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Generated Event vs. Naturally Occurring Rare Event

Physics Target Detector
High-Energy Particle Beam @ \a)
600 million collisions per second ﬁl!:ﬁé

Neutrino Beam
Billions of neutrinos per second

Neutrinoless Double-Beta Decay (NLDBD)

Hypothetical radioactive decay

Dark Matter (DM)

Constitute ~85% of mass in our universe




Physics in Rare Event Search

Neutrinoless Double-Beta Decay (NLDBD) Dark Matiter (DM)

AL = 2 lepton number violation process Strong astrophysical evidence, no observation on earth
Prove that neutrinos are Majorana particle We don't know which particle makes up dark matter:
Explain the matter-antimatter asymmetry in our universe *Heavy, particle-ike DM candidate: WIMP
eLight, wave-like DM candidate: Axion
26 _
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Why hasn’t we observed anything in Rare Event Search?
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It is exiremely rare! Using NLDBD as an example...
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« We have not seen NLDBD at half life of T% > 10%%yrs ;|

« Next-generation experiments typically aims at T% > 10%°yrs

ts /keV / (10t

* Correspond to 3-4 event after 10 years of data taking L

1000 Simulated example spectrum

om 10 years of data N LDBD

T1/2 = 1023 yr
3-4 events
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It is exiremely rare! Using NLDBD as an example...

« We have not seen NLDBD at half life of T% > 1026yrs

« Next-generation experiments typically aims at T% > 10°%yrs

* Correspond to 3-4 event after 10 years of data taking

of background events

Why hasn’t we observed anything in Rare Event Search?

LEGEND-1000 Simulated example spectrum

after cuts, from 10 years of data

cts /keV /(10 ton

NLDBD

T1/2 = 1028 yr
3-4 events

Search for needle in a haystack

o] eventevery 2.5-3.3 year
* need ultra-sensitive radiation detector to capture every event
* As our radiation detector gets more sensitive, we inevitably collect lots
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The Rare Event Search Pipeline

WIMP-nucleon cross section [pb]
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The Rare Event Search Pipeline

Radiation Detector

The “magnifying glass” that
help finding the needle
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The Rare Event Search Pipeline
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Radiation Detector

The “magnifying glass” that
help finding the needle

Al/ML

The “forklift” that help
removing the haystack

WIMP-nucleon cross section [cm*
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Physics in Rare Event Search

Neutrinoless Double-Beta Decay (NLDBD)

AL = 2 lepton number violation process
Prove that neutrinos are Majorana particle

Explain the matter-antimatter asymmetry in our universe

Has not been observed at T% > 10?%yrs
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Spatiotemporal Data

A time series of 2D images, projected onto
sphere (A spherical video)

Photomultiplier Tube
Detect photon

Xenon Loading
Load 136Xe which could W W

T potentially undergo NLDBD

Liquid Scintillator ///// /////6’

Generate many isotropic
photon




KamNet: An Integrated Spatiotemporal Neural Network

A time series of images projected onto Sphere

Spatiotemporal Data
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KamNet
l[dentifying Ov[3B signal in
KamLAND-Zen

Spherical CNN

SO(3) symmetry & rotational equivariance

[28, 38, 38]
l AttentionConvLSTM + Pooling
[22, 38, 38]

l S2_Conv + RelLU + Drop

[36, 28, 28, 28]

l SO3_Conv + RelLU + Drop

[63, 20, 20, 20]
SO3_Conv + reLU +Drop

[74, 12, 12, 12]

N Y SO3_Conv + RelLU

[128, 4, 4, 4]
SO3_Integrate

A. Li et al, Y
Phys. Rev. C 107, 014323 (2023) | |



v
- Signal are strictly single-vertex events £
» All energy deposited almost immediately 7§
T 0.06
=
T O
€ Less than a few y %\y = 0.04-
ns later ... %
3 0.00

- Most backgrounds are closely-spaced multi-vertex events
. part of event energy is deposited by cascading ys that slightly alter

The Physics Behind KamNet

\e 0.14
0.10

event topology

f/

KamNet captures this tiny alteration in event topology to
efficiently reject most backgrounds in KamLAND-Zen!

