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Experimental context

Motivations: B-meson decays with invisible particles

e New physics particles may appear in the loop and modify probability
e Possible significant discrepancy from the standard model prediction

e May have presence of new physics invisible particles in place of v
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Experimental context

Motivations: B-meson decays with invisible particles

e Tag side needed to infer information about the signal side (e.g. B — Kvi)
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Experimental context
Tagged Anaysis strategies

Hadronic Tagged Analysis (HTA) Inclusive Tagged Analysis (ITA)

Tagging efficiency

0 (0.1%) O (10%)
Tagging purity
80% — 20% O (1%)
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Graph-based Full Event Interpretation: the GRAFEI

Deep learning algorithm: GRAFEI

e Based on a deep graph neural network
e Reconstructs the T (4S) decay via the final state particles
e Trained over T (4S) decays — No need to hard-code decay channels
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Graph-based Full Event Interpretation: the GRAFEI

Overview of the GRAFEI's principles

e Takes as input a fully connected graph representing final state particles
Nodes = quantities associated to the particles (pr, p,, dr, dz, charge, ...)
Edges = relations between the particles (angle between tracks, distance of
closest approach)
Global = the whole event
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Graph-based Full Event Interpretation: the GRAFEI

Overview of the GRAFEI's principles

e Uses update functions, ¢, and aggregation functions, p

¢ = Multilayer perceptrons, update the features of the graph per block
p = Compute average of the updated features, pass it to the next block
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Graph-based Full Event Interpretation: the GRAFEI

Overview of the GRAFEI's principles

e Returns a fully connected graph from which we can get mass hypotheses and Lowest
Common Ancestor (LCAS) matrix elements
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Figure: inspired from arXiv:1806.01261
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https://arxiv.org/abs/1806.01261

Graph-based Full Event Interpretation: the GRAFEI

Lowest Common Ancestor Matrix

e LCAS matrix = representation of a decay tree®>

e Rows and columns = FSPs
e Elements = Lowest Common Ancestor (LCA)

e Identify them via a class between 0 and 6
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Graph-based Full Event Interpretation: the GRAFEI

Implemetation in software framework

e Use PYTorCH GEOMETRIC for architecture®

Used OPTUNA for hyperparameter optimization®

Public repository available on GITHUB

Documentation available on BASF2 Sphinx

& PyG
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https://github.com/belle2/basf2/tree/7f3f5738b035bf3118af7df27c45cbc0f1d852c8/analysis/scripts/grafei
https://software.belle2.org/development/sphinx/analysis/doc/GraFEI.html
https://pytorch-geometric.readthedocs.io/en/latest/
https://optuna.readthedocs.io/en/stable/
https://github.com/belle2/basf2
https://software.belle2.org/development/sphinx/whatsnew.html
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Feasibility study with the search for BY — Kt v at Belle Il

State of the art
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Figure: from arXiv:2301.06990

- B(B+~>K+1/D\exp)
H = B(BT=KTui|SM)
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https://arxiv.org/abs/2301.06990

Feasibility study with the search for BY — Kt v at Belle Il

GTA Workflow

Let's define the GRAFEI-based Tagged Anaysis (GTA):

1. Reconstruction + Preselection:

e LCAS must contain only signal-side Kaon and Bi,g
e Cut on GRAFEI probability, or B probability, BGEOM, derived from

cross-entropy
e Apply other preselection cuts (more details in the backup)
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GTA Workflow
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Feasibility study with the search for BY — Kt v at Belle Il

GTA Workflow

Let's define the GRAFEI-based Tagged Anaysis (GTA):

1. Reconstruction + Preselection:

e LCAS must contain only signal-side Kaon and Bi,g
e Cut on GRAFEI probability, or B probability, BGEOM, derived from

cross-entropy
e Apply other preselection cuts (more details in the backup)

2. Train classifier
3. Apply signal region cut: BDT output > 0.8
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Feasibility study with the search for BY — Kt v at Belle Il

Comparison between analyses

Signal purity:
Psig — NSig
kag + Nsig

Comparing efficiencies and signal purities:

e[%] | PoE[%)
HTA | 0.4 3.5
ITA 8 0.8
GTA | 2.7 1.3
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Comparison between analyses

