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[ T2K experiment ]Nucl. Instrum. Methods A, 659 (2011)
arXiv:1910.03887 [hep-ex]

Super-Kamiokande J-PARC
Near Detector 280 m

T2K (Tokai to Kamioka) is an experiment with a
long baseline for searching for neutrino
oscillations

] 1000 m

Neutrino Beam

T 295km
Observations: Vu — Ve _— 280m
T2K conducts very precise measurements of the p ump ) _d-?% -o!f_-t!x_ls_ _______ 5} R
probability of oscillations and the differen_ce target "N o - - N I 2.5°
between the masses of two types of neutrinos. i < e D On-axis Super-Kamiokande
2.5° off-axis angle peaks vu energy spectrum at o:n 11(;m l120m 21;0m ” 29.':.km
~600 MeV

The main goal of the experiment 1s
a search for CP-violation in
neutrino oscillations.
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https://arxiv.org/abs/1106.1238

[ T2K experiment: CP-violation search results }

a
o
3 : : ] = = = Jzk\
a -
> : e | Oscillation analysis results
11 O 5 : N 22623 : 0-1 __ T2K Runt-11 Prelimin:
> - 81020 4= - 4 Sample 8cp=-/2 &cp=0 &cp=m/2 &cp=T1 Data a
& - Am%,=24x10%eV?> B
(= 5 My, = 2.4 X ¢ ] y-mode 1Rp 4172 4163 4171 4182 357
k) L
01 * I I ] v-mode MR 1239 1283 1239 124.4 140 ) "\\ <
-~ = NH, 8., =0 —-MH,8,,=0 ] v-mode 1Ry 1466 1463 1466  147.0 137 ’ \\
> s — NH, dp=n2 —-TH,8 =2 v-mode1Re 1132 955 783 96.0 102 Pl
i} ~ 7 7-mode 1Re+d.e.  10.0 838 7.2 84 15 ,/ : L
] y-mode1Re 176 200 222 19.7 16 T
. Credible intervals marginalized
= " e over both hierarchies
: - — Normal ordering . = _E: 5 . ' ' :
= Inverted ordering § = iwmlmr::
. & T,
CP-symmetry is excluded EE A
3
at 90% confidence level g
3 2 10 ] 3
6CI’
C. Giganti’s talk at Neutrino-2024, 2024.06.17
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|

Near Detector }

Super-Kamiokande J-PARC
Near Detector 280 m

11000 m

Neutrino Beam

295 km

Previous
configuration
(2010-2022)

| SuperFéD | ’ Horizontal TPC l

Number of Events

Systematic uncertainty is contrained by the measurements of the Near
Detector

=>  Neutrino flux

=> Neutrino spectrum

=> Neutrino interaction cross sections

ND280 helps to reduce Super-Kamiokande systematics from 15% to
~5-6%

2 - e e ]
s e R 5

L T2K Run 1-10. 2022 preliminary 1 § 12 ': T2K Run 1-10. 2022 preliminary -]
C ] m r NN 7
- == Pre-ND . 3 10F Pre-ND ]
- p— i— = =
B Z ] 2 F ]
. Z PostND ] E 5[ .
e A Z - _
i . o =
3 ; £ -
- F = 2 2
R I N T B I T T o= 1. Y EEY ERP RN il
) 02 04 06 08 1 12 14 0 0.2 04 0.6 0.8 ! 12

Reconstructed Neutrino Energy [GeV ]

Reconstructed Neutrino Energy [GeV]

Upgrade: goal - reduce systematics downto 2-3%
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[ Upgrade of the off-axis near detector ND280 arXiv: 1901.03750 }

Requirements for a scintillation detector

Significant mass to ensure a large number of neutrino interactions
(comparable to the mass of two FGDs).

47 registration of charged leptons.

Study of electron neutrino reactions.

Ability to reconstruct and identify short tracks of low-energy hadrons
around the interaction vertex.

Differentiation between electrons and photons.

Registration of neutrons.

(e Downstre
detector) ECAL

Barrel ECAL

\ 20 28 2 2 7

POD was replaced with: SuperFGD, 2 High-angle TPCs, 6 TOFs

- High-Angle TPCs allow to reconstruct muons at any angle with respect
to beam

- SuperFGD allows to fully reconstruct the tracks issued by v interactions
in 3D — lower threshold and excellent resolution to reconstruct
protons at any angle

- Neutrons will also be reconstructed by using time of flight between
vertex of ¥ interaction and the neutron re-interaction in the detector

- PID for proton/muon and electron/photon

| SuperFéD | ‘ Horizontal TPC l
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SuperFGD arXiv: 2005.11048

Characteristics

Volume 192 x 56 x 182 cm?
~2 x 10° scintillation cubes 1 x 1 x 1 cm3

3 orthogonal holes with 1.5 mm diameter each
3D (x,y,z) WLS readout - about 56000 readout WLS/MPPC channels
Active weight 2 tons (like FGD1+FGD?2)

YVYVYVYY

192 cm

Advantages

A sufficiently large mass (2 tons) provides a significant number of
neutrino events.