11214B| Attention Score

—-20 —-10 0
Hit Time [ns]

10 20

High Attention: Important

\\

High Attention

Low Attention



KamNet-enabled New Result

Exposure Before KamNet:
970 kg-yr

Integrated Spatiotemporal Neural

Network

[28, 38, 38]
l AttentionConvLSTM + Pooling
[22, 38, 38]

l S2_Conv + RelLU + Drop
[36, 28, 28, 28]

l S0O3_Conv + RelLU + Drop
[63, 20, 20, 20]
SO3_Conv + reLU +Drop

[74, 12, 12, 12]

[128, 4, 4, 4]
SO3_Integrate

l S0O3_Conv + RelLU
()

l FC + Sigmoid

X [1,]

KamLAND-Zen Collaboration
Phys. Rev. Lett. 130, 051801

A. Liet al,
Phys. Rev. C 107, 014323 (2023)

Exposure After KamNet:
+17.7%
1142 kg-yr ’




KamLAND-Zen Collaboration
Phys. Rev. Lett. 130, 051801

KamNet-enabled New Result Y

Phys. Rev. C 107, 014323 (2023)

Exposure Before KamNet: Integrated Spatiotemporal Neural Exposure After KamNet:
Network +17.7%
970 kg-yr 1142 kg-yr
l AttentionConvLSTM + Pooling
l S2_Conv + RelLU + Drop
Apply KamNet to High-Background | 30,20, 26,20 Official KamLAND-Zen 800 Limit:
Period Only: i 5.0 0 T2 > 2.0 x 10%yr (90 % C . L.)
l SO3_Conv + reLU +Drop
® Conscy oo KLZ Combined Official Limit:
® \/eto critical backgrounds that passes (128, 4,4, 4 ovss o
all traditional methods r,,">23x10%yr (90 % C.L.)

This is the first search for Majorana
neutrino in the inverted ordering region!

l FC + Sigmoid

X [1,]



KamLAND-Zen Collaboration
Phys. Rev. Lett. 130, 051801

KamNet-enabled New Result Y

Phys. Rev. C 107, 014323 (2023)

Exposure Before KamNet: Integrated Spatiotemporal Neural Exposure After KamNet:
Network +17.7%

970 kg-yr 1142 kg-yr

l AttentionConvLSTM + Pooling

[22, 38, 38]

l S2_Conv + RelLU + Drop

Apply KamNet to High-Background | ez Official KamLAND-Zen 800 Limit:
Period Only: T > 2.0 % 10%yr (90%C.L.)
l SO3_Conv + reLU +Drop
® Conscy oo KLZ Combined Official Limit:
® \/eto critical backgrounds that passes (128, 4,4, 4 ovis o
all traditional methods 1,7 > 2.3x10%yr (90 % C .L.)
(1080, ]
Sl [ /T e This is the first search for Majorana
LECL L L) 1T ) [864,] . . . o .
%&“52’2&’%’ neutrino in the inverted ordering region!

54 7
N

N
]

A\ 7
Official KamLAND-Zen 800 Limit: o Apply KamNet to All Data:

Y7 >2.0x10%yr (90%C.L.) | oo TP > 2.7%x10%yr (90%C.L.) +35%



D. Radford B. Bos

LEG E N D Thursday Plenary: Advanced Materials, Double Beta Decay
Geology, Advanced Data Analysis Parallel Session
Tonne-Scale Germanium Detector Experiment for NLDBD Search
Semiconductor Detector made with 76Ge Waveform Pulse Shape Parameter
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D. Radford B. Bos

LEG E N D Thursday Plenary: Advanced Materials, Double Beta Decay
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LEG E N D Thursday Plenary: Advanced Materials, Double Beta Decay
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D. Radford B. Bos

LEG E N D Thursday Plenary: Advanced Materials, Double Beta Decay
Geology, Advanced Data Analysis Parallel Session
Tonne-Scale Germanium Detector Experiment for NLDBD Search
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LEG E N D Thursday Plenary: Advanced Materials, Double Beta Decay
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D. Radford B. Bos

