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Particle Decay Trees A“(IT

Karlsruhe Institute of Technology

. L hallengi k:
Why is b-tagging important? Challenging tas
@ | arge amount of possible decay channels

® Reconstruct tag-side to constrain signal decays
with neutrinos v

® Maximise information extracted from each event

& High multiplicity in event decays
— analytical solution intractable

Clean Detection Environment at Belle |l

- @9\1 < } ::noi}Iiiainon
event interpretation T Goal:
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reconstructing @) } (root) decay process up to B

intermediate
decay particles

signal- and tag-side > } particles

7 70)
A

YWy
KYH(v)(v)(n)(a*

}stable
particles

314 28/02/2022 Lea Reuter - lea.reuter@student kit.edu: graFEI Institute of Experimental Particle Physics (ETP)


mailto:lea.reuter@student.kit.edu

The Belle Il Full Event Interpretation AT

Karlsruhe Institute of Technology

Currently used: Full Event Interpretation (FEI)
algorithm as Exclusive Tagging Algorithm

® (0(10000) distinct decay chains
@ Hierarchical approach with six distinct stages

Tracks Displaced Vertices Neutral Clusters

@ Multivariate classification (BDTs)

efficiency B* (%) B (%)

Hadronic 0.76 0.46
Semileptonic  1.80 2.04

correctly reconstructed B decays
all B decays

— Efficiency:

1 The Full Event Interpretation — An exclusive tagging algorithm for the Belle If experiment, Keck et al. (2018), arxiv:1807.08680
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The Belle Il Full Event Interpretation AT

Karlsruhe Institute of Technology

Currently used: Full Event Interpretation (FEI)
algorithm as Exclusive Tagging Algorithm

® (0(10000) distinct decay chains lef et [t (K2 / 7
@ Hierarchical approach with six distinct stages

Tracks Displaced Vertices Neutral Clusters

@ Multivariate classification (BDTs)

efficiency B* (%) B (%)

Hadronic 0.76 0.46
Semileptonic  1.80 2.04

- . correctly reconstructed B decays [ ] i i
s Efficiency: e Hard-coded deca:)y channels restrict branching
fraction to ~ 15%

® Hierarchical structure leads to error propagation

1 The Full Event Interpretation — An exclusive tagging algorithm for the Belle If experiment, Keck et al. (2018), arxiv:1807.08680
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Next Generation FEI A“(IT

Karlsruhe Institute of Technology

a End to end trainable network
a Data driven learning by example to exploit full MC coverage
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Next Generation FEI ﬂ(IT

Karlsruhe Institute of Technology

a End to end trainable network
a Data driven learning by example to exploit full MC coverage

Framing the Problem

Have: Final state particles (FSPs) B-meson
Want: Entire decay structure e

Intermediate Event

Challenges of event reconstruction: Particles Reconstruction
@ Variable number of final state particles (unkown)
@ Unknown tree structure (depth and breadth) e
. . . Final State Stable
® Unknown number of intermediate particles Particles Particles
® Undetected FSPs o
® Missing ground truth Slmulatlon@ @ ( ':.zt,et,c:,eez
Solution: Encode tree as FSP relations A M. .,

notMC matched | | secondary | | missing | | MC Matched secondary
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Graph-based Full Event Interpretation (graFEl)

2nd gen, D)
Particle decay trej/' Y
_rooted tree graph J'" Reconstructed
15t gen. (D)
Vo
KA }
th (K) (7) Detected
0" gen. \K ) \‘ﬂ' J
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Graph-based Full Event Interpretation (graFEl) Q(IT

Karlsruhe Institute of Technology
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Graph-based Full Event Interpretation (graFEl) Q(IT

Karlsruhe Institute of Technology

2nd gen,
Particle decay trej/'
_rooted tree graph J'" Reconstructed
18t gen.
I
KA }
th (K) (7) Detected
0" gen. \K ) \‘ﬂ' J

Adjacency Matrix Lowest Common Ancestor (LCA)

