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Overview

= Why neutrinos are interesting
= T2K and v, (electronic neutrinos)
= Why we need to improve the v, selection
= 2 new PID* methods with ML: Transformer & Variational Auto-Encoder
» The Transformer PID method
» What is a Transformer
= How we can apply it for the v, selection
= Vision Transformer
= First performances

= A glanced at the Variational Auto-Encoder method
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Why neutrinos are interesting
Standard model of particles
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Why neutrinos are interesting
Standard model of particles
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Why neutrinos are interesting
Matter
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Why neutrinos are interesting

Matter vs anti-matter

mass
charge
spin

matter

'da’

>

anti-

LEPTONS

Svas Lonve TR\

matter
CZ.Z MeV/c? . =1.28 GeV/c? =173.1 GeV/c? \sz MeV/c2 =1.28 GeV/c? . =173.1 GeV/c2 N

% - % % -2 - -2 = -2 ik

| up charm top antiup anticharm | antitop

L {; y gk L y k { y

=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? =4.7 MeV/c? =96 MeV/c2 i =4.18 GeV/c?

- @I O O @I @ |- @
| down L strange l bottom antidown | antistrange, antibottom
Y v v 4 L { L

=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeVic? =0.511 MeV/c? =105.66 MeVic2 | =1.7768 GeVic?

-1 S -1 Y -1 R il i == 1 ==

- QI O @ @I @ |- @

. electron | Muon J| tau positron | antimuon antitau
% y | V. %l L § %). y
<2.2 evic? 1 (<017 Mevre? | <182 meviee <2.2 eVic? O o17Mevie | <as2mevi

0 Ve 0 0 0 2 0 = 0 =

- Q@ O @Ol @I @ | @

electron muon tau electron muon tau
L\neutrmo _|_neutrino [ neutrino Jj@nﬁneutring _antineutrino ‘@Lantineutriny

Anaélle Chalumeau — Réunion du vendredi—11/04/202¢




MATTER il ANTI

MATTER

o —






Why neutrinos are interesting

Matter vs anti-matter

mass
charge
spin

matter

'da’

>

anti-

LEPTONS

Svas Lonve TR\

matter
CZ.Z MeV/c? . =1.28 GeV/c? =173.1 GeV/c? \sz MeV/c2 =1.28 GeV/c? . =173.1 GeV/c2 N

% - % % -2 - -2 = -2 ik

| up charm top antiup anticharm | antitop

L {; y gk L y k { y

=4.7 MeV/c? =96 MeV/c? =4.18 GeV/c? =4.7 MeV/c? =96 MeV/c2 i =4.18 GeV/c?

- @I O O @I @ |- @
| down L strange l bottom antidown | antistrange, antibottom
Y v v 4 L { L

=0.511 MeV/c? =105.66 MeV/c? =1.7768 GeVic? =0.511 MeV/c? =105.66 MeVic2 | =1.7768 GeVic?

-1 S -1 Y -1 R il i == 1 ==

- QI O @ @I @ |- @

. electron | Muon J| tau positron | antimuon antitau
% y | V. %l L § %). y
<2.2 evic? 1 (<017 Mevre? | <182 meviee <2.2 eVic? O o17Mevie | <as2mevi

0 Ve 0 0 0 2 0 = 0 =

- Q@ O @Ol @I @ | @

electron muon tau electron muon tau
L\neutrmo _|_neutrino [ neutrino Jj@nﬁneutring _antineutrino ‘@Lantineutriny

Anaélle Chalumeau — Réunion du vendredi—11/04/202¢

1



Why neutrinos are interesting
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Why neutrinos are interesting
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Why neutrinos are interesting @ @ @

Where are they?
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Why neutrinos are interesting
They oscillate!
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Why neutrinos are interesting
They oscillate!

Oscillation probabilities for an initial muon neutrino
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Why neutrinos are interesting
They oscillate!

Oscillation probabilities for an initial muon neutrino
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Why neutrinos are interesting
They oscillate!

