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From Big to Huge

Super Hyper

. Kamiokande
Kamiokande
67 m
40 m
40 m
1996 - today (and beyond) 2028 - (and beyond)
ID PMTs ~11k 20k
Photo Coverage 40% 20% (x2 efficiency)
Mass / Fiducial Mass 50 kton / 22.5 kton 260 kton / 188 kton
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Detection Principle

Cherenkov light

Neutrino

J —
Charged
particle
in water (8 .::

*
Photosensors ‘QQ::O
9

Ultra-sensitive PhotoMultiplier
Tubes (PMTs) to detect
Cherenkov light from

energetic charged particles.
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Reconstruction
In Hyper K
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Tracing back from light to Particle

=0.511 MeV/c?
-1

v

electron
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Tracing back from light to Particle

=0.511 MeV/c?
-1

v

electron

=~105.66 MeV/c?

v,-like

[ Different behaviors ] [ Different ring patterns ]
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Tracing back from light to Particle

[Different behaviors J [Different ring patterns J
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Tracing back from light to Particle

~0.511 MeV/c?

electron

+

* Direction
* Energy

Reconstruction
* Vertex

Algorithm

v,-like

[Different behaviors J [Different ring patterns J
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Tracing back from light to Particle

~0.511 MeV/c?

electron

+

* Direction
* Energy

Reconstruction

Algorithm ~vertex

=105.66 MeV/c?

muohn
v“-lik * Direction
* Energy
[Different behaviors J [Different ring patterns J * Vertex
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Reconstruction algorithms & Their Evolutions

(Low trigger rate / day)

!

« Hand » Fit

l

Maximum
Likelihood - based
Fit

One fit per
« candidate » ring

APFit :1997 ~ now
fiTQun : 2012 ~ now

Maximum L. ?
Deep Neural Networks ?
Other..?
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Main limitations of current algorithms

Super-Kamiokande IV

Run 999999 Sub 2 Event 7

e Multi rings events e o e, 0
(mainly from very energetic neutrinos) S e
C}:arge(pe) Q
Q dwall cut e e
el et Ap e
Dwall \Q;,% 0.2 0.7
} Y [ ] [ ]
s, * Fiducial Volume
Towa)| | Limited performances close to the edges
e => Limited statistics
Dwa” > i 3 500 1000l 1500 2000
: 2 Times (ns)
>Z Fiducial V. cuts m T2K (cm) y ComPUtatlonal Time
Fiducial volume Dwall > 80
S— . > 170 / event in Super K

M. Jiang D. Thesis,  T2K, TN465 v1.1, ~1:30 minute /event in Hyper K
Atmospheric v, 2019 2024 (for e-)
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.
.

Adapting Neural
Networks
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Deep Neural Networks : Main architectures

Convolutionnal | @ _—

Neural Networks (0% )
(CNN)

] repeat 2
ZmN\ f ,r’i /V/}/‘f 197iB
A

| lli 899999779
fril WY | N A7 s
Y A D | ﬂ/fh’f% -

(A LY

image height

| Bx ¥ _:f'; XX
[ e 3. Fully connected l|%ﬁ{}rf
wh Y ":. ' “-ll::;;} |
| t};j o El*i.‘l'j P:i"'fj neural network [/
. . N R 1 Y p
« Adaptation » of the convolution /10 [0 Y 2 - il /
| fe W 11 pixel convolution over feat (e (*)
product to deep neural networks | eatures
\ Y the mPMT channels
0 R

Graph o Y 2 |
Neural Networks

o0 0.9
S °
(GNN) : y ;
0.2
« Generalization of the convolution OUTPUT
product to non-euclidian data » \ y ] l(r:lPHT | NEURONS NEURONS,
r?presenta ‘
# of L #of
convolutional hidden
Christine Quach, LLR layers layers
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Deep Neural Networks : Main architectures

o taet i repeat
Convolutionnal ey AT
E!'ff UJII]W".“I l 1’; ]‘X{f}‘/f//
Neural Networks e Li‘.i.;'w* N M ;’4/ 1
.I o X O I .-f' ' |
(CN N) g t”ﬁ;') (VAN E 3. Fully connected |I I
'. Lu'? iy L'w ['J;'ﬂ ] neural network
\ ) L;, |||r\r =
« Adaptation » of the convolution I ..?. qu _ ] - > J{,— l
product to deep neural networks l E’?; i ‘1;; nﬁ';‘;:f {:;\;ﬂagfs" OVer v S \@?q’ features : —
image
depth

