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D o o
Motivation
Time Dependent CP Violation in B meson systems \
e Matter-antimatter asymmetry — CP violation

e Indirect CP violation: interference between neutral B meson
mixing and decay

B’ « Y(@4s) - B’

B meson system

' (B° — fop) (At) —T'(B® — fcp) (At)

Acp (At) = — - x Ssin (AmgAt) — C cos (AmgAt)
I'(B° — fep) (At) +T (B° — fep) (At)
¢ Jh c
— < ‘ T S
go < poo L e
d ’ d— 1 | J
\ K, t \\ K?
d d
Direct decay Mixing_decay
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¥4 Motivation

Time Dependent CP Violation in B meson systems

e Matter-antimatter asymmetry — CP violation

e Indirect CP violation: interference between neutral B meson

mixing and decay

' (B° — fop) (At) —T'(B® — fcp) (At)

Acp (At) = —— .
I'(B° — fep) (At) +T (B° — fep) (At)
b /C leé
B W<

Direct decay

19/06/2025 Daria Senina

Mixing_decay

B « yY(@s) —» B’

B meson system

x Ssin (AmgAt) — C cos (AmgAt)

Goal: measure At

03/24
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¥=1[\otivation

Time Dependent CP Violation S'sin (AmgAt) — C cos (AmgAt)

 Boost along z axis
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Example of decay after collision along_z B0
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¥4 Motivation

Time Dependent CP Violation S'sin (AmgAt) — C cos (AmgAt)

 Boost along z axis

e Toget: At +— Az
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Example of decay after collision along z Btag
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Signal Side

Tag Side
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¥4 Motivation

Time Dependent CP Violation |[Ssin (AmgAt) — Ccos (AmgAt)| X resay

 Boost along z axis
TES A

VB

B ;’f/' Signal Side
S

e Toget: At < Az < precise Btag z vertex position since: "T€SA; =

=~ Tag Side
\\\\ / —> )
>~
Btag - ~

19/06/2025 Daria Senina 06/24

Example of decay after collision along_z




¥ Motivation

Time Dependent CP Violation |[Ssin (AmgAt) — Ccos (AmgAt)| X resay

« Bsig: exclusive reconstruction (low efficiency), J/v — up~

e Btag: inclusive reconstruction (high efficiency), TagV using global vertex fit

Jy [V
Bsig B
> K\ UV
-
//
et ‘ Az
e- \\\\e+
~
\\\
~
~
~
\\\
\\
\\
Type of decay used during_this project to focus on Btag Btag
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M3The Experiment (iPHC

ubert CURIEN
STRASBOURG

o Belle Il experiment, SuperKEKB Japan

- Flavor physics, dark matter...

e Energy Asymmetric —» boosted collision
e Creation of Y(4S) — B physics

B mesons : B° (bd) B (bu) B) (bc) B? (bs)

5_ / -_ : "_'__-'-'.-.; ASS
~ S s

| Electron ring |

Here : Time Dependent
CP Violation

Electron-Positron

linear accelerator The Belle Il detector

Positron damping ring
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I=1Project Overview (IPHC

Belle I Hubert CURIEN

STRASBOURG

D

e Goal : Use Neural Networks to predict the B decay vertex position (" Particle decay tree |
rooted directed acyclic
 Building on existing Belle Il GraFEl tool oo grapn
B-meson — -
(root) 3 gen. Bt /
a GraphFuIIEventlnterpretation ........................................ | .- ..................
ntermediate 2" gen. Dﬂ
é Decay tree — graph ::; rticIE: b : ;.._;_ - Reconstructed
(unkown) VAN
15’[9&"- . E I.
B*DVafK*~y v 7 7t , & o\
B*ol1/ololololo!1 N eyt =
ﬂD1 ol111lo0lo0l1!l0 Particles Dthgen. ‘r{; ,\'_’f »_}ex C’T ﬂ:+: }Stable Particles
700 1 0 01 1 0 0
K*+*0|1(0{0|0]0|0]|0 Example of decay tree
vylo|0o[1|/0]|0|l0|0]0
vlo|l0o[1/0[(0/0|0|0
m|0/1]/0|0(0]/0|0]0O —> Need knowledge of intermediate particles
m™1lo0lo0|o|oflo|0O|0

Adjacency matrix corresponding_to decay tree
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F=1Project Overview