Oscillation probabilities for an initial muon neutrino
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T2K and v_ (electronic neutrinos)

sonsomye | pNHE D ;I:gk\ Anaélle Chalumeau — Réunion du vendredi-11/04/2025

20



T2K and v_ (electronic neutrinos)

particle accelerator to
create neutrino beam
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T2K and v_ (electronic neutrinos)

particle accelerator to
create neutrino beam




T2K and v_ (electronic neutrinos)

3 Wi ‘
far detector: Super-Kamiokande
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particle accelerator to
create neutrino beam
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T2K and v_ (electronic neutrinos)
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T2K and v_ (electronic neutrinos)
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T2K and v_ (electronic neutrinos)
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T2K and v_ (electronic neutrinos)
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T2K and v_ (electronic neutrinos)

UA1 Magnet Yoke

Super-FGD
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T2K and v_ (electronic neutrinos)

Super-FGD

HA-TPC

ND280 Upgrade installed last year!
& data taking since end of 2024
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T2K and v_ (electronic neutrinos)
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T2K and v_ (electronic neutrinos)
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T2K and v_ (electronic neutrinos)
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T2K and v_ (electronic neutrinos)
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T2K and v_ (electronic neutrinos)

neutrino mode
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T2K and v_ (electronic neutrinos)
neutrino mode

oscillations ) ") vu 30Gev proton beam
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T2K and v_ (electronic neutrinos)

neutrino mode
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T2K and v_ (electronic neutrinos)

oscillations ) u v vu 30Gev proton beam
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T2K and v_ (electronic neutrinos)
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T2K and v_ (electronic neutrinos)

Svas Lonve TR\

30Gev proton beam
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ND280 decay volume  target
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Particle Decay Products Branching Fraction (%)
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K+ = utu, 63.55

- %uty, 3.353

— et @) 5.07
K°, = n~utu, 27.04

— 7r_e+ 40.55
b= e+17 100
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T2K and v_ (electronic neutrinos)

30Gev proton beam
- -
(e 12% v_ p |, K I}‘
ND280 decay volume  target

& beam dump J-PARC

accelerator

- v, of the beam are an irreducible background

Particle Decay Products Branching Fraction (%)

7" = puty, 99.9877

— @) 1.23 x 10*
K* =»uty, 63.55

- %uty, 3.353

— et @) 5.07
KOL - uty, 27.04

— 7r_e+ 40.55
b= e+z7 100
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T2K and v_ (electronic neutrinos)

30Gev proton beam
-1, v, 12% v TS I}<
D250 decay volume  target
& beam dump J-PARC

accelerator

- v, of the beam are an irreducible background

Particle Decay Products Branching Fraction (%)

_ : 7t = uty, 99.9877
v, are the signal at SK et 158 T
K* =»uty, 63.55
- muty, 3.353
— 7%e*(@) 5.07
KOL - uty, 27.04
— 7r_e+ 40.55
[ TR e+17 100
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T2K and v_ (electronic neutrinos)

30Gev proton beam
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Particle Decay Products Branching Fraction (%)

v Ve 12% v,
ND280
- v, of the beam are an irreducible background
. ¥ +
- v_ are the signal at SK A=
= — e
. . K* =»uty,
Vi | V4 v =T Uy
= very important to characterize the o Outu,
0+
component at ND280 — e

-,
LT pTYy

—>7r_e+
(TR (D

gﬁif‘v‘l‘ézﬁé LPNHEY T2\

99.9877

1.23 x 1074

63.55
3.353
5.07
27.04
40.55
100

42



T2K and v_ (electronic neutrinos)

30Gev proton beam
- -
Ve 12% v, u,m, K <
ND280 target

J-PARC
accelerator

- v_ of the beam are an irreducible background
e Particle Decay Products Branching Fraction (%)

¥ +
- re the sianal at SK m7 - uty, 99.9877
Ve A€ Selgnal e — et 1.23 x 10~*
) ) K* =»uty, 63.55
= very important to characterize the v, — muty, 3.353
0+
component at ND280 wo T° 5.07
LT pTYy 27.04
= need Particle Identification for v_ selection Rt a2 40.55
e B = etop) 100

< identifying e vs u, y, 7, p
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T2K and v_ (electronic neutrinos)

30Gev proton beam
-

1.2% Ve B (m K

ND280

target

J-PARC
accelerator

- v, of the beam are an irreducible background

- v, are the signal at SK

= very important to characterize the v .
component at ND280

= need Particle Identification for v, selection
< identifying e vs u, y, 7, p I\/

how to detect uncharged particles (like v) in a
detector that can only detect charged ones?

