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Introduction
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Which parts of the event 
are interesting?

New trigger paradigm

Which events are interesting?
“Signal-centric” trigger 

strategy

Increased particle multiplicities for LHCb Upgrades I and 
II bring big challenges, both for trigger and offline analysis

Upgrade I Upgrade II

2010 2020 2030 2040

Density of 
proton bunches

≪ 1 signal per event, ~50 tracks
Low noise Multiple signals per event, ~1000 tracks

High noise



Deep-learning based Full Event Interpretation (DFEI)
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• Input features: charged particles and its measured properties (nodes) and their relations (edges)
• Hierarchical, automatized and inclusive reconstruction of heavy-hadron decay chains
• Trigger: Safely discard rest of event, with minimal loss for analyses  powerful event size

reduction in a multi-signal environment
• Analysis: tool for background classification & suppression
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Signal-based trigger vs FEI
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The current LHCb trigger is an OR between 
many decay-mode selection lines.

Since Run2, to reduce the event size, some lines 
store only parts of the event that are related 
to the specific signal. [JINST 14 (2019) 04, P04006]

E.g.: store the signal + the tracks in the same 
primary vertex (PV).

Reconstruct the b- and c- hadron decay chains in 
the event, in a hierarchical-clustering manner (cluster 
→ unstable particle), and discard the rest. 
Advantages:

• Exploit extra correlations between objects in 
the event.

• Bandwidth oriented: focus on storing as much 
“useful” information as possible.

• Case of several signals per event as an 
integral part of the approach.

• Establishment of a basis for an expanded 
functionality of the trigger: inclusive selections, 
study of anomalous events …

Signal based FEI

https://inspirehep.net/literature/1723258


DFEI
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+ about 2 s per event for pre/postprocessing
of the multiple modules

[Comput.Softw.Big Sci. 7 (2023) 1, 12]

1. Node pruning

2. Edge pruning

3. “Lowest common 
ancestor” inference

Blue: reconstructed ancestors
Green: particles from a b-hadron
Red: particles from the rest of 
the event
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https://link.springer.com/article/10.1007/s41781-023-00107-8


DFEI
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+ about 2 s per event for pre/postprocessing
of the multiple modules
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1. Node pruning

2. Edge pruning

3. “Lowest common 
ancestor” inference

Blue: reconstructed ancestors
Green: particles from a b-hadron
Red: particles from the rest of 
the event
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only on b-hadrons decays and uses 
charged stable particles

https://link.springer.com/article/10.1007/s41781-023-00107-8
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First speed-up round and C++ inference pipeline 
• First DFEI prototype: quadratic scaling of the inference time with the track multiplicity, 

overall evaluation time on the order of few seconds per event on CPU. Evaluation pipeline on 
python with TensorFlow.

• To improve the scaling with the track multiplicity per event, substitute the GNN models of the 
NP and EP by CatBoost BDT models: 

• Evaluated independently for each particle/edge, using information from kinematics, topology, PV 
association, and summary of particle multiplicity in the event. 

• Cut at 99% signal efficiency for nodes/edges.
• Construct a C++ inference pipeline that takes as input the information of the set of all 

charged stable particles per event. 
• Using the C API of CatBoost and TMVA::SOFIE for the LCAI GNN inference
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https://link.springer.com/article/10.1007/s41781-023-00107-8
https://arxiv.org/abs/1706.09516
https://catboost.ai/en/docs/concepts/c-plus-plus-api_dynamic-c-pluplus-wrapper
https://indico.jlab.org/event/459/contributions/11746/attachments/9716/14215/TMVA_SOFIE_%20CHEP23.pdf
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• Time dominated by the LCAI algorithm. Very good scaling 
achieved thanks to the fast pre-filtering by the NP and 
EP. Significant overall speed up, but final number pending on a 
hyper-parameter tuning of the LCAI. 

• Next: physics performance studies for the new configuration, 
hyper-parameter tuning.

• In parallel: study of GNN architecture developments to gain 
further speed-ups.

https://link.springer.com/article/10.1007/s41781-023-00107-8
https://arxiv.org/abs/1706.09516
https://catboost.ai/en/docs/concepts/c-plus-plus-api_dynamic-c-pluplus-wrapper
https://indico.jlab.org/event/459/contributions/11746/attachments/9716/14215/TMVA_SOFIE_%20CHEP23.pdf
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Standard vs DFEI-based analysis
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• Standard exclusive analysis: identification of signal decay  fine-tuned selection 

• Possible contamination from similar partially-, over-reconstructed or poorly identified decays

• In DFEI, the algorithm is trained to inclusively identify and reconstruct decay chains originating 
from a b-hadron  independently of the type of the decay chain or of the number of particles in the 
final state

• Partially- and over-reconstructed decays in standard analysis are fully reconstructed in DFEI

• These contributions are classified in reconstructed clusters of different numbers of particles

• DFEI seems to mitigate partially- and over-reconstructed background 



Example case: 𝐵𝐵0 → 𝐾𝐾+𝜋𝜋−ℓ+ℓ−
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• Partially- and over-reconstructed backgrounds are challenging to disentangle from the signal in exclusive, 
conventional analysis  loose of sensitivity 

• Particularly important for electron modes, impacting 𝑅𝑅𝑋𝑋 measurements

• With DFEI, these contributions are fully reconstructed and classified in clusters of different numbers of particles

Conventional, exclusive analysis With DFEI inclusive reconstruction

𝑩𝑩+ → 𝑲𝑲+𝝅𝝅−𝝅𝝅+ℓ+ℓ−
𝑩𝑩𝟎𝟎 → 𝑲𝑲+𝝅𝝅−ℓ+ℓ−
𝑩𝑩+ → 𝑲𝑲+ℓ+ℓ−



Search for exotic states 
• Several states observed (>35 since 2003)

• But: we still don’t understand their nature 
• Bound or molecular states?