Belle I

./

Institut Pluridisciplinaire
Hubert CURIEN
STRASBOURG

e Goal : Use Neural Networks to predict the B decay vertex position (" Particle decay tree |

e Building on existing Belle Il GraFEl tool

—> Graph Full Event Interpretation
—> Decay tree = graph
—> Learning from leaves only

B*D°rK*vy v o «*
B*o|1/o|ofo|o|o|1]

poj1|of1[1]{o]o1]|0] K*7y 7y w7
™0 1001100 K*|\K* D%\ D° D%\ B*
k+o[1]ofofofo]0[0]| Guuyp 7 |D°|7 7°D°B"
Yl0|0[1]/0[|0|0]|0]|0 v |DO 0| v | DO|B*
~lolol1lolololo]o 7 DO D° D°| | B*
~|0o/1|/0|lo|o|o|ofo0 n*|B*|B*|B*|B* ||
™ 1]/o|lo/o|o|o|0]|0O

Adjacency to LCA matrix corresponding_to decay tree

19/06/2025 Daria Senina

rooted directed acyclic
\ tree graph
B-meson — _
(root) 3 gen. | BY) /
; i:;l
Intermediate 2" gen. 2 - Reconstructed
Particles T
(unkown) ‘.:
15t gen. 0
Final State —“ ;r ¥ ,"'— -:'*1--& ’
Particles oth gen. KY (v) () (7)) (7*) } Stable Particles
Example of decay tree
Final State LCA matrix
i —> GraFEl —>
Particles (Lowest Common
Ancestor)
10/24



= Graph Object IPHC

 New task: Not LCA, but estimate Btag vertex position

Goal : Have vertex

 Graph Object, the data structure : .
position as global feature

global (u) : vertex position

{ edges (e) : distance of closest approach between tracks, angle J

[ nodes (v) : particle nature, PDG, pt, pz, dr, dz, charge.. ]

19/06/2025 Daria Senina 11/24



Graph Network

e The network is composed of N connected graphs

e Similar to multilayer neural networks, with weights 8@0

N layers

19/06/2025 Daria Senina 12/24



= Graph Network Block

e The network is composed of N connected graphs

e Similar to multilayer neural networks, with weights 8@0

 With N-1 Network Blocks composed of three sub-blocks

19/06/2025 Daria Senina
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/
, g@o Uprds ,
N T

/

Edge block Node block
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M= \Machine Learning (iPHC

e Learns through loss function : L = f (prediction — truth)
Data > Prediction > Gradients
Forward Pass Loss computation J Update
A (weights)

e Minimization of gradients of the loss, one technique : gradient descent
 Minimization over epochs (iteration of learning process)

e Loss function different for data type

| oss visualization in 3D

19/06/2025 Daria Senina 14/24
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nstitut Pluridisciplinaire
Hubert CURIEN
STRASBOURG

I=Il|mplementation diinc

o Extended GraFEIl to predict 3 global features : b_decay_Xx, b_decay_y, b_decay_z
o Simplified flow:

F
Loss
MC reconstructed .. : Learning process (prediction, loss _
. »  Training files > . : > Weights
data files (MDST) .. cxiraction Input data computation, gradients, update...) Output log
Metrics
-
Measure of the
performances

19/06/2025 Daria Senina 15/24



Implementation

o GraFElI's loss function: L. = alcaLlca -+ amassLmass

4 )

Classes : Cross Entropy

0 1 2 3 4 5)
epred = p = [0.3,0.8,0.1,—0.2, —0.7, 1.2]

Pj

Ctruth — .] =

ePi
L. = —lo
| Z g(Zi(ﬂ”)

\- J

19/06/2025 Daria Senina

Floats : Mean Squared Error

1

Lvt:c —

./

K7 7
Kt K*|DO|Do

DO 70
- DY Do

§ 2 2

2

-2
]2 %
R[22

=y

=
+
vy
Y
%

—> Coefficients tuning
(alca — 10007 Aytr — ]-)
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¥=3Setup

e MC data of BB with B, — vv

e Partition for training, validation and test steps :

Training

e Loss function per epochs:

Loss over Epochs

900000 event

0.84

0.82

e
oo
o

Average Loss

0.78 \

0.76

—8— Training Loss
—— Validation Loss

T T T
0 5 10

T T T T
15 20 25 30
Epoch

Loss per epochs for classical GraFEl training.on LCA

19/06/2025 Daria Senina
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Institut Pluridisciplinaire
Hubert CURIEN
STRASBOURG

e Two Trainings :
o VTX Only (aiee =0, ayy =1)
o LCAand VTX (alca 7& 07 Ayte — ]-)

e Objective :