e It has good sensitivity to charged particles at large angles.

e It can reconstruct and identify short tracks of low-energy hadrons
around the interaction vertex.

e [t measures charged particles tracks in all 3 projections.
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Applying to neutrino events

T 250 & z ! ! L LA o A
3 rmenEaTeT 4 T2K beam is muon beam, the e/y separation performance in the control samples
g‘ = ——e— Data 697 = . . .
g e sszton o e MXture of electron neutrino is Stipping et N Gafiia
3 + backgrour . %) 0/ 8 0 g Bk & A | ¢ :2,::'
s sxe=md about 1%; o e S i (o e @ ci
WM Overbeciomns srez=9 1 - Main background for electron i L L7 [P - oms
100 Systematic Uncertainties - . . a0 l; n:\) - q.. ::s.:
1 neutrino events is from ot =
- photons (T2K analysis, Abe. K. ]. " R
- S High Energ. Phys.,, 114 (2020))
Momentum in TPC[MeV/c] . | A .
® f GBDT output
0.5 A

Electron neutrinos selection:
- selection of primary vertex
- group tracks/hits into cones
- Particle identification: Gradient Boosting Decision Trees
applied to first 15 hits to determine cone type:
electron/photon-induced

At a threshold of 0.5
~-96% of y rejected
while keeping -94% of e™*.
by the GBDT discriminator.

Control samples: purity of 80% at an efficiency of 20% talk by H.Kobayashi at NuFact 2025

Deep neural network models can be applied. Monte-Carlo simulated in the SuperFGD electrons, photons, muons, pions, protons
with energies up to 1 GeV were used for testing and evaluation

for different models see talk by A. Chalumeau at EPS-HEP
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Events examples

muon event pion event proton event

Xz

X0 xz XY Xz
—— 13 dL[1611.59] dP[357.50] 211 dL{1004.18] dP[618.11] | 2212 :L[SSZ 50] 39[945 52]
a o 11 dL[26.95] dP[5.85] VT a a 2212 dL[113.37] dP[501.90]
" o -13 dL[461.73] dP[91.25] - true vertex
h k- true vertex h 11 dL[26.91] dP[5.69] h
@ a trut @ o trut’ 211 dL[12.87] dP[6.07] L L trut
—&- true vertex
a a
a a a @
2 2
2 2 2 2
1 1 —————————————— —— 1 o 1 * — — — L ! g
10 19 19 19 12
-39 -39 0 s -39 -39
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ES S s = 79 19
90 99 09 s 99 99
e 5 £y 257 e e o YT a——— e o e o o 5 33 o = i 5 [E—— e e 5 v 29 ) iy 287 267 247 221 201 yz-187 67 a7 127 v
n n n
- * *
-9 - -9
E - 29 -29
287 267 247 227 207 ) 167 B 127 107 287 267 247 227 207 67 —Ta7 127 —To7 287 267 247 221 -207 -187 -167 147 121 -107
xv XV xz
xv xz
o & o o o o
@ @ :
& o
= = reconstruction
@ @ a a a a
N N 2 2 2 2
] vy . B > N T 1 - 1 *
10 10 10 19 19 -19
Y EY 30 -39 39 EY
59 = 59 = 59
19 -7 79 79 -7
-9 = 99 -
29 5 ) 287 o7 —Za7 2 207 yg-187 67 a7 B o7 29 5 i) 287 267 —2a7 =227 207 yg-187 B a7 27 o7 = A 267, =241 =22 AT iqp-int =167 <147 12, o7
n n n
* *
- - - 2
20 29
257 67 247 227 707 o7 167 127 17 107 357 367 Y 27 307 a7 o7 BV B o7 267 247 227 207 157 167 a7 127 07

7/13

INR RAS 22.08.2025, 22nd Lomonosov conference




Events examples

T2K beam is muon beam, the mixture of electron neutrino is about 1%. Photons are background for electron neutrino interactions

electron shower photon shower
RecoYZ RecoYZ
2000 SMRD 2000/ SMRD
1500 E— ' ) ECAL 1500 — I ] ECAL
1000~ [ | - — — 1000 [ | . 3 £
= HAT TPC TPC TPC = bW A TPC
500 s00[— - TPC TPC
— L S
0 SuperFGD ~Fma, FGI FGD ECAL g y FGL FGL ECAL
£ p M.M\?\ =
-500— 500
- HAT = HAT 1
~1000— T . | -1000— | |
1500 | ECAL ' 1500 | : ECAL
-2000 = 2000
tlIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII ‘—"'I'"'I"'l'll'll'lllllllllllllllll
-3000 -2000 -1000 0 1000 2000 3000 -3000 -2000 -1000 0 1000 2000 3000
— Positron
Electron
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7 hit charges in 3x3x3 cell, p.e.

*

[ RTINSO | T T —— A dfilopesscopett

...............