LEG E N D Thursday Plenary: Advanced Materials, Double Beta Decay
Geology, Advanced Data Analysis Parallel Session
Tonne-Scale Germanium Detector Experiment for NLDBD Search
Semiconductor Detector made with 76Ge Waveform Pulse Shape Parameter
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D. Radford B. Bos

LEG E N D Thursday Plenary: Advanced Materials, Double Beta Decay
Geology, Advanced Data Analysis Parallel Session
Tonne-Scale Germanium Detector Experiment for NLDBD Search
Semiconductor Detector made with 76Ge Waveform Pulse Shape Parameter
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Germanium Machine Learning (GeM) Group

Leverage efficient and interpretable Al to aid all aspects of LEGEND analysis and simulation
Leverage resources to educate domestic and international collaborators to gain Al experience

- Completed Project
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/ Fitting

- —*

Reconstruction
/

\%\ Detector
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Germanium Machine Learning (GeM) Group

=] \\ Leverage efficient and interpretable Al to aid all aspects of LEGEND analysis and simulation
Leverage resources to educate domestic and international collaborators to gain Al experience

Completed Project \%\ E. Leon Autonomous Data Cleaning and Run Monitor

N2
. (N

/’\

| | .
Ongoing/Future Project Data Cleaning =% T. Ye GAN denoising \%\ T. Oli LBM Network PSA

'
Data Quality \f\ A. Li, H. Nachman Interpretable BDT
~ Wy

—%<— M. Babciz Transformer-based background rejection
SpecTLum
Fitting

Background

“A. Li Develop LEGEND Baseline Model (LBM)

| A. Alexander LBM Dead Layer Fitting

~;\\t/é~ K. Kilgus, A. Li Enhance LBM with Feature Importance Supervision \*/\/

/'\ | ,
\*\ L. Paudel LBM Pileup Waveform Classification

Reconstruction
/ \%\ R. Pitelka L BM Position Reconstruction
l
\f\ DETeCTorn . a.Li, K. Bhimani Cyclic Positional U-Net
Response I’
MC Simulation

\%\ N. Zareskii GAN Waveform Simulation
l

N2 . -
KA. Shuetz Neutron Moderator Design Emulation

12



CPU-Net: Translate Simulation to Data

Ad-hoc Pulse Shape Simulation using Cyclic Positional U-Net

Unpalred TranSIatIOn Wlth CyCIGGAN A. Li et al. NeurlPS 22 ML4PS Workshop Outstanding Paper

Updated Manuscript Under Preparation
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CPU-Net: Translate Simulation to Data

Ad-hoc Pulse Shape Simulation using Cyclic Positional U-Net

Unpalred TranSIatIOn Wlth CyCIGGAN A. Li et al. NeurlPS 22 ML4PS Workshop Outstanding Paper

Updated Manuscript Under Preparation
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Physics in Rare Event Search

Strong astrophysical evidence, no observation on earth

We don’t know which particle makes up dark matter:
eHeavy, particle-like DM candidate: WIMP
eLight, wave-like DM candidate: Axion

WIMP has not been observed at ¢ < 10_4761%2

DARK MATTER

- 26%

. 1" " DARK ENERGY
; 3 69% i




2-Phase Liquid Xenon Time Projection Chamber for WIMP DM Search

— ionization electrons
N UV scintillation photons (~175 nm)

Drift time
indicates depth

<l

Spatiotemporal Data

A 2D flat video
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TextCNN for High Energy Background Rejection

Background rejection based solely on the waveforms
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TextCNN for High Energy Background Rejection

Background rejection based solely on the waveforms
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Assign score of 0.5 when encounter hard-
to-classify low energy events