0
tag,z

o Get position of B

17124



Institut Plurl isciplinaire
ert CURIEN
mssoune

¥=VTX training IPHC

Loss over Epochs

Predicted vs Truth for BO z
3600 —&— Training Loss — |
—— Validation Loss B Predicted Entries: 290688
700 1 33 Truth Mean: 30.019
3400 - .
600 - Std Dev: 339.703
o 500 -
§ 3200 a
=
% U 400 -
g
= 3000
= 300 -
200 -
2800 -
100
2600 - 0
0 5 10 15 20 25 30 -600 —400 -200 0 200 400 600

Epoch

Loss per epochs for training_on VTX position
(alca — 07 AOytr — ]-)

BO _z position (um)

- Some hyperparameter to fix, but prediction ok

19/06/2025 Daria Senina 18/24
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VTX training (IPHC

D

<O

Belle I

Hubert CURIEN
STRASBOURG

o Residue: Zpred — Ztruth
residuals BO z

e Mixed Gaussian Fit: 0 F T e A
g B 12.82
f(x) =rN (ZE ‘,U,l, 01) + (1 _ T)N (QE ‘:u’27 02) . SOHO == 13617;62.!312
= 0.6963 + 0.0024
o=ro1+(1- 1) o] am o
C 95.25 + 0.43
c 568057 + 1063.0
3000 }—
4 ) 2000:—
— o=92.91 £0.31 um -
1000 |—
\_ ) B
Xz C
although —_— — 5.56. o e 0— | I ] | ] -— i il Ty : | | L L L
ndf 600 ~400 200 0 200 400 600

Residual (um)

Fit with more than 95% of the distribution between [-250,250]
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VTX + LCA Training IPHC

D

<O

Belle I

ubert CURIEN
STRASBOURG

residuals_BO z

residuals_BO0_z

g 6000— Entries 290767
- - - - - = u y Mean 10.1216
o Coefficient tuning, now training on LCA too NS | S
- ! 2761 0086
 For different weight of LCA training: F
3000(—
5 2000—
aLCA 0- X_ 1000:_
nd f =
o 52.91 +0.31 5.56 T T 5 200 45% e:sidLljal (:u rﬁ;;o
ArL.cA — 100 .
100 51.53 :l: 0.29 7.59 e rESIduals_Bo_z | residuals_B0_z
1000 53.74 4 0.33 9.44 "UE v o -
oot , C s
10000 52.91 £+ 0.31 11.56 1500E— g:z 149.9+03
1000 }— T |
1000000  142.42 + (.42 7.94 80|~
600|
400:—
. . . 200} e,
- No significant improvement g .

-%DO -400 -200 0 200 400 600
Residual (um)

arca = 1000 000
19/06/2025 Daria Senina 20/24
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<O

Belle I

VTX + Perfect LCA Training

residuals BO z perfect

o

Institut Pluridisciplinaire
Hubert CURIEN
STRASBOURG

o Extraction of perfectly reconstructed LCA events o 4s0p- St Dev e
400— r 0.6978 + 0.0123
« For different weight of LCA training: o o Py
250|
2 1505—
arLca o X 0F-
nd f 50[-—
100 50.05 + 0.97 1.58 L W
1000 5113 4 0.89 5 79 arca = 100 residuals_B0O_z perfect |
10000 51.66 = 0.82 2.32 F it
0] . ~ds
1000000 157,68 + 1.05 1.29 - RECITT
150 — :
- Increasing “perfect” events, better fit, sof—
but small dataset (<10%) . e M
-%00 -400 -200 0 200 400 600

Residual (um)

arca = 1000 000
19/06/2025 Daria Senina 21/24
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¥=1Biased model IPHC

Institut Pluridisciplinaire
Belle II Hubert CURIEN
STRASBOURG

e Correlation observed between residues and truth !

Profile: Residue vs Truth for BO z

e Deviation of predictions with z ? 150 1
100-
- Need to investigate ! Maybe better E 21t
resolution if fixed - Tt
: N iy
100

I I I I I I I
—600 =400 =200 0 200 400 600
BO z Truth (um)

19/06/2025 Daria Senina 22|24



¥=ISummary of results

For B tag_z position:

TagV, Belle 1l vertex tagger

e From literature: o ~ 100 um

o Evaluation requires reconstructible signal side decay

GraFEl!’s results Time Dependent CP violation is
modulated by resolution

e resolution of 0 = 52.91 = 0.31 um
-~ Improvement of almost 50% ! |S'sin (AmgAt) — C'cos (AmgAt)] X oa

- Useful for precise TDCPV measurement Direct impact with z vertex resolution

OAz

VB

OAt —

19/06/2025 Daria Senina 23124



¥=INext steps

Compare to TagV on new data B;;, — p" ™

Hyperparameter optimization for VTX and LCA+VTX trainings

Extract new data for further analysis (nb particle, D mesons...)

