Nu 11 : Upgrade of the reconstruction
algorithms from Super-K towards Hyper-K

Masaki Ishitsuka (Tokyo University of Science) &

Benjamin Quilain (Laboratoire Leprince-Ringuet, CNRS/Ecole polytechnique;

,g s € Nu 11 group :

L 155& TOKYO UNIVERSITY OF SCIENCE

| RRIEAS wixz

Tokyo Institute of Technology . KA VLI \

I P M U INSTITUTE FOR THE PHYSICS AND L P N H E
o W . 7 5 w

MATHEMATICS OF THE UNIVERSE

ECOLE
POLYTECHNIQ]_E

TYL-FJPPL meeting, KISTI, Daejeon, 2024 /05/23




I. HK Physics & reconstruction overview
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Low and high energies

* Two very = regimes & event topologies :

E <50 MeV : E > 50 MeV :
* Light emitted from single point. =~ * Particle crosses few meters before
* Very faint ring. passing < Cerenkov

threshod

* Need /have 2 very = reconstruction algorithms in the 2 regimes.



II. Upgrade the tiTQun algorithm



FiTQun high-energy algorithm

* Simulatenous fit of 7 parameters_using all PMTs charge&time:

{X}, = (vertex position, vertex time, momentum, direction, particle type)

Data p-like

Data e-like

Trigger: 0x80000007

Vertex 4

eeeee

Likelihood-based fitter :
PMT unhit probability PMT hit probability PMT charge pdf
unhit hit

H Pj(unhit|zu;) H{l unhlt|“@)}fq(qZ|M2)ft(t )

PMT timing pdf

* fiTQun has supported SK physics for 15 years-old
— Performant & robust ! 6



Upgrade & modernize fiTQun towards HK

* But is slow : 90s per electron @500 MeV |— Too slow for very high

statistical era of HK when reaching 1% syst/stat. = Optimize it.

— 2023 : Modernized the code to allow time optimisation in 2024.

* G. Diaz has re-written part of the code : Perl — Python

ro=300.0 cm, cos 6g = -0.69 ro=147.5 cm, cos6g = 0.18

— Show potential room for improvements PMT anegular response
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* Now fine-tuning fiTQun for HK & preparing the very first HK

« specific » production (Not scaled from SK)

— Our group has a central role (M.Ishitsuka & S. Bolognesi as physics
convener, B. Quilain, R. Matsumoto & G. Diaz are preparing fiTQun ,



Testing fiTQun on data : SK atmospheric v

* Improve fiTQun robustness : make it work with every SK periods

Phase Dates Livetime Photo- Neutron
(Days)  coverage (%) tagging | 43 Y% of the statistics for

SK I 1996-2001 1489.2 40 — > ) '

SKII 20022005 798.6 19 — atmospherlc Vv cannot be analysed .

SK III  2006-2008 518.1 40 — 5

SK IV 2008 2018 % 91 Vi 70 H SR

SKV  2019-2020 461.0 40 H 14F SK1-V expanded FV ]
I — Data fit -Inverted

SK Gd 2020-Present - 40 H+4+Gd 12 ...MC expectation [JJjNormal

* Used the very old (APfit) algorithm from SK.

— Mass-ordering measurement > 20 : Ay*=5.7
— Less performant in FV-size & PID..

— C. Quach now try to include f1TQun
w/SK-LII&IIT (w/ R. Wendell - Kyoto U.)| ™. . =

~
~ 0

~ 3~ [~~~ fiTQun Expanded FV

— A step towards 30 constraints on MO.

* Nice progresses showing it seems possible
— Hopetfully a highlight in next year report !
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III. A new Machine learning reconstruction



A new ML-based reconstruction : GRANT

* GRANT : Graph-Neural Network (GNN) algorithm

— Each hit PMT = a node of the GNN.

* Why a GNN :
* Easy to adapt to non-Euclidean geometry (here, a cylinder + time)

= Impressive results on e.g. IceCube experiment.



Basic principles of GRANT

* Use the PMT informations (position, hit charge, hit time) to construct a
Graph i.e. a connected array of PMTs — To e.g. reconstruct a ring.

* Hit coordinates

« Charge (Q)
* Hittime (1)

Hit PMT 2

(x,y, 2)

Hit PMT 1

* Hit coordinates

* How to connect the nodes/PMTs ? ey

1. Based on their spatial proximity ?

Charge (Q)
« Hittime (t)

— Clear image of a ring.
2. Based on their « charge deposit » proximity ?
3. Based on their hit time proximity ?