BDKxrmp Matrix
Bloj1/0/0/0/1 Krorop
Di1/o/1|{1]1]0 KIKDIDIB
K|o|1|o|o|0|0O

ﬁ m|D|7|D|B
w|0[1{0[{0|0|0 ~DDI%IB
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BB |B
n|1/0{0[(0|0|0 s K

6/14 28/02/2022 Lea Reuter - lea.reuter@student kit.edu: graFEI Institute of Experimental Particle Physics (ETP)


mailto:lea.reuter@student.kit.edu

Graph-based Full Event Interpretation (graFEl) Q(IT

Karlsruhe Institute of Technology

2nd gen,

Particle decay treé}/’
rooted tree graph. ;'"
st (

\7edges / ‘ nodes

\
\4 Feature Matrix

Reconstructed
Ex | E; |E; | E,

PaK | Perc | Pan | Pap

Lowest Common Ancestor (LCA)

PyK | Pyr | Pyr | Pyp

DK | Par | Par | Pzp

} Detected

Adjacency Matrix

BDKr W Matrix

B o100 1 Krrp

k[olt{atololo K[K[DDB] ™\ ee
ﬁ m|D|w /D B classification
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Graph-based Full Event Interpretation (graFEl) Q(IT

Karlsruhe Institute of Technology

‘ﬁ o =
S edges
Particle decay tree%’ (
rooted tree graph v
18t gen. \ )

Feature Matrix
Reconstructed ~

Ex | Ex | Ex | By

PaK | Per | Par | Pap

PyK | Pyr | Pyn | Py

DK | Per | Pan | Pap

} Detected

use
<« GraphNN here

Adjacency Matrix Lowest Common Ancestor (LCA)

BDKnrp Matrix

Blo/1/0/0/0 1 Krmrmp
Di1|of1]1]1]0 KKDDB'\ eEER
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Lowest Common Ancestor Matrix Representations Q(IT

Karlsruhe Institute of Technology

a) y
llee ] (B
) ) LCAS E - - H LCAG
Need appropriate representation Kooy oo ¥ Kovor oo
for machine learning g [ofafa]a]s y x[o]z]z]z2]5
7|30 |1]3]|5 2 || K Yy |2|o|1|2|3
l T 1 ] 3 5 1 Wn,J/U} 7:0 gon v ? 1 0 2 3
LCAG generational Telslegefe kA mpelzfelofE
representation of R £ A A Tl
intermediate
particles
LCAS stage-view
representation A 5 K w7 g
. . K |o|3|3]|5]|5 e 15t gen K o1 |1]2]2
inspired by FEI [ o e o e ‘ - .
Stages = |3|3|o|s]|s e/ \‘ » [1]1]of2]2
7 [s|5 |50 1 PR | v 22|20 1
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Interaction learning

‘m‘ / \ nodes

\/\
N

W

<« GraphNN here

Feature Matrix

Ex

Er
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Lowest Common Ancestor (LCA)

use

KIT

Karlsruhe Institute of Technology

Message passing mechanism

node to edge edge to node
v—e e—v

7 TN

) L m L

NS

Matrix
Krmrnp
N i R
<TiToT2 ciessiicaton) All combined in Neural Relational Inference for Interacting
wl2]2]2]0 Systems (arxiv:1802.04687)
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Building the training LCA AT

Karlsruhe Institute of Technology

True LCA
[ Detected Belle Il simulated data
K |4|2]2]2]3 includes:

® missing particles

® unmatched particles

~ |3|a|a|s][ ® secondary particles

» » ; < Training LCA & duplicate particles
@ @ @ @ @ T m oA % % K Build Training LCA with:
TE (—1) To tell PyTorch to ignore it
Y 1 -1 2 3 0 0 0 . 8
@@ @ @ @ @ @ w2 lalalslolals (diagonal and padding)
wlalala[a]o]o]o (0) As background class
secondary not MC matched ‘ MC Matched secondary T 10 0 0 S 0 (unmatChed/Secondary)
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Single decay: training LCA distribution

example B° decay

3 gen.
depth 2 gen
15t gen.
-
™
Features:

féo‘]
y ¥ N
\D*-/\

¥

Do

number of leaves.