Graph C : ° "’
Neural Networks

/./
PO~

o0 0.9
S °
(GNN) : y ;
C/ 0.2
« Generalization of the convolution OUTPUT
product to non-euclidian data » \ y ] l(r:lPHT | NEURONS NEURONS,
rgpresenta ‘
# of L # of
convolutional hidden
Christine Quach, LLR layers layers
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Making a graph

15t step : Get a Point Cloud

2"d step : Build edges to link the points = define locality
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Making a graph

Point Cloud for free !

15t step : Get a Point Cloud , A \

: el
c Cherenkov light ?ﬁ’aﬁﬁ r
M ~.~>~? &
o et Zanntl g 0!
4: Ig’* ;’«{“"-‘ £
(%2) . [ 1000@ A
= Neutrino penset @ ¢
% Charged 'ﬁif‘;:,% T8
m particle |[h I
= in water [ A4
© Sl . 00 %
() Photosensors "

2"d step : Build edges to link the points = define locality

One Hit PMT = One Node

* Hit coordinates
(x,y, )

+ Charge (Q)

* Hittime (t)
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Making a graph

Point Cloud for free !

1%t step : Get a Point Cloud A \ One Hit PMT = One Node

c Cherenkov light

e ;\ﬁ‘r

% Nagir

5 eutrino :

O 0

@)

© g:ftzgﬁad .. » Hit coordinates

© : 4

- in water [H{ (():(rh);’r;)e )
"“-5&‘;%); L% .

) Photosensors {1144 « Hittime (t)

2"d step : Build edges to link the points = define locality

* Hit coordinates

, il

Edges Criteria freedom: : (HHijz e
Physical proximity ? ! ticime(s
Time ? T
Charge ? g
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Making a graph

15t step : Get a Point Cloud

C

i)

X

2 NeLitri

5 eutrino :

O W=

% Charged

- particle |

+ in water [
[ Photosensors

2"d step : Build edges to link the points

Edges Criteria freedom:
Physical proximity ?
Time ?

Charge ?

Hit PMT 2

+ Hit coordinates

(xy.2)
+ Charge (Q)
* Hittime (t)

Point Cloud for free !

A

= define locality

* Hit coordinates

(xy.2)
* Charge (Q)
* Hittime (t)

* Hit coordinates

(xy.2)

+ Charge (Q)
» Hittime (1)

One Hit PMT = One Node

Hit coordinates

(x,y, 2)
Charge (Q)
Hit time (t)

Images where locality is
imposed

Input Convolution Pooling

(by the pixels)
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Pipeline for GNNs : Summary

®@ O

Hit PMT 2

* Hit coordinates 5 .
* Hit coordinates

(xy,2) (x, y, )
+ Charge (Q) . Ciw);‘r e (Q)
+ Hittime (t) . H\'ttlr?'\e (t)

[1] : Point Cloud

[2] : Graph

i ~
e ~105.66 MeV/c?
-1
Y, !J,
muohn [4] :
Reconstructed
. . data
* Direction >~

- Energy

OUTPUT

[3] : \ Y S —  Vertex
tion as 1D
GNN convflzrzional o hi#:l::n J

layers layers
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Pipeline for GNNs : Summary

®@ O

Hit PMT 2

* Hit coordinates 5 .
+ Hitcoordinates

i L. (xy.2
o arge e
- Hittime (1) + Charge (Q)

Hit time (t)

- [1] : Point Cloud

= Hit coordinates
.y 2)

» Charge (Q)

«  Hittime (t)

: Graph

Hit PMT 2

* Hit coordinates
(%y.2)

+ Charge(Q)

+ Hittime(t)

* Hit coordinates
(xy,2)

+ Charge(Q)

+ Hittime (t)

+ Hitcoordinates

(xy.2)
+ Charge(Q) =105.66 MeV/C2
+ Hittime (t) \
-1
» (U
muon

HyperK graph ex.

