

e Physics impact:
increase of gas density :
possible?! ol

50

0 20 40 60 80 100
SNR
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