— by detecting the charged patrticle from v
interaction™ in the detector:

ve\ (

*called Charged Current (CC) interaction

44



T2K and v_ (electronic neutrinos)

30Gev proton beam
7 ve 1.2% ve - [TRY, A .4 <
ND280 target
J-PARC
accelerator
- v, of the beam are an irreducible background how to detect uncharged particles (like v) in a

the sianal at SK detector that can only detect charged ones?
- v_are the signal a
e — by detecting the charged patrticle from v

= very important to characterize the v, interaction™ in the detector:
component at ND280

= need Particle Identification for v, selection Ve — (D
41'[ identifying e vs , , 7, p] I\/

*called Charged Current (CC) interaction
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Why we need to improve the v_ selection

- Selection of a particle =
Y \0

. 1o |Dentificd

Paﬂ\C\e V\

1) Define a PID method to identify your particle (e)
Using simulations of particle:

2) count how many true e are selected by the method

3) count how many other particles are selected by the method

This allows to define:

- | efficiency = how much true e we selected

- | purity = how much background is kept in the selected particles

Important! goes into the T2K uncertainties
— need method which gives best eff & pur



Why we need to improve the v_ selection

- Selection of a particle =
il 10

. \Den’t\f\ca

Paﬂ\C\e \

1) Define a PID method to identify your particle (e)
Using simulations of particle:

2) count how many true e are selected by the method

3) count how many other particles are selected by the method

This allows to define:

- | efficiency = how much true e we selected

- | purity = how much background is kept in the selected particles

Important! goes into the T2K uncertainties
— need method which gives best eff & pur
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Why we need to improve the v_ selection

- Selection of a particle =
1fi 10

. \Den’t\f\ca

Paﬂ\C\e \

1) Define a PID method to identify your particle (e)
Using simulations of particle:

2) count how many true e are selected by the method

3) count how many other particles are selected by the method

This allows to define:

- [efficiency = how much true e we selected

purity = how much background is kept in the selected particles

|

Important! goes into the T2K uncertainties
— need method which gives best eff & pur

simulation sample

Q

.
[

(1

Q9

l PID method

selected sample
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Why we need to improve the v_ selection

- Selection of a particle = @Q
tificatio
particle 1Pe" AN Q Q
1) Define a PID method to identify your particle (e) Q
: : : : l PID method
Using simulations of particle:
2) count how many true e are selected by the method
3) count how many other particles are selected by the method
This allows to define:
- | efficiency = how much true e we selected
- | purity = how much background is kept in the selected particles |  efficiency = +5%°°*9€ _ ggos
5 simulated e
Important! goes into the T2K uncertainties , 4 selected e 0
— need method which gives best eff & pur purity = ot = 2
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Why we need to improve the v_ selection

Selection of a particle = @Q

fication
partic\e ‘Demlﬂ% Q Q
1) Define a PID method to identify your particle (e) Q

: : : : l PID method
Using simulations of particle:

2) count how many true e are selected by the method

3) count how many other particles are selected by the method

This allows to define:

with current method:

- _ 0
Important! goes into the T2K uncertainties eﬁ|0|er-1c:y - 1%6 %
— need method which gives best eff & pur purity = 68%
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- | efficiency = how much true e we selected
purity = how much background is kept in the selected particles




simulation sample

Why we need to improve the v_ selection 4
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2 new PID methods with ML: Transformer & Variational Auto-Encoder

VAE: un-supervised ML
Training:

' Variational Auto-Encoder

N
e internal idea of
|_ .{es-l internal i Y

no info on true particle

Test:
Variational Auto-

o, .

no info on true particle

internal idea of y

performs worse in controlled, labeled settings but
should be better to deals with real data variability
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2 new PID methods with ML: Transformer & Variational Auto-Encoder

VAE: un-supervised ML
Training:

' Variational Auto-Encoder

N
b internal idea of
I_ -‘Qg‘l internal i Y

no info on true particle

Test:
Variational Auto-

[ S

no info on true particle

internal idea of y

performs worse in controlled, labeled settings but
should be better to deals with real data variability

Transformer: supervised ML

Training & test:

. 1
1

|_| RN

‘thosearee™” —

/ Transformer — “it'say”
—~

LI—| -t

‘those are v’

performs well in controlled, labeled settings but will
probably struggle more with real data variability
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Output
Probabilities

The Transformer PID method
What is a Transformer

“Transformer = a new simple network architecture, based solely on

. . . . . . 7 (
attention mechanisms, dispensing with recurrence and convolutions A
Feed
Attention Is All You Need Forward
. N
Key ideas:
Feed Attention
Forward I Nx
» takes sequences as inputs |
[ Add & Norm Je~
Nx | —(TAdd&Norm ) ——
» attention mechanisms: allows the model to focus on the Multi-Head Mutti-Head
most relevant parts of the input sequence when producing an Siiion Attention
P P q P g , , . ;
output S I
\. J \u J
) ) _ _ Positional o) Positional
* multi-head attention: attending to different parts of the Encoding & Encoding
input in parallel allows for the model to capture multiple types Input Output
of I’e|atI0nShIp Embedding Embedding
. g . Inputs Outputs
parallelizable architecture ishifted right)

) standard BERT architecture
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The Transformer PID method
How we can apply it for the v selection

gamma electron

~ I 5
~>| Add & Norm |} Classification
Feed fsid
Forward
- Outputed CLS token SFGD
 —
N> ~>| Add & Norm )
Multi-Head
Attention
\_ J
Positional )
Encoding
Classification] @ lnput'
(CLS) token Embedding
-, l . L
Yo KoY DYy KoVe XY LL oYy XiYi DoV XgVe XY Inout
Ll.z(?,qg] 2.0] 2,0) 2,G] z,q] 9™ 200 Zy0 Zoo] Zeo zaoy - Slectron [ TPHES
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The Transformer PID method
How we can apply it for the v selection

~ I S
~>| Add & Norm |}
Feed
Forward
r 3
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Multi-Head
Attention
. VO
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Positional D
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Classification| @ Input
(CLS) token

Embedding

t

gamma electron

head

Classification

Outputed CLS token
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(XY
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1
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The Transformer PID method
How we can apply it for the v selection

S enne T2R

( 1 ™\
~—>| Add & Norm |

Feed
Forward

_

A

3

Nx | —(Add & Norm )

Multi-Head
Attention
‘ A ’
 S— >
Positional D
Encoding
Classification| @ |nput'
(CLS) token Embedding
t
X,
z,q]

gamma electron

Classification
head

SFGD
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The Transformer PID method
Vision Transformer

» Problem: some sequences of
hits are too long:

= not computationally efficient as
complexity of transformer

~ O(sequence length?)

= training would take too long

= Solution: use the principle
behind vision transformers

59



The Transformer PID method
Vision Transformer

!
MLP input sequence of
= Problem: some sequences of Head
hits are too long:
= not computationally efficient as
complexity of transformer
~ O(sequence length?) Transformer Encoder
= training would take too long
Patch + Position
- Solution: use the principle Embedding @9 . " .. . . g

behind vision transformers * Extra learnable
[class] embedding [ Lmear PI‘O_]CCUOI] of Flattened Patches

SR | | LI
WWE

/

]
H@!—*H..Wﬁw
A i




The Transformer PID method
Vision Transformer

Before :
, "Rz TR

V
z 192

184
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The Transformer PID method
Vision Transformer

Before :

II=- = Il==. 784

y
L
z 192

Now (ViT) :

e.g: create parent cubes of size 8x8x8

23

24

Siras Lonve TR\

[xiiyi!
z,q]

each parent cube 14
holds the
information of its
child voxels: relative
positions & charge

12 13 14_5 6 7 21 22 23

positional encoding of the parent cubes in the parent grid
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The Transformer PID method
First performances

model trained for e/y separation model trained for e/y/u/n/p separation

0.9
e 0.00074
L 0.8
e
gamma : 0.0047
2 T
E E mu
" =
pi-
gamma
0.2
proton -SSR
0.1
- Predicted label gamms € gamma mu- pi- proton

Predicted label

LN
Svae Lwne T2R\
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The Transformer PID method
First performances

model trained for e/y separation

True label

gamma

e- gamma
Predicted label

N
Svae Lwne T2R\

0.9

0.2

0.1

Efficiency vs Purity
1.0 —
e- (0.94,0.94), cut=0.49 ST
« gamma (0.94,0.94), cut=0.49
0.9 A
3

i

0.8 - .