— Great to reconstruct vertex through triangulation.

4. All at once ?

U * Hit coordinates
(x,y, 2)

* Charge (Q)
 Hittime (t)

Hit PMT 4

* Hit coordinates
(x,y, z)

« Charge (Q)

* Hittime (t)

38

— Answers

depends on the
task we wish to
accomplish. 1



A new ML-based reconstruction : GRANT

* Aggregation + Convolution are applied to . e

circulate /propagate the information along the b .2)

/ + Charge (Q)
. . e Hittime (1)
nodes & « simplity e
it » using convolution. Hit PMT 2 _O
e Hit coordinates T
. (x,y,2)
— 1 convolutional layer || &x2
e Hittime (t)
Hit PMT 1 « Hit coordinates
(x,y,2)
The number of connected . Charge (Q)

* Hittime (t)

nodes, and number of layers

should be optimized.
— Problem dependent.
— We optimized it
through minimum

gradient descent. Pooling

Graph outputis then | }

. Y 1D
aggregated in a 1D array. ... # of convolutional (1D, #nodes)

layers



A new ML-based reconstruction : GRANT

* A multi-layer perceptron basically does the final classification task

— e vs u, e vs 0, Energy regression etc.
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* This GNN was developed from 2022 by our group (for low-energy)
— Adapted to high energy from 2023.

— From next slide, we will show the result of 4 first classifications :
1.PIDe/p  2.PIDe/m0 3. E-reconstruction 4. Vertex reconstruction
— We will compare it to SK historical algorithm : fiTQun.



Focus of this year : high-energy physics

* Sensitivity to CP-violation : v — v_oscillation = Clean e-like sample

JPARC Hyper-K — P, V)
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Sharp ring

* GRANT : > 99 % e-efficiency for 5 % p contamination — As fiTQun

I;Igctron identification efficiency vs towall (500 MeV, e/mu separation)
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‘ Largely improved performances out of FV — Enlarge FV & statistics !
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Basic classifier : e/ separation

* ¢/ is THE SK most fundamental PID : remove v from v_sample.

Fuzzyring
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—$— GNN

FitQun
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Refiner classifier : e/’ separation

e/’ PID is much more complex remove NC0 from v_sample.

Fuzzyring

* GRANT : 98% e-efficiency @25% bkg contamination (fiTQun : 94%).

Electron identification efficiency vs dwall (e/pi0 separation)
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. GRANT surpass fiTQun overall, especially close to wall — enlarge FV.




Continuous : Energy & vertex reconstuction

* After applying GRANT to binary classification — Test on continuous
variable regression = Neutrino energy and interaction vertex.

I GNN 1 == 68% Interval. resolution = 202.824
8 600 - : s GNN
1
°T FiTQun : 5% 5
500
: CINN 2 203 ¢
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é E 300
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(—_‘i ) r/ - r)‘ - ' . . ) O .
S o f; = | * GRANT E-resolution > fiTQun — But still a 1% E-bias to
I WAV RVIEW)
oo understand.

* Vertex resolution effort is just starting
— Basically show we have no problem to fit a 3D continuous problem...
— Now we are optimizing it ! 17



Conclusions and next steps for 2024

18



Testing fiTQun on data : SK atmospheric v

* Null aims to upgrade the reconstruction algorithm for HK & SK

— In 2023 : focused on most challenging high-energy sector.

* We developed a new GNN-based algorithm : GRANT

— After 1 year : promising
. . 99% electron efficiency at 5% muon bg acceptance, | 99% electron efficiency at 5% muon bg
1 S‘t result > flTQun ln e/mu Dwall, towall analysis: After 2 m, efficiency above acceptance,
99.4% |
L . o ixed energy]
. e/gamma 58% efficiency at 50% bg acceptanc[e'.:.'.xe 9!l None
e / I‘L/ e / TrO PID & E_reSOIutlon' 98% electron efficiency at 25% pi0 bg 94% electron efficiency at 25% pi0 bg
acceptance. [Fixed energy]| acceptance
— Whlle belng muCh fa. Ster ! e/pi0 78% electron efficiency at 25% pi0 bg
' acceptance [Spectrum of energy]
L\
‘\ *  Electron : 5% resolution at 500 MeV, §. Electron : 7% resolution at 500
‘\ Energy reconstruction energy bias at ~4% MeV
o 1 K for e & mu *  Muon : 7% resolution at 500 MeV, Muon : 6% resolution at 500
And upgrading the robust * e e o I e
. " — -
fiTQun frO SK HK : “‘ T ————— E:::)tlzlt:?o.:lﬂ cm longitudinal resolution, 153 cm transversal
\‘ fore & mu . Muon : 103 cm longitudinal resolution, 181 cm transversal resolution,
L] L] é
— Re-writing of the code to
. . ‘ (ER T times / lringe/p 1 ring Energy & vertex Total
make its development easier. event PD | e/mPID reco.
. . fiTQun 30s 50s Simulatenous to PID 80s
— Fine-tuning to HK “
CAVERNS 0.09s 0.07s 0.05s 0.11s