TextCNN for High Energy Background Rejection

Background rejection based solely on the waveforms

| Electron (Test Set) Gamma (Test Set) — ROC curve (AUC = 0.851)

e CES > 500 keV Lo}
3000 N 3000 - ‘
0.8F
2000 ®
n
+ 2500 42
= Gt 8 bl A O | <
0 o 0.6
o 2000 ¢ 2
) ) ) 1 =
3 } S
< 1500 | A 0.4
: E
Z | z
1000 ‘
0.2 "y . " :
B p 62.33% BKG Rejection
500 - P @ 90% Signal Acceptance
//
L 0.0
03,0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
TextCNN Score False Positive Rdte

Faithful Decision

Assign score of 0.5 when encounter hard-
to-classify low energy events

Powerful Background Suppression

Generalizable to multiple background types based on
KamLAND-Zen’s experience
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TextCNN for High Energy Background Rejection

Background rejection based solely on the waveforms
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Al for  ABRACANABRA.

ABRACADABRA Data Release

( )

\_ _/

Long Time Series Data Release from Broadband
Axion Dark Matter Experiment
J. T. Fry et al, NeurlPS 2023 ML4PS

New Manuscript Under Preparation
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How Could Al Shape the Future of Rare Event Search?

Experimental Data Release

Your data is valuable even outside
physics!

Self-Supervised Learning

Don’t teach physics to the machine, let
physics reveal itself!

Fast Machine Learning at Edge

Pushing Al to your DAQ board for real-time
physics information!




Rare Event Search Data Release

MAJORANA DEMONSTRATOR

Release calibration data and analysis
label for Al/ML Benchmarking and
training students

Majorana Demonstrator Data Release for Al/ML Applications

I.). Arnquist, F.T. Avignone lll, A.S. Barabash, C.J. Barton, K.H. Bhimani, E. Blalock, B. Bos, M. Busch, M. Buuck, T.S. Caldwell, Y.-D. Chan, C.D.
Christofferson, P.-H. Chu, M.L. Clark, C. Cuesta, J.A. Detwiler, Yu. Efremenko, H. Ejiri, S.R. Elliott, N. Fuad, G.K. Giovanetti, M.P. Green, J. Gruszko, I.S
Guinn, V.E. Guiseppe, C.R. Haufe, R. Henning, D. Hervas Aguilar, EW. Hoppe, A. Hostiuc, M.F. Kidd, I. Kim, R.T. Kouzes, T.E. Lannen V, A. Li, J.M.
Lopez-Castano, R.D. Martin, R. Massarczyk, S.J. Meijer, S. Mertens, T.K. Oli, L.S. Paudel, W. Pettus, A.\W.P. Poon, B. Quenallata, D.C. Radford, A.L.
Reine, K. Rielage, N.W. Ruof, D.C. Schaper, S.J. Schleich, D. Tedeschi, R.L. Varner, S. Vasilyev, S.L. Watkins, J.F. Wilkerson, C. Wiseman, W. Xu, C.-H.
Yu, B.X. Zhu

The enclosed data release consists of a subset of the calibration data from the Majorana Demonstrator experiment. Each Majorana event is accompanied by raw
Germanium detector waveforms, pulse shape discrimination cuts, and calibrated final energies, all shared in an HDFS5 file format along with relevant metadata.
This release is specifically designed to support the training and testing of Artificial Intelligence (Al) and Machine Learning (ML) algorithms upon our data. This
document is structured as follows. Section | provides an overview of the dataset's content and format; Section Il outlines the location of this dataset and the
method for accessing it; Section Il presents the NPML Machine Learning Challenge associated with this dataset; Section IV contains a disclaimer from the
Majorana collaboration regarding the use of this dataset; Appendix A contains technical details of this data release. Please direct questions about the material
orovided within this release to liaobo77@ucsd.edu (A. Li.

