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Introduction

Briefly explain recent applications of ML to analyses at Super-Kamiokande
(SK) and perhaps give a few words about future prospects

In general, SK has relied on zeroth-generation (?) techniques for separation of
signals and backgrounds
Primarily TMVA-based neural networks, single-classifier problems

Some exploration of other models, but no public results yet
In principle particle 1dentification and kinematic reconstruction can also be
done with ML
C.F. WatChMal .org

Topics
Tau Neutrino Appearance [~GeV]
Neutron Tagging [~MeV ]
Multi-Ring event classification
Boosted Dark Matter [~GeV]
Nucleon Decay Searches [~GeV]
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http://WatChMaL.org

Super-Kamiokande:

= 22.5 kton fiducial volume
= Optically separated into
= Inner Detector 11,146 20 PMTs
= Outer Detector 1885 8 PMTs
= No net electric or magnetic fields
= Excellent PID between showering (e-like) and
non-showering (u-like)
=—PMT hit pattern, timing, charges
= < 1% MIS ID at 1 GeV
= Multipurpose physics

Four Run Periods:

SK-I (1996-2001) SK-II (2003-2005)

SK-III (2005-2008) SK-IV (2008-2018)

SK-V (2019-2020) SK-VI (2020-2022) [0.01% Gd]

At ~ 200 us

Upgrade Complete Now operating as (SK-Gd)



The Fundamental Problem :

Outer detector
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No (3+1)-dimensional track information
All particle parameters estimated from (2+1) projection of (3+1) info.
Overlapping particles confuse the reconstruction algorithm



The Fundamental Problem :

Reconstructed electron ring
* Suﬁer Komlokondeik

RUN 1742
EVENT 604
DATE 96—Ma¥—31
TIME 4:32:18
TOT PE: 155.9
MAX PE: 6.8
NMHIT : 116
ANT-PE: 74 .8
ANT-MX: 8.5
NMHITA: 22

o

Noise hits —

[*]

DIR:-0.86,-0.14, O 0 RunMODE : NORMAL
X: 963.1cm TRG ID :00000011
Y: -895.2cm T diff.:0.251E+06
Z: -375.7cm \ : 251. ‘
R: 1314.9cm | FSCC:
NHIT: 48 ‘ ° j TDCO: -1117.8
good: 0.69 thr. : 0.

AD ch no mask

% SUB EV o/

When energy deposition is small, competition between signal hits and noise



Searching for v_: Prototypical ML~ [Fxumicbece
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Large background for neutrino mass-hierarchy search
— Complicated event topologies with many overlapping charged particles
— Backgrounds Uy DIS similar (but more forward) topology



Search for Tau Neutrinos at SK: Selection

Super-Kamiokande IV
Run 999999 Sub 2 Event 1195 $6e0 Vo
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= Pre-selection
= Fully-Contained
= Fiducial Volume (22.5kton)
= Visible Energy > 1330.0 MeV

= Seven Neural Network Variables
= Logl0 (Visible Energy)
= Particle ID Likelihood
= Number of Decay Electrons
= Distance to farthest electron
= Event sphericity
= Number of Ring Candidates
= Fraction of momentum in

leading ring

= Dafficult to fully reconstruct all particles, so count ring pieces
= Typically T decay produces more pions above C threshold
= Good problem for pattern recognition, CNN 7




Search for Tau Neutrinos at SK: Selection

Super-Kamiokande IV
T;I;:oi?fii;;b 2 fvent e AR = Pre-selection
SRS sy : : = Fully-Contained
- : . “ :!‘::;;,:;:.?{ > 7% . . . .
e . = Fiducial Volume (22.5kton)
Q - Visible Energy > 1330.0 MeV
Charge (pe)
A et = Seven Neural Network Variables
Tk = Logl0 (Visible Energy)
g bk 5 = Particle ID Likelihood
‘ = Number of Decay Electrons
02 017 = Distance to farthest electron
1000 ——————————1—————-vf————— = Event sphericity
Ve V \\V = Number of Ring Candidates

Included as ring candidates = Fraction of momentum in

leading ring

o 5 10 15 20 : :
(6) Ring Candidates pnt ring pieces

= Typically T decay produces more pions above C threshold
= Good problem for pattern recognition, CNN 8




Search for Tau Neutrinos at SK: Performance
PHYS.REV. D 98, 052006 (2018)

B \ ISi'gn:'atl (t'esf sa{mﬁle)' r 'Sibnél (t'raiﬁinb sém'ple')
5 Background (test sample) | | « Background (training sample)

ROOT TMVA

MLP

[ Kolmogorov-Smirnov test: signal (background) probability = 0.8 ( 0.82)

7 Node Input Layer

(1/N) dN/ dx

10 Node Hidden Layer

1 Node Output

a I L L L 1 I'-‘
0 0.2 0.4 0.6 0.8 1 Mean Square Estimator

Neural Network Output
NN > 0.5 Background  Signal (v;) Back Propagation
Efficiency 28% 76%