0.9 /  Direction > [4] : (Simulated event)
- Reconstructed
* Energy

O data
] INPuUT | NEURONS NEURONS;
(Graph
* Vert
rorezems A eriex
vector) o

convolutional hidden
layers layers J

0.2
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Reconstruction &
status

% o *a y
: G e
. ,.ﬁ.' >

fiTQun & GNNs

Comparison ar o
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Performance Comparison | PID - ROC Curves

1. Roc Curves 2. Dwall 3. Towall

Efficiency : Rec. Positive True Positive  / Total true positive @~ ——>  (capacity to find the true class)
Acceptance : Rec. Positive True Negative / Total true negative
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Performance Comparison | PID - ROC Curves

Efficiency
Acceptance : Rec. Positive True Negative / Total true negative

Electron efficiency

0.96 1

0.95

1. Roc Curves 2. Dwall 3. Towall

: Rec. Positive True Positive  / Total true positive =~ ——>  (capacity to find the true class)

e
©
©

0.981

0.97 1

o T e N e

Electron
& Muon

= GAT, AUC :1.00
fiTQun, AUC: 0.999
--- 99.5% signal efficiency
----- 0.5% background acceptance

0.001

001 01 1

Muon acceptance
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Performance Comparison | PID - ROC Curves

1. Roc Curves 2. Dwall 3. Towall

Efficiency : Rec. Positive True Positive  / Total true positive = ———>  (capacity to find the true class)
Acceptance : Rec. Positive True Negative / Total true negative

Perfect algorithm
— ]
1 —
2‘0.99
kS Electron
3]
quj) 0.98 & Muon
c
o
& 0.97
¥}
9
1T] - GAT, AUC :1.00

fiTQun, AUC: 0.999
--- 99.5% signal efficiency
----- 0.5% background acceptance

0.96

0.95 ' - ——r : — ‘ — —
0.001 0.01 0.1 1

Muon acceptance
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Performance Comparison | PID - ROC Curves

1. Roc Curves 2. Dwall 3. Towall

Efficiency : Rec. Positive True Positive  / Total true positive = ———>  (capacity to find the true class)
Acceptance : Rec. Positive True Negative / Total true negative

i Perfect algorithm

g
2‘0.99
o) Electron
(@]
% 0.98- & MUOH
c
o
& (0.97-
()
9
m, —— GAT AUC :1.00

fiTQun, AUC: 0.999
--- 99.5% signal efficiency
----- 0.5% background acceptance

0.96-

0.95- . : —— AR S 1
0.001 0.01 0.1 1
Muon acceptance
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Performance Comparison | PID - ROC Curves

1. Roc Curves 2. Dwall 3. Towall
Efficiency : Rec. Positive True Positive  / Total true positive =~ ———>  (capacity to find the true class)
Acceptance : Rec. Positive True Negative / Total true negative
Perfect algorithm
| Perfect algorithm 1 ;
1 | — O '
! 0.98
2‘0.99 5 c:f |
o : Electron 2 |
O | Q |
& 0.98 ! & Muon g 0.96 |
Q ! o i
S i g !
097 5 094 i
U ! %) i
9 ! 9 '
w | — GAT, AUC :1.00 w | —— GAT, AUC :0.94
0.96- i fiTQun, AUC: 0.999 0.92 ; fiTQun, AUC: 0.932
i --- 99.5% signal efficiency i === 99.5% signal efficiency
A N Bt 0.5% background acceptance / I 20%% acceptance
0.95- ‘ 0.9 i

0.001 001 01 1
Muon acceptance

0.1 0.2 0.3 04 05 06 0.7 0809 1

nt® acceptance
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Performance Comparison | PID - Dwall