® Particle IDs

® Kinematics

® Vertex information

True LCA

KIT

Karlsruhe Institute of Technology

Dataset distrubution gets smeared when including unmatched, missing,

secondary particles and including duplicates

X
- . Training skip duplicates . Training secondary skip duplicates 20000
™ EB 3
\ O 17500
: ° .
Piad 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20 15000
. Training missing skip duplicates 4Training missing unmatched skip duplicates 12500
‘éz 3 10000
32 2
! 2 4 6 8 10 12 14 16 18 20 ! 2 4 6 8 10 12 14 16 18 20 7500
. Training unmatched skip duplicatesTrainidng missing secondary unmatched copy duplicates M sooo
<
23 3 2500
g2 2
1+ 1 o
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16 18 20
leaves leaves

® Basic particle information

® ECL Cluster variables

10/14  28/02/2022

Lea Reuter - lea.reuter@student kit.edu: graFEI

Institute of Experimental Particle Physics (ETP)


mailto:lea.reuter@student.kit.edu

Goal: comparison on Belle Il simulated data ﬂ(l'l'

Karlsruhe Institute of Technology

Compare performance of B-tag reconstruction when the B-sig B — v for FEI and graFElI,
using simulated samples including detector effects and beam background

FEI graFEl

® tagging efficiency: fraction of reconstructed B° m valid-tree efficiency: fraction of B° decays with
decays of all decays a rooted, directed, acyclic, predicted tree

® accuracy: amount of particle edges that get
classified correctly (independet of B° decays)

® perfect LCA: fraction of B® decays with a
correctly predicted LCA

® purity: fraction of perfect LCA out of all decays
with valid trees

@ tag-side efficiency: fraction of correctly
reconstructed B° decays of all decays

® purity: fraction of correctly reconstructed decays
out of all reconstructed decays
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Training graFEIl on mono-generic hadronic B-decays Q(IT

Karlsruhe Institute of Technology

mono-generic: one B°-decay per sample, where the B°-meson decays according to Belle || phasespace

best-case ideal scenario : 21.6% perfect LCAG
Accuracy 62.5%
Trained on 1.8 million samples
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Training graFEl on mono-generic hadronic B-decays Q(IT

Karlsruhe Institute of Technology

mono-generic: one B°-decay per sample, where the B°-meson decays according to Belle || phasespace

best-case ideal scenario : 21.6% perfect LCAG

Accuracy 62.5%
Trained on 1.8 million samples
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depth

depth

realistic scenario: 1.8% perfect LCAG
Accuracy 31.3%
Trained on 37 million samples
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Comparison on mono-generic hadronic B-decays

graFEl

x10*

Entries / (0.0007 GeV/c?)

M N W B U N ® ©

5275 5.280 5.285 5.
My [GeV/c?]

~45 T T

true Mg
B perfect LCAS
Emm incorrect LCAS

-~ true Mg
B perfect LCAG

q B incorrect LCAG

059270 5275 5.280 5.285 5.290
My [GeV/c?]
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Evaluated on 12 million events for B-tag reconstruction
when the B-sig B° — v on beam-constrained mass M,

Ui

Karlsruhe Institute of Technology

Mhe = \/(ELR)2 /04 -
FEI

x10%

Entries / (0.0007 GeV/c?)

(PEMS)2/c? O

—--- true Mg
3 correctly predicted
3 incorrectly predicted

059270 5.275 5.280 5.285 5.290
My [Gev/c?]
FEI (%) graFEl (%)
metrics LCAS LCAG metrics
tagging efficiency 1.87 13.96 6.89 valid-tree
tag-side efficiency 0.41 1.32 0.54 perfect LCA
purity 21.92 H 9.46 7.84 purity
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Comparison on mono-generic hadronic B-decays

225220

S 2.00

S1ss

5275 5280 5285 5.
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5275
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My [GeV/c?]