> ‘e
v
&

& .
S
=
w

0.7 1
s
0.6 -
0.5 T : : .
0.5 0.6 0.7 0.8 0.9 1.0
Purity
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The Transformer PID method
First performances

model trained for e/y/u/n/p separation

e 4 8 0.01 0.011 0.0

gamma

mu- 0.( 0.0014

True label

pi-

proton 0 0.0013

= gamma mu- pi- proton
Predicted label

Svae Lwne T2R\

103 4

e- vs gamma score: P(gamma) / [P(gamma) + P(e-)]

e- vs mu- score: P(mu-) / [P(mu-) + P(e-)]

e

e
= gamma mu-
10*
3
e-/gamma e e-/mu-
10?
10!
10°
0.0 . 0.4 0.6 . 10 00 02 04 06 08 10
Discriminating Score Discriminating Score
e- vs pi- score: P(pi-) / [P(pi-) + P(e-)] e- vs proton score: P(proton) / [P(proton) + P(e-)]
e e
pi- W= proton
104 4
103 4

e-/pi-

0.0 0.2 0.4 0.6 0.8 10
Discriminating Score

0.0

e-/proton

0.2 0.4 0.6 0.8 10
Discriminating Score



A glanced at the Variational Auto-Encoder method

Key idea: anomaly detection to distinguish e- (anomalies) out of y (trained on)

@ Train the VAE with many gamma conversion in the SFGD: it will learn to reconstruct the gamma events

2) Test it on e- events: the reconstruction should not be as good — anomaly in the loss function

h z
) Y | et E el loss ~ 0
VAE trained to reconstruct gammas
2 = Yo e, | (OSSN T ————S )| UEEINE— e ORI ~
e ------ T LA e Iarger IOSS

test it on different input: electrons
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A glanced at the Variational Auto-Encoder method 2 distinction metrics
to analyse

' h z ‘

VAE trainef to reconstruc] gammas

............ e o é Iarger IOSS

test it on Gifferentinput: glectrons \—__
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Separation of e and y
latent space: dimensionality reduction with UMAP

UMAP Projection of Latent Space Z (e- vs gamma)

-1

-2

UMAP Dimension 2

Gamma
Electron

-2

UMAP Dimension 1

z-distrib for one event:
vector of size (1,1024)

— reduce it to (1,2)
using UMAP
(dimensionality
reduction algo)

— plot all tested event
on this 2D map

A glanced at the Variational Auto-Encoder method

Q SORBONNE
b UNIVERSITE

LenkE T2R\

-2

UMAP Dimension 2

-4

Separation of e and y
separation in the 2D latent space for electron selection

Classification of Gamma and Electron Regions by Contamination

true gammas
true electrons

-1 0 1 2
UMAP Dimension 1

1)  compute the
contamination of each
point

2)  low-contamination points
are fed into a SVC with
an RBF kernel

3) the SVC creates a
delimitation in this 2D
space

4) efficiencies and purities
using the electron/gamma
regions can be computed:

BUT: this 2D umap was
transformed on the same
sample used for fitting the
2D umap: those eff,pur are
only upper limits

az
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Summary

= It's necessary to charactize precisely the v, background at the near detector
 New methods are being developed for this matter: a Transformer and a VAE

» The developpement of the Transformer in the T2K analysis software is done!
(first complex ML algo to be implemented there)

* The Transformer training shows promising PID results: other improvements are needed

= Some VAE upgrades are on-going, then new analyses are too come

Next steps:

- compare those 2 methods with the old ones on the same samples
- control sample
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Back-ups
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The gamma background

gamma event CC electronic neutrino event
SFGD SFGD
% b %
~ —~