Electron & Muon

1. Roc Curves

2. Dwall

1.00 A
0.98 A
>’ v
O o.96 09
g Dwall @Qﬂ,-
o,
— Large towall U
S %,
& 004 Y
]
Towayy
Small towall ®
Dwall
0.92 1
v —e— GAT
0.90 1 FiTQun
0 560 10b0 1500 ZObO 250
Dwall (cm)

Monitor Fiducial
Volume cut impact

3. Towall

Electron & m°

1.00 4
0.95 - /*_._ /.W -
%)
= 0.90
]
o=
3
o
[x] 085
0.80 1
—e— GAT
FitQun
0.75 ‘ ; : ;
0 500 1000 1500 2000

Dwall (cm)
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Performance Comparison | PID - Dwall

1. Roc Curves 2. Dwall 3. Towall Monitor Fiducial
Volume cut impact

Electron & Muon Electron & mO

1.00 1 e e e, 1.00 4

h_.\.— /._—f\./.\k’.._

0.98 0.95 / B
& T~ &

0.9¢ % |
g Dwall “ S, g 90
el Large towall % 9
9 %, 3|
& 009 S =

0.83
M Towayy M
Small towall ®
Dwall
0.92
0.80 -
~_  —e carT —e— GAT
0.90 FiTQun FitQun
0 500 1000 1500 2000 250 0753 500 1000 1500 2000 2500
Dwall (cm) Dwall (cm)
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Performance Comparison | PID - Towall

1. Roc Curves 2. Dwall
Electron & Muon
1.00
1.0 1 -
0.9 1 0.95 4
Q 9, O
qﬂ) Dwall “ S, 8 090
et Large towall 2 o—
S 07 % O
o " &
[ Toway; [x] 0851
0.6 1 Small towall ®
Dwall
0.80 4
0.5 v —o— GAT
FiTQun
0 560 IObO ISbO 20b0 2500 0.75
Towall (cm
(cm) (2d cut also applied)

3. Towall

Resilience to low
number of hit PMTs

Electron & m°

W

—o— GAT

FiTQun [nll + pi0 Rec. mass]

560 IObO 1500
Towall (cm)
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Performance Comparison | PID - Towall

1. Roc Curves 2. Dwall 3. Towall Resilience to low
number of hit PMTs

Electron & Muon Electron & m°

Lo - 1.00 1

0.9 0.05 4 W

/—\ o——¢

B>~0.8 v B
8 / Dwall OQ}@(‘,;- 8 0.90
'C]_|.D Large towall &4 2
Q o7 %) 9
e oy =
F Toway; [x] 0851

0.6 1 Small towall QO

Dwall
0.80 4
0.5 A v —— G-AT —e— GAT
FiTQun FiTQun [nll + pi0 Rec. mass]
0 560 10100 15‘00 20IOO 2500 0.75 5 560 10.00 15.00 20.00 2200
Towall (cm
(cm) (2d cut also applied) Towall (cm)

More than 20% improvement under 2m |
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Final states & Prospects

Graph Neural Networks - |ftaun  |GaAT

e-/ u- (0.5%) 97.1 % eff 98.7 % eff
- Multi rings fitting To be started soon o /0 (25 %) 93.3% eff  95.6 % eff
Energy (e-, 500MeV) 6 % res 5.5 % res

« Single Ring | Direction & Vertex : Ongoing 0.1% bias | 0.3 % bias

- Computation Time

, CPU time / lringe/p 1 ring Energy & vertex Total
= Excellent improvements et PID e /0 PID ch
fiTQun 30s 50s Simulatenous to PIT} | 80s
. CAVERNS 0.09s 0.07s 0.05s 0.11s
fiTQun
o Multi-threads & GPU porting : Ongoing ~ Order 2 gain
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The Three Generations

Kamiokande Super-Kamiokande Hyper-Kamiokande
~20k PMTs
~11k PMTs
~1k PMTs
B e : o) : 88
= G 3 4 kton
15.6 m
39.3m
64 m
1983 - 1996 1996 - today (and beyond) 2028 - (and beyond)

.., Proton decay,
indirect DM search,

more SN, ...