MAJORANA Collaboration, ArXiv: 2308.10856

394 204

® VIEWS 3 DOWNLOADS

» Show more details




Rare Event Search Data Release

Majorana Demonstrator Data Release for Al/ML Applications
I.). Arnquist, F.T. Avignone lll, A.S. Barabash, C.J. Barton, K.H. Bhimani, E. Blalock, B. Bos, M. Busch, M. Buuck, T.S. Caldwell, Y.-D. Chan, C.D.
M AJ O RA N A D E M O N ST RATO R Christofferson, P.-H. Chu, M.L. Clark, C. Cuesta, J.A. Detwiler, Yu. Efremenko, H. Ejiri, S.R. Elliott, N. Fuad, G.K. Giovanetti, M.P. Green, J. Gruszko, 1.5
Guinn, V.E. Guiseppe, C.R. Haufe, R. Henning, D. Hervas Aguilar, EW. Hoppe, A. Hostiuc, M.F. Kidd, I. Kim, R.T. Kouzes, T.E. Lannen V, A. Li, J.M. 394 204
Lopez-Castano, R.D. Martin, R. Massarczyk, S.J. Meijer, S. Mertens, T.K. Oli, L.S. Paudel, W. Pettus, A.\W.P. Poon, B. Quenallata, D.C. Radford, A.L.

Re | ea Se Ca | i b ra t i O n d ata a n d a n a |yS i S szi'n;,xl'(.zl:i:lage, N.W. Ruof, D.C. Schaper, S.J. Schleich, D. Tedeschi, R.L. Varner, S. Vasilyev, S.L. Watkins, J.F. Wilkerson, C. Wiseman, W. Xu, C.-H. @ VIEWS -‘a DOWNLOADS

5 The enclosed data release consists of a subset of the calibration data from the Majorana Demonstrator experiment. Each Majorana event is accompanied by raw
| a b e | fo r A I/ M L B e n C h m a r kl n a n d Cermanium detector waveforms, pulse shape discrimination cuts, and calibrated final energies, all shared in an HDFS5 file format along with relevant metadata. b ShOW more detal |S
g This release is specifically designed to support the training and testing of Artificial Intelligence (Al) and Machine Learning (ML) algorithms upon our data. This
document is structured as follows. Section | provides an overview of the dataset's content and format; Section Il outlines the location of this dataset and the
method for accessing it; Section Il presents the NPML Machine Learning Challenge associated with this dataset; Section IV contains a disclaimer from the

o [ ]
t ra I n I n g St u d e n tS Majorana collaboration regarding the use of this dataset; Appendix A contains technical details of this data release. Please direct questions about the material

orovided within this release to liaobo77@ucsd.edu (A. Li.

MAJORANA Collaboration, ArXiv: 2308.10856

ABRACADABRA Long Time Series Data Release from Broadband Axion

Release data and analysis pipeline to allow Dark Matter Experiment
direct production of Axion DM search result.

Long Time Series Data Release from Broadband Axion Dark Matter Experiment
J. T. Fry et al, NeurlPS 2023 ML4PS
New Manuscript Under Preparation
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Learn a physics-embedded repres?ntation without label
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Self-Supervised Learning for LEGEND

Learn a physics-embedded representation without label

Fig. A—D: the length of the “band” is the time it takes for waveforms to reach maximum
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Learn a physics-embedded representation without label

Self-Superv

the length of the “band” is the time it takes for waveforms to reach maximum
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Self-Supervised Learning for LEGEND

Learn a physics-embedded representation without label
Fig. A—D: the length of the “band” is the time it takes for waveforms to reach maximum
Fig. D vs. Fig E: the width of the “band” represents the number of steps in waveforms

Fig. F: the “ring island” are slow-rounded-top waveforms caused by passivated surface
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Fast Machine Learning at Edge

Widely adopted in LHC, new to rare event search experiments
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Fast Machine Learning at Edge

Widely adopted in LHC, new to rare event search experiments
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Summary

“Al/ML has shaped rare event search, it’s an accelerator
for new physics results.”

« KamLAND-Zen: KamNet
« LEGEND: Germanium Machine Learning
« XENONNT: TextCNN for Background Rejection

. ABRACA‘DABRA: Time Series Denoising
\ 1/

“It will continue to evolve and foster discovery In
next-generation experiments”

 EXxperimental Data Release
o Self-Supervised Learning

 Fast Machine Learning at Edge

Al for Rare Lab: _https://aobol.github.io/AoboLi/
Email: aol002@ucsd.edu



https://aobol.github.io/AoboLi/
mailto:aol002@ucsd.edu