• Need unambiguous experimental evidence

• Other doubly-heavy states [𝑄𝑄𝑄𝑄𝑢𝑢𝑢𝑢]:
• 𝑇𝑇𝑏𝑏𝑏𝑏 [𝑏𝑏𝑏𝑏][𝑢𝑢𝑢𝑢]  ~10−3 events in Run3&4
• 𝑇𝑇𝑏𝑏𝑏𝑏 [𝑏𝑏𝑐𝑐][𝑢𝑢𝑢𝑢]  may be below �𝐵𝐵𝐷𝐷 threshold, but opposite expectations in some molecular models
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Search for Tbc – prospects for Run3, I. Polyakov, 
Hunting for the charming beauty tetraquark Tbc: LHCb meets theory, 5 October 2023, CERN

Li, Sun, Liu, Zhu, 2012, Liu et al., 2019, Hudspith et al., 2020
Karliner, Rosner, 2017, Semay, SIlvestre-Brac, 1994, Carames, Vijande, Valcarce, 2019, Meng et al., 2021

https://indico.cern.ch/event/1324964/contributions/5576264/
https://arxiv.org/abs/1211.5007
https://arxiv.org/abs/1902.03044
https://arxiv.org/pdf/2006.14294.pdf
https://arxiv.org/pdf/1707.07666.pdf
https://link.springer.com/article/10.1007%2FBF01413104
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.014006
https://www.sciencedirect.com/science/article/pii/S0370269321000356


Search for exotic states 
• Current ideas for searching for exotic states include simultaneous 

analysis of multiple exclusive decay chains
• E.g.: the search for the tetraquark 𝑻𝑻𝒃𝒃𝒃𝒃 could involve the 

simultaneous mass fit of 20 to 40 channels!
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Search for Tbc – prospects for Run3, I. Polyakov, 
Hunting for the charming beauty tetraquark Tbc: LHCb meets theory, 5 October 2023, CERN

https://indico.cern.ch/event/1324964/contributions/5576264/


Search for 
exotic states

DFEI can simultaneously reconstruct the 
different decay chains, allowing for a broader 
and more direct search for exotic states

F.L. Souza de Almeida - ACAT 2024 - New developments and applications for DFEI 16

Simulated sample of several weakly decaying modes of 𝑇𝑇𝑏𝑏𝑏𝑏 analyzed simultaneously using DFEI:

Preliminary

Preliminary



Search for 
exotic states
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Simulated sample of several weakly decaying modes of 𝑇𝑇𝑏𝑏𝑏𝑏 analyzed simultaneously using DFEI:
Automatized, simultaneous, 
inclusive reconstruction of 
decay chains without the 
need to know or to define the 
decay chains beforehand!

DFEI can simultaneously reconstruct the 
different decay chains, allowing for a broader 
and more direct search for exotic states

Note: the 𝑇𝑇𝑏𝑏𝑏𝑏  modes were 
never used in the training of 
the algorithm! Plus: final-
state agnostic algorithm

Preliminary

Preliminary
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Summary
• Changing from GNN to BDT models for NP and EP and a new C++ inference 

pipeline resulted in significant speed-up   

• Timing scaling flat at high track multiplicity

• Further speed-ups expected from hyper-parameter tuning of LCAI

• DFEI opens the door for exciting physics applications in hadronic machines 
• Seems to mitigate contamination from partially- and over-reconstructed decays 
• Can be used for inclusive searches for exotic states
• And more

• Stay tuned: further developments are on the way
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Thank you!



Backup
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Performance: final-state particle 
filtering

Consistent performance with 
different number of signals

DFEI capability #1
Powerful event size (~ x14) 
reduction in a multi-signal 
environment.

Confusion matrix, normalized per true class

Number of selected final-state particles
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“single-b-hadron-signal” approach 
performance comparable to the 
envisaged nominal LHCb strategy
for Run 3 [JINST 14 (2019) 04, P04006]

LHCb: 90% sig eff, 90% bkg rej. power
DFEI:  94% sig eff, 96% bkg rej. power

DFEI selects all of 
them simultaneously

• Signal
• Background

https://inspirehep.net/literature/1723258


3rd module: Lowest Common Ancestor (LCA) 
inference

∙ Very-short-lived resonances merged with the previous ancestor.
∙ Resonances with less than two charged descendants merged with the previous ancestor.

For the prototype, use as target a simplified version of the decay chain, based on the 
reconstructible vertices.

Problem reduced to multi-class classification on edges.

From [BELLE2-MTHESIS-2020-006]:
(see also [James Kahn et al 2022 Mach. Learn.: Sci. Technol. 3 
035012])

https://docs.belle2.org/record/2122/
https://iopscience.iop.org/article/10.1088/2632-2153/ac8de0/meta
https://iopscience.iop.org/article/10.1088/2632-2153/ac8de0/meta


Decay-level performance

Different types of decay reconstruction
- wrong hierarchy: correct tracks but wrong hierarchy
- Not isolated: additional tracks that do not belong to the decay
- missing tracks of the true decay

Fraction of perfect signal reconstruction approximates the tag side efficiency for FEI at Belle (II) 
(order a few percent for semileptonic decays and a few per mille for hadronic decays.)
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