1314

70 5275 5280 5285 5
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_ 12 X100 . . .
s :
= Lr:fre':? Lcas 2 ror 3 ]
Bl incorrect LCAS § sl § 1
SA : ---- true Mg
3 E o6l i 1 == perfect LCAS
] 5 i [ perfect LCAG
v - correctly predicted FEI
0.4} N 1
i n|
e 0.2 Prr,_,_r'_r | ]
05(.)270 5.575 5.‘2‘80 5.285 5.290
My [GeV/c?]
FEI (%) graFEl (%)
metrics LCAS imp. LCAS LCAG metrics
owen . tagging efficiency 1.87 || 13.96 3.19 6.89 valid-tree
=t tag-side efficiency 0.41 1.32 0.66 0.54 perfect LCA
purity 21.92 9.46 20.7 7.84 purity

90

Lea Reuter - lea.reuter@student kit.edu: graFEI

Institute of Experimental Particle Physics (ETP)


mailto:lea.reuter@student.kit.edu

Summary and Outlook ﬂ(IT

Karlsruhe Institute of Technology

® Strategy for tree reconstruction with minimal assumptions about ancestors
® Can model all trajectories, not only hard-coded events

® End-to-end trainable

® Data-driven solution
® No hierarchical error propagation

Submission to
ICML!

® Promising first results on mono-generic decays: improvement from 0.41% to 1.32%
— paving the way for the development of an end-to-end trainable, graph-based reconstruction algorithm
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Summary and Outlook ﬂ(IT

Karlsruhe Institute of Technology

® Strategy for tree reconstruction with minimal assumptions about ancestors
® Can model all trajectories, not only hard-coded events

® End-to-end trainable

® Data-driven solution
® No hierarchical error propagation

Submission to
ICML!

® Promising first results on mono-generic decays: improvement from 0.41% to 1.32%
— paving the way for the development of an end-to-end trainable, graph-based reconstruction algorithm

Outlook

® Tailor Trainings to analyses and improve final state particle selection
a Distinguish between signal and background (implement signal probability)
& |nput feature optimization
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Backup
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Model: Neural Relational Inference' Encoder Q(IT

Karlsruhe Institute of Technology

Legend Multlayer Perceptron (MLP):
Build additional fully connected graph out of ——> Forward pass -2 Linear Layers with ELU activation 3 ; Transition Layers  EEdge Embedding
FO e SR . . - Batchnorm Layer N
detected particles > Skip comecto Configurable MLP Blocks [ LayersBiook 0 Node Embedding
Feature Matrix P . ; J— - [P X N Lowest Common Ancestor (LCA)
: - ; ; : : @ Matrix
B [pak [Pk [paxc =N == : 1T
1 7 i Embeddi = - Initial : Additional Additional = @ : Final w2z 1218
mbeddin : Initial itional itional ! ' X inal ST \
B, [Py [Py [Py e “1% o P e P Mee e > mp AR T2 1 o e =% T 2] 1 (2[3] N edge
B porPyr [per- 0o m i i i i = (o|mii ] 721 [1]2]3 classification
B o e [por E R A = R A R e (=) -[2[2|2[1]3
kd Nodeto Node to “ B
L Edee Edge « [ElEEIEE

® |terative node v <> edge e update and hierarchical agglomeration
® Implementation in PyTorch and Optuna

® Experiments using NVIDIA V100, NVIDIA V100s and NVIDIA A100 GPUs provided by TOpAS the NVIDIA
A100s in HoreKa

1 Neural Relation Inference or Interacting Systems, Kipf et al. (2018), arXiv:1802.04687v2
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Ablation Study on Experimental Effects Q(IT

W

WW MRRROGAAY Sk

0.90 " J\M/’”WA” VS E eV P B ON WA P A
AV
0.85 Al
S z
"_,) 0.80
=
3
075 [
S |
S /

0-10 best case scenario : all FSP example B" decay: 0.996
—— excluding secondaries: 0.932
—— excluding unmatched: 0.896

excluding duplicates: 0.908

excluding missing: 0.939

0.65

0.60
realistic scenario: including missing, unmatched, secondary, duplicates: 0.845

) 100 125 150 175 200
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Double-Generic Mixed Background Decays Q(IT

Karlsruhe Institute of Technology
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