Atmospheric, Solar, and

1
Supernova 19874 accelerator (T2K) v Oscillation
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Mt. Ikeno-yama

Maruyama

e " Mt. Nijyugo -yama

Access tunnel
(~2km) b

Kamioka

water equiv.
-"%.. . 11700 m : o N
A Neutrino beam G

» '
y o * .
. »n ' 5 °
. “onees” : : o
~ : 295 km :
yper-

v
°
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e Attention Mechanism applied to graph : GAT
(Graph Attention neTwork)

o Hit PMT 2
g * Hit coordinates
o (xy.2)
+ Charge (Q)
concat/avg + Hittime (t)

B et e
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+ Hit coordinates

(x,y.2)

+ Charge (Q)
* Hittime(t)

+ Hit coordinates
(x,y,2)

+ Charge (Q)

+ Hittime (t)




Slides sur le fonctionnement de FQ

unhit hit

L(x) = H P;(unhit|x) H{l — P;(unhit|n) } fo(qi|m) fe(ti|x).

— #

1; : Poisson mean of predicted charge
X : predicted time

Hypothesis

o, unhit hit

S0 L(x) = [] P;(unhit}u) [[{1 — P:(unhit/u)} fo(gle) fe(t: ).
unhit hit |

=@ L(x) = [] Pj(unhit|w) ] [{1 — Pi(unhit|w)} fo(glm) f(t|x).

@ j i

[ X X J
— unhit . hit .

sl L(x) = [] P;(unhit}) [[{1 — P:(unhitu)} £ (qile) f: (t:]).

J {
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FQ Under the hood

Under hypothesis

 PID For example : PID e/mu

« Direction N - -

- : Electron

* Unhit PMT position  Energy
« Hit PMT position . Vertex e T
» Charge (measured) = |

2
=
o

Mumber of events (nrmalized)
[=1
=
S

* Time (measured) Compute and Dm_ _________ 7

e L )
500 1000 1500 2000
Log(L,/C.)

—1000 -500

Cut

L(x)
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Performance Comparison

1. Roc Curves 2. Dwall 3. Towall 4. Towall & Energy
K. Energy K. Energy (T2K production K. Energy
100 - 400 MeV 400 - 700 MeV reak) 700 - 1000 MeV
Electron & Muon ™ - i o
0.9 F ;
0.8 ;;; ;(;
0.7 | *’, v
*
0.6
0.5 1
0.4
N GAT —e— GAT —e— GAT
o fiTQun -~ fiTQun | -5~ fiTQun
0.2 T T T
O 1.00 4 | —e— GAT
Electron & m M
0.95 A 1 /x ﬂﬂﬂﬂﬂ B At VR x-"'
S o ol
o<
Dwall “ r@(‘t,- 0.851 x
Large towall %
%,
“sy 0.80 -
TOWaH
Small towall ® 0.75 GAT 1 —e— GAT
Dwall fiTQun -3- fiTQun
\\“\-ﬁ“‘ggggr,_,~/”// 070 560 lUbD ISbO ZdOU 2500 0 560 ldﬂﬂ 1500 ZObD 2500 0 560 lUbD lShO ZdﬂU

Towall (cm)
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Towall (cm)
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Performance Comparison

1. Roc Curves . Dwall 3. Towall 4. Towall & Energy
K. Energy K. Energy (T2K production K. Energy
100 - 400 MeV 400 - 700 MeV peak) 700 - 1000 MeV
Electron & Muon ™ - i o
0.9 F ;
0.8 1 ;;; ;(;
0.7 | *’, v
*
0.6
0.5 1
0.4
g GAT —e— GAT —e— GAT
o fiTQun —s- fiTQun —se- fiTQun
0.2 T T
0 1.00 1 | —e— GAT
Electron & m M
0.95 - 1 | memmWemm oy e -
/’x’-’--‘
T~ 0s0; o
N
o4 -
Dwall @Cf/(‘) 0.85
Large towall
%
“sy 0.80 -
TOWaI,'
Small towall ® 0.75 A GAT
Dwall fiTQUI’l
0.70 T T T |
v 500 1000 1500 2000 2500

Towall (cm)

Towall (cm)