(and not SK). 9
— Adapt&test w/ older SK periods to improve SK-atmospheric results.



* For GRANT :
* Improve the vertex/direction reco.
* Create a ring-counting algorithm.
= Final step to have an entire fitting algorithm
* Test it on Water Cherenkov Test Experiment |

data for 1st

Prospects for 2024

time to test e Ring counting
its robustness. : ;‘ s Ring 1 ‘ Ring 2
L [ . ] 9z ;
(.‘ 7 PID PID
g S et i o I T
p__ > ___d
7T Q‘\QI — v flavour
. | - iy T, )
* For fiTQun : > T ! Y
* Ride on the new software to improve its Kinematic variables Kinematic variables
Vertex — FV Vertex — FV
Sp eed' Direction — L Direction — L
° Develop ae / ,3, fitter. Momentum — E Momentumzu—> E

» Adapt it to SKI, II, IIL.
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Additional slides
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What is Hyper-K ?

* Next generation of neutrino observatory in Japan— construction 2020-27

— A 260 kton water Cherenkov detector — Fiducial Mass ~ 8 x SK.

Super-Kamiokande

~71m

Her—Kamiq}fande

Super-K Hyper-K
Site Mozumi Tochibora
Overburden 2780 m.w.e. 1700 m.w.e.
Number of ID PMTs 11129 20000
Photo-coverage 40% 20% (<2 efficiency)

Mass / Fiducial Mass

50 kton / 22.5 kton

258 kton / 186 kton

Cherenkov light

Neutrino
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in water
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Focus of this year : high-energy physics
@. Data e-like

T2K beam dt = 1902.2 ns

Data p-like

T2K beam dt = 1899.2 ns
Inner: 1332 hits, 3282 pe
Outer: 6 hits, 5 pe
Trigger: 0x80000007
D_wall: 1136.5 cm
mu-like, p = 536.2 MeV/c

Inner: 1600 hits, 3681 pe
Outer: 2 hits, 2 pe
Trigger: 0x80000007
D_wall: 614.4 cm
e-like, p = 377.6 MeV/c

Charge (pe)
>26.7
3.3-26.7

Charge (pe)

corbdWR
MO LN W
cCoRr MW
MU WN W3

A

500

1 mu

400 decay

300 |-

200 |-

100 —

R L L1111

500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
OD Times (ns) Times (ns) OD Times (ns) Times (ns)

@)

MC m®-true

* We will show :
1. Vertex resolution.

Ts from the =

2. Particle identification : e/ & e/’

* 0.2- 0.7

(--Y-- ..:.) E@--Y--)-Y---)




Limitations of current algorithm

* Dominant limitation is computing time : 90s / HK event @500 MeV

— A major issue for any simulation aiming to study <1 % systematics.

—|Goal #2 : Significantly | processing time before HK starts.

* Second limitation : Fine particle identification — e/~ separation

— Not done in fiTQun. Both provides a « shower-like » fuzzy ring.
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—|Goal #3 : Separate e/ them using the outer-edges of the ring.




The fiTQun algorithm

PMT unhit probability PMT hit probability PMT charge pdf
unhit hit

L(x) = | Pj(unhit|p;) [ [{1 — Pi(unhit|p)} fo(gilms) fr(til%)
J 2 PMT timing pdf

* X=(x,t ,p, 0, 9) : Particle hypothesis — 7 variables fit
‘| = pd" + peet:{Poisson mean of predicted charge detected by each PMT,

which is also a function of X
Normalization Integration along the particle truck
- i = 0(p) [ dsg(p,5,cosOYAUR)T(R)e()

s Cherenkov PMT solid angle at n=0

O_é/jﬂ/e emission profile _ r-
o i FrmnE——— | Light attenuation in water

~ eXp(-R/Lauonua‘tion)
PMT angular response
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