Compare : current / ideal /| upgraded geometry

ORNORORNO,

J

-
o )
-~

Towards a Tree Fitter f

19/06/2025 Daria Senina 24124



Belle I

&

—

BACKUP
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M= Mixed Gaussian Fit (iPHC

STRASBOURG

Fit of multi-modal distributions or distributions with larger tails but single mode

2o

fz) =rN(z|p1,01) + (1= r)N (2 |p2, 02), with N (z|p,0) = \/1— o (i (m_#) )

= 7 mixture weight

- L mean .
- 0 standard deviation

Propagating uncertainties for single mode:

o=ro1+ (1 —171)o,

do ? do ? do ?
b (2200) 4 () ()

d : partial derivative

do do do (1 )
-_ — — —_— r, — = —7r
dar V%% 4o T doy

19/06/2025 Daria Senina A



-
B

F=1\/TX position IPHC

Belle I Hubert CURIEN

STRASBOURG

14000 — htemp Predicted vs Truth for BO z
B Entries 310500 |
B Mean -0.009927 B Predicted Entries: 290688
12000]_ Std Dev 0.03298 700 7 3 Truth Mean: 30.019
B 600 - Std Dev: 339.703
10000]_
B 500 -
B >
=
8000|_ g 400 -
- q
6000|_
B 200 -
4000|_ 100
B 0
50000 -600 —400 —200 0 200 400 600
B BO z position (um)
O _I 1 1 | 1 1 I I | | | I I | | I I | | 1 1 | I I |
- 0.15 -0.1 - 0.05 0 0.0o5 0.1 0.

| |
15
Upsilon_decay_vertex_z (cm)

Upsilon decay vertex along._z

- PDG: c7 = 455.4 um, after projection: 2z =~ 135 um and (0,0,0) point = detector’s (0,0,0)

19/06/2025 Daria Senina B



2 What did | do &

e Implementation of the global feature (understand code, setup environment, write scripts, find feature,
Implement feature, test everything) - see Gantt Chart

e Change the loss function (tuning with coefficients, addition of MSE loss, addition of metrics)

e Change the hyperparameters (Learning rate)

e Do the training for different values of coefficients (get figures, debug... a lot of debug...)

 Found limits to the existing code! (Open merge request on Basf2)

19/06/2025 Daria Senina C
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M= Internship timeline iPHC

ert CURIEN
STRASBOURG

Gantt chart

Task \ Week 1 2 3 4 5 6 7 8 9 10 |11 12 13 14 15 16

07/03 10/03 17/03 24/03 31/03 07/04 14/04 21/04 28/04 05/05 12/05 19/05 26/05 02/06 09/06 16/06

.

Discovering framework

implementing new feature I
Use oflarge datasets I

Optimal training conditions I
Working code

Trying TagV
Results analysis

Presentation & new mdst -

Belle Il France Presentation M2 defense !

19/06/2025 Daria Senina D
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iPH

Institut Pluridisciplinaire

¥=1Pjpeline

Belle I Hulg_?gga%ﬂgmn
B decay z
- | htemp
- Entries 50000
] . 3000 I W S Dev 002024
Simplified model : --
2500 —
e Creates Ntuples with all requested data (Tree) : J |
create training files script —> + Creation of new variable/branch “b_decay_xly/z” L __ |
- Fetches vertex if PDG == 511 AND NOT Bnunu F H |
500?— d _'LL
- S M |
b I~OJ,E-;I - 0 I IO,lOSI ] 0.1| — IU.‘ISI .I;c;egl'azvlz
Loss over Epochs
e Loads model configuration B
e Loads root ntuple and creates graph objects
training script > o Splits datasets '
e Updates features /| computes loss & metrics o
- Global layer has new feature b_decay_xly/z to learn/predict
residuals_B0_z Er_mm .
e Loads weights and config of last epoch ol {\ ”
Test script > ¢ Predicts features on test dataset s S
e Returns analysis data for figures 2000/

L s | " . L L | . L $
oo -400 -200 0 200 400 600
Residual (um)
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