‘Towall (cm)
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Background : cosmic muon & pi0

i iy Importance of the
: “uons resolution of
o /‘ - Direction
oty - vertex

To be able to remove
this background

v+ N —>v+ N+ 7

Pi0 decays like an electron ! :

Importance of
reconstructing the
- Particle type
(e vs pi0) here

> y+y
L e +et
e  +e’

» At high momentum, the 2 * In some cases, the 2 e-like rings overlap.

gammas decay are very
boosted and the rings of
Y Y
QP>
>

e+/e- overlap, giving a 2 Y Y
e-like rings. (llll u"’

Boost
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Performance Comparison

1. Definitions 2. Dwall 3. Towall 4. Towall & Energy

Kinetic Energy € [100, 300) MeV

[FQ] Reconstructed Data

---- [FQ] Bias : -2.05 (%) Vi € {1.. N} x; =
Fit (n1=-2.05, 6=5.66) true

0.08 1 rec — true

o
o
3

o
o
S

Resolution = o(x1.,)
Bias = U(x1.n)

o
o
&

o
o
~

= Resolution = std

Probability Density
)
=
w

o
o
)

0.01 1

0.00 ; ‘ . ‘ .
=30 =20 -10 0 10 20 30
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Performance Comparison

1. Energy 2. Dwall 3. Towall & Energy

—e— [GAT] Resolution

10 x [GAT] Bias
[FQ] Resolution
[FQ] Bias
8 4

Resolution (%)

200 300 400 500 600 700 800 900

Bin center (MeV)

21st Rencontres du Vietnam - Neutrinos Physics 2025 | Erwan Le Blévec



Performance Comparison

1. Energy 2. Dwall 3. Towall & Energy
20.0
—e— GAT 6 - x GAT
17.5 - FitQun FitQun
4_
15.0 %
—
X
‘; 12.5 ~ 27
e a\: *® x %X % X
o] X x
= 10.0 w 04 -—----- R Kemmpmmmm e me e
= ®
] -y
@ 7.5 S
Q
m W‘&
5.0 T TT—e——e—
_4-
2.5
_6-
0.0 . . . . : . - . . .
500 1000 1500 2000 0 500 1000 1500 2000 2500
Dwall (cm) Dwall (cm)
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Performance Comparison

1. Energy 2. Dwall 3. Towall & Energy
Energy: 100 - 400 MeV Energy: 400 - 700 MeV Energy: 700 - 1000 MeV
20.0
—a— AT —a— AT —a— AT
—~ 17.51 FiTQun ] FiTQun 1 FiTQun
2
S 15.0
= 125
=
‘5 10.0 ] ]
=
S 75 ] ]
% <o ‘\-_‘,_""'\\4 — ey | M ) —-ﬂ\lf‘.
55 ] ]
O_D T T T T T T T T T T T T T T
6
*  GAT *® GAT *  OGAT
4 FiTQun | FiTQun ] FiTQun
* -=-- Zero Bias Line % === Zero Bias Line === Zero Bias Line
—_
\6"‘0 2 x 4
o x X » % x x s » w 3
> Ll B e et B Bt XTI e 27 1 PO s S R S TR
(qn! x , %
o ] » » X b4
-2
—4
- 500 750 1000 1250 1500 1750 2000 2250 500 750 1000 1250 1500 1750 2000 2250 500 750 1000 1250 1500 1750 2000 2250

Towall (cm)
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Gaussia hypothesis
for e- reconstruction

[WS 1.12.20 corr] Hkfd ; [CUT] e- 50k 100-1000MeV uniform tank iso

Histograms of Error per Energy Bin | Dwall > 200 cm
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Data flowin
GNNS 3

Work started by N. Moreau - (O T
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D i S p I ay SEtti ngs 32 px (vary with the graph)

Making a spiral, sorted by the

pmt hit time.
One pixel = one node (PMT)

32 px

Center = low pmt hit time -

Border = high pmt hit time
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First results

E- 100 -1000MeV
After training for e- / mu- classification

Path to see what is the model « looking » at !

Purple = low importance
Yellow = high

Encoded graph
representation fed to
MLP —
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