Feasibility study with the search for BY — Kt v at Belle Il
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N.B.: No systematic uncertainties considered in this study.
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GRAFEI future

@ GRAFEI future
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EI future

Conclusion and perspectives

e GRAFEI is a new approach to inclusive reconstruction

e GTA has a greater signal purity than ITA with a higher efficiency than HTA

e Underline ability to classify rare signal events among numerous background events

e Will improve by optimizing GTA and considering statistical and systematic
uncertainties

Figure: Generated by Dall-E - "Could you please generate a picture of a penguin manipulating
an artificial neural network 7"
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Supplementary Material

Belle |l experiment
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Supplementary Material

Belle Il subdetectors

KL and muon detector
Resistive Plate Counter (barrel outer layers)
Scintillator + WLSF + MPPC

(end-caps , inner 2 barrel layers)

EM Calorimeter

Csl(TI), waveform sampling electronics

Particle Identification

Time-of-Propagation counter (barrel)
Prox. focusing Aerogel RICH (forward)

Vertex Detector
2 layers Si Pixels (DEPFET) +
4 layers Si double sided strip DSSD

Central Drift Chamber

Smaller cell size, long lever arm
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Supplementary Material

Full Event Interpretation (FEI) algorithm

e Reconstructs the tag side based on a six stages approach using Boosted Decision
Trees’

e Need to hard-code decay channels — ~ 15% of B decays considered

Tracks Displaced Vertices Neutral Clusters
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Supplementary Material
GRAFEI input features

e Node: (‘Cpartide)particlee{e,p,u,Kﬂr} » Pt-Pz, dr7 dZ,
CLUSTERNHITS, CLUSTERTIMING, CLUSTERE9E25, charge

e Edge: distance of closest approach (doca), cosine of the polar angle cos (6)

e Global: NONE
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Supplementary Material
GRAFEI hyperparameters optimization

’ Hyperparameters ‘ Minimum value ‘ Maximum value ‘ Mode ‘
Learning rate 1 x107° 1 LOGUNIFORM
Batch size 32 512 CATEGORICAL
Hidden layer's dimension 64 1024 CATEGORICAL
Number of hidden layers 1 3 INT
Number of GN blocks 1 3 INT
Dropout 0 0.5 UNIFORM

Table: Table summarizing the hyperparameters explored by OPTUNA. "Mode" refers to how
the set will be explored: UNIFORM and LOGUNIFORM are self-explanatory since they refer to
the distributions of the same name; INT corresponds to a uniform distribution with integer
step; CATEGORICAL means that the hyperparameters will be selected in a specified list of
values. For "Batch size” and "Hidden layer’s dimension”, the values can only be powers of 2,
meaning that the sets are [32,64,128,256,512] and [64, 128, 256,512, 1024]. More information
about OPTUNA in reference [5].
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Supplementary Material
GRAFEI hyperparameters optimized

Hyperparameters Value
Learning rate 1 x107°
Batch size 32
Hidden layer's dimension 64

Number of hidden layers
Number of GN blocks
Dropout

Ol | =
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Supplementary Material
GRAFEI probability

BGEOM = [— ﬁl <eXp (Xiy:) )V
= og

i=1 ZCC:]_ eXp (XI',C)

where [ are the elements of the LCA matrix’ lower triangle, C is the number of classes,
(x,-7c)l.el ce[LC] is the model’s output for the i-th event and the c-th class, and y; is the
true class of the i-th event.
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Supplementary Material
Pre-training cuts

e BGEOM > 0.2
e Lk (sig-side FSP) > 0.9

® COS (eBsig, thrustaROEthl’USt> > 09
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Supplementary Material
GTA classifier

e Optimized hyperparameters:
] BDT parameter \ Value ‘
Tree depth 5
Learning rate 0.1547
Number of estimators | 600
Subsample Ratio 0.8912

e Input variables:
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Supplementary Material
Workflow performances

Let's define the GRAFEI-based Tagging Anaysis (GTA) and its performances:

Selection Number of signals after the cut | Esig| %] ‘
GRAFEI event reconstruction 26940105 27.295 + 0.005
Preselection cuts 14429334 53.607 + 0.010
Signal Region 2671942 18.517 + 0.010

— Total efficiency [%]: "' = 2.709 + 0.002
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