Purity 95.3% 4.7% e

Rate [Mton- year] 8467 422



Search for Tau Neutrinos at SK: Performance

]
. Signal —Bkg(yﬂCC) Bkg(v,CC) —Bkg
---------- e Tau signal
* not scaled to S 0.8
background. ‘§
Standard o
FV 2 o6
o
3
0.4
. ' : NN output 5 5
% of , , oo i . . 00
misclassified | - ° o2 S(i).‘;al efficie(r)w.c? o 1
background 13% | 37% 9 Y
NN > 0.5 Background  Signal (v,) Decay ~ Branching  Tau-like
mode ratio (%)  fraction (%)
Efficiency 28% 76% e T,u, 17.83 67.3 +2.2
. | | WU,V 17.41 42.6 £2.6
Purity 95.3% 4.7% U, 10.83 84.7 +3.87)
7'[_]Z'OI/T 25.52 81.0 2.1
Rate [Mton- year] * 8467 422 3, 18.29 8874+25 [
Others 10.12 90.5+34 |

= Neutral Current (NC), 1sotropic hits similar to signal
= With Ist-gen(+) ML: reconstruct p,4, , better u, x, e, y separation?



PHYS. REV. D 98, 052006 (2018)
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Fit 2-dimensional PDFs (cos 0, Neural Network ), while simultaneously

varying systematic error templates
No cut to separate tau-like and non-tau-like

Uses 328 kton-yr exposure (1996-2018 data)
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General Classification of Multi-Ring Events: BDT (Light GBM)

+ 6 other Variables

Super-Kamiokande IV L
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Separate atmospheric v sample into pieces with different sensitivity
v - Mass hierarchy, o.p ; v, - atm. Mixing ; NC - background

e
Like tau problem, hard to 1dentify leadmg lepton among many rings
Adopt BDT

First multi-classifier at SK adopted in 2020

Improved sensitivity and reduced training time (MLP:20min —BDT:1 (1)25)



General Classification of Multi-Ring Events: BDT (Light GBM)

45.8 46 344 46

LLR

v, — like
v, — like 62.4 32 60.4 24
v, — like 84.4 91 77.0 93
NC+L, 44.2 54 55.6 44
Train Time 10 s
A (Miro) 1.1 0

= Separate atmospheric v sample into pieces with different sensitivity
= U, : U, - Mass hierarchy, o¢p ; v, - atm. Mixing ; NC - background

= Like tau problem, hard to identify leading lepton among many rings

= Adopt BDT

= First multi-classifier at SK adopted in 2020
= Improved sensitivity and reduced training time (MLP:20min —BDT: 1(1)35)



NGU,tI’OIl Tagglng Integrated Event Display 7, + [18,540]us with two

neutrons (red hits) and dark noise (blue hits)

Hits from

(;/Z_IJ;Z)\;) neutron 1 | &

Hits from

H-capture Neutron2

b

At ~ 200 us

Neutrons useful for
Neutrino-antineutrino separation
Reducing backgrounds to proton decay
Tagging supernova relic neutrinos

Capture on hydrogen produces 2.2 MeV gamma ~ 10 PMT hits
Similar number expected from dark hits, but not along a Cherenkov ring
BG model taken directly from data (random trigger)



Neutron Tagging

# of events

+ 21 other Variables
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Selection stage Efficiency | Background / Event
Initial Selection 49% 22
After Neural Network 26% 0.016

Successfully observe neutrons, but with low efficiency (26%) in pure water
(N.B. in 0.01% Gd-loaded water ~ 40~50%)

NN is sensitive to changes in dark rate, water transparency, and n — v distance
Can these be improved with 1st-gen ML?
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Neutron Tagglng BG Reductlon PDK Max Pl\ﬁf hits in 10ns

p—>e7r 1200 | N

1 k¢ | x'/ndf  0.2085E-02/ 5 1 1000
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Successfully observe neutrons, but with low efficiency (26%) in pure water
(N.B. in 0.01% Gd-loaded water ~ 40~50%)

NN is sensitive to changes in dark rate, water transparency, and n — v distance
Can these be improved with 1st-gen ML?
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Other Applications

PRL 112, 131803 (2014)

Dinucleon Decay Search Search w E i |t sKi1Data
5 7E Dl
+ _|_ _'_ _'_ 0 g - : :____:Atm.v MC
pp = K"K" - uy,n'n - of A I
2 E :
3 5F :
4:’ A * 8c> 4:_ db 7
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| 1.3m l 1.3m I 0: l“'".-: iR i A 11 AN A S s
| I | -0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

boosted decision tree output

R-Parity-violating mode
Predicts many particles and rings (K+ above C threshold)
TMVA-based BDT
32 input variables , 500 trees
Achieve 12.6% signal efficiency

t/BR,, _x+x+ > 1.7 x 10¥years.

pPp
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Summary and Conclusions
So far SK has mostly adoped “Oth-generation” ML for simple classification problems
Expect some improvement in performance using more modern algorithms and
techniques

Many problems lend them selves to image processing and pattern recognition

Some effort towards Multiple-label classification problems implemented and kinematic
estimation

More advanced ML techniques likely to improve many aspects of the experiment
...underway.



Supplements



