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Anatomy of heavy-quark hadronization
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How bottom/charm quark decays ?  
ATL-PHYS-PUB-2022-035 
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B-hadrons often decays to (D-hadrons + X) via b to c transition.  
D-hadrons further decays to bunch of Kaons, Pions, leptons etc.  
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Anatomy of heavy-quark hadronization
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The causal direction 

b b-hadron

π+

π−

τhad ∼ Λ−1
QCD ∼ 10−24 sec

K+

π−

l

β γ τB ∼ 1/ |Vbc |2

K+

l

π−

⟨τB⟩ ∼ 1.566 ps

⟨τD⟩ ∼ 0.1 − 1 ps

arXiv:1109.6831
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The decay topology in detector
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ATLAS  Simulation  Preliminary
=s  cc, bb→13 TeV, Z' 

ATL-PHYS-PUB-2018-025 arXiv : 2007.07624

Track : constructed from ID and pT > 500 MeV.  

Primary vertex :  every event should have one with  and  

Jets : reconstructed with Ak4 algorithm, with  and  + a jet-PV association. 

σ(z) ∼ 30 μm σ(r) ∼ 10 μm

pT > 20 GeV |η | < 4 . 5
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High level algorithms  
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SV1 JetFitter IP3D RNNIP

Sec Vertices Jet topology Tracks

BDT DNN DNN

MV2 DL1 DL1r

MV2 vs DL1 : same input, different architecture. 
DL1r has extra RNNIP input compared to DL1.

ILC-2023
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HEP events & objects as graph  
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arXiv : 2007.13681
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Jet tagging ~ Graph classification
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The Large Hadron Collider 
Editors: Thomas Schörner-Sadenius

{p1, p2, …, pn}

{j1, j2, …, jk}

Jet Algorithm (for CA, kT, anti-kT)

{p1, p2, …, pn} = F(q)
The forward problem is not  
computable from first principle 

The question of jet tagging is  
how do we define the inverse problem?  

q = F−1({p1, p2, …, pn}) ?

ILC-2023

https://link.springer.com/book/10.1007/978-3-319-15001-7#author-1-0
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What is GNN?
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G = (u, V, E)
arXiv : 1806.01261

x′ i = ϕ(xi, ⊕i∈𝒩i
ψ(xi, xj, eij))
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Set2Graph proposal for flavor-tagging 
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https://link.springer.com/article/10.1140/epjc/s10052-021-09342-y
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Set2Graph proposal for flavor-tagging 
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B_N : # of possible partition of a set  
           with N elements  

g_i : # of tracks associated with i-th 
         vertex in the jet. 

ILC-2023
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Set2Graph model within ATLAS 
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ATL-PHYS-PUB-2022-027

For a c-tagging working point 
~ 30%, a significant gain in  
Rejection rate is obtained.  

Sizable improvement  
over the current DL1r  
algorithm. 

Combined
Inputs

GNN

Intial track 
representation

Jet flavour 
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Vertex
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Track origin 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-027/
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The pointcloud classification  
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arXiv : 1806.01261
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The particlenet network  

Sanmay Ganguly (ICEPP) ILC-2023

arXiv : 1902.08570
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The large-R mass regression 
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Impact of GNN on physics results 
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CMS-HIG-21-008
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Take away

GNN is turning out to be the state of art ML technique to be used for HEP applications.  

GNN has its own limitation, need to understand how HEP analysis is effected.  

We need to emphasize on explainable AI and correlate to physics interpretation.  

Let’s see what it can bring for ILC. 

THANK YOU!!

Sanmay Ganguly (ICEPP) ILC-2023