[ - 110

-1.0

11.0
‘—*— true vertex

SuperFGD events representation

A\

~2 x 106 scintillation cubes 1 x 1 x 1 cm?
each cube is a hit, where particle deposits energy

hits are composed into tracks

tracks are composed into a collection - shower-like or
track-like object

hits from each collection are considered

spatio-temporal structure is flattened




Model architecture for particle identification

Track can be represented as a collection of “timesteps” of variable length => Recurrent neural network
architecture can be used

- timesteps:
- hitin SuperFGD: charge
3
g), {1 | = i .v g ]
S 0 10 20 30 40 50 60 70
= \ time ordered hits
. : Fully .
SuperFGD I:> permutation-invariant | RNN/ | connected . particle type
hits feature encoder LSTM — e/mu/pi/p/gamma

Sequence of “timesteps”
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Results

[ True gamma 100 4 True mu
0.12 4 [ Truee 2 Truee
preliminary preliminary preliminary
10-1 4
0.10 4 ir)
0.08 1 e/gamma e/mu
102 f
1024 1B
0.06 Nb
0.04 4 1073 4 1073 4
| ﬁHﬂW ﬂh
1074 4 -4
T I‘I“WMH“T”W [ N
: 0.0 02 04 06 0.8 10 0.0 0.2 04 0.6 08 10 10
1004 [ True pi 10° 4
. . True mu . - . =
preliminary preliminary preliminary
1071 4
1 10-1 !
10 elp pi/mu ‘
o 10725 v 2
102 4 LLU Hf 10
.
A T ‘
Lt
H-Lﬂf U‘J 7WJLJ[MUU TL’UU“\:L;w i
1073 10-3 4 1073
1074 .I 10-4 [ True pi
o5 = 0.0 02 0.4 0.6 0.8 10 0.0 0.2 0.4 06 08 10
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Results: confusion matrix

Confusion Matrix (%)

0.19 1.63 0.01 16.96

preliminary 80

g - 0.94 0.05
60
]
G
- 5 - 5.01
:
'_
- 40
Q- 0.03
-20
@
E - 13.00
©
o
| | -0
e mu pi p gamma

Predicted Label
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Conclusions

- SuperFGD is a novel detector, installed as a part of ND280 upgrade of the T2K experiment
and now collects data

- Ability of SuperFGD to identify charged particles is studied with Monte-Carlo simulated
electrons, muons, pions,protons, and photons;

- Anew LSTM-based architecture of neural network for identifying particle type in the
SuperFGD is proposed;

- The proposed network efficiently separates electromagnetic particles from adronic;
- Identification of muons and protons reach 97% and 96%;

- Due to similarly of energy deposit for pions and muons, accuracy for pions is 81%;

- electron-induced electromagnetic showers are separated from photon-induced with 80%
accuracy.

@ INR RAS 22.08.2025, 22nd Lomonosov conference



Backups



2112 dL[394.16] dP[173.24]
211 dL[349.30] dP[677.64]
2212 dL[233.73] dP[622.35]
2112 dL[208.17] dP[314.28]
2112 dL[152.92] dP[95.75]
2112 dL[122.39] dP[5.31]
211 dL[68.68] dP[525.12]
-11 dL[61.81] dP[17.28]
2112 dL[30.82] dP[0.04]

11 dL[23.94] dP[5.14]

11 dL[23.57] dP[5.32]

-13 dL[1.34] dP[29.79]

true vertex

211 dL[447.10] dP[283.08]

211 dL[462.84] dP[371.05]

211 dL[281.85] dP[198.79]
— -11dL[161.47] dP[37.50]

-13 dL[1.38] dP[29.79]
—#- true vertex

Yz-187

207 yz-187

et

Xz

211.0
2212.0
t

Tue vertex |

2110
—#- true vertex

618.11 MeV/c

207 yz-187

207 yz-187

371.05 MeV/c; pion + decay,

reconstructed as pion




Events examples

muon event

pion event

proton event

2000

1500

1000

500

=

-500
-1000
-1500

-2000

@

T [t
-3000

RecoYZ RecoYZ
SMRD 2000 SMRD
‘ ECAL 1500 e | ECAL ‘
HAT - 1000 HAT gi=s e jesmst
TPC TPC|| |[TPC 58 — it” TPC
] ! ECAL 0 SuperFGD =CAL
I "G "G -500
HAT TPC|| ||TPC XY
o ~1000 L
— ‘ ECAL ~1500 | ECAL ‘
[T AT RN N SN R R ;.“r P TR U R i PR TR PSR 0 PP W S0 A P TR e Loy o gy
-2000  -1000 0 1000 2000 3000 -3000  -2000  -1000 0 1000 2000 3000
SuperFGD+HAT+TPC+ECAL for muon ECAL SuperFGD+TPC+FGD for primary pion

dashed lines — true tracks
solid lines — reconstructed tracks
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-500

-1000

-1500

-2000

el
-3000

RecoYZ
SMRD
ECAL
HAT ] &)
TPC TPC TPC
" fen
HAT / u || o .|
ECAL
P T P P I I
-2000 -1000 0 1000 2000 3000

SuperFGD+HAT for primary proton

Positron
Proton
Muon

Pi+
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