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Introduction

2Jingyu Zhang

¥ HGCAL: an imaging calorimeter with very fine transverse and longitudinal granularity 
and precision timing capability 

¥ Extends and improves the CMS particle flow reconstruction 
¥ Physics-driven requirements: improved VBF jets identification and measurement, increased 

acceptance for electromagnetic and hadronic objects in the endcap regions, improved ETmiss 
resolution, etc. 

¥ Great potential and big challenges (pileup, computing, etc.) 

¥ To fully exploit the potential and meet the challenges, CMS is actively investigating and 
developing reconstruction approaches: 

¥ The Iterative CLustering (TICL) framework has been put in place  
¥ The Hierarchical Density-Based Spatial Clustering with Application of Noise (HDBSCAN) 

algorithm has been studied 
¥ End-to-end machine learning approaches based on graphic neural networks have also been 

investigated
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The TICL Framework

3Jingyu Zhang

¥ Iterative approach: first  reconstruct simpler objects, 
then mask used 2D layer clusters, move to more 
complicated objects 

¥ Prototype: 
¥ Track-seeded iteration (electrons and charged pions) 
¥ Electromagnetic iteration (photons) 
¥ Hadronic iteration (neutral hadrons) 
¥ MIP iteration (muons)

¥ Takes 2D layer clusters 
(LCs) created by the 
CLUster of Energy 
(CLUE) algorithm as input 

¥ Apply pattern recognition 
to reconstruct 3D objects 

¥ Particle ID and Energy 
RegressionPattern recognition

Clustering
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The CLUE Algorithm (I)

¥ Inspired by the imaging algorithm [doi:10.1126/science.1242072] 
¥ CLUE steps: 

¥ (a) calculate the local density (! ) for each cell: weighted energy sum of the cell and its 
neighbors  

¥ (b) find nearest higher (! : distance to nearest neighbor) 
¥ Nearest neighbor query using spatial index (tiling) for speed-up [arXiv:2001.09761] 

4Jingyu ZhangICHEP 2020

Color and size representing density Arrow pointing from Ònearest-
higherÓ to itself

Tiling: 
search radius d covers one or up to 

four tile(s)

 

https://science.sciencemag.org/content/344/6191/1492.full
https://arxiv.org/abs/2001.09761
https://science.sciencemag.org/content/344/6191/1492.full
https://arxiv.org/abs/2001.09761
https://arxiv.org/abs/2001.09761
https://arxiv.org/abs/2001.09761


The CLUE Algorithm (II)

5Jingyu Zhang

¥ CLUE steps: 
¥ (c): define seeds, followers, and outliers 

¥ Seed: !  > ! c && !  > ! c  (! c: min separation for seeds, ! c: seed threshold) 
¥ Followers: not seed && !  > ! 0 (! 0: min separation for outliers) 
¥ Outliers: everything else 

¥ (d): create clusters

Seeds

Followers

Outliers
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TICL: Pattern Recognition (I)

6Jingyu Zhang

¥ Pattern recognition based on ÒCellular AutomatonÓ 

¥ Doublets creation: 
¥ For each LC, open a search window in bins in !-" 

space in the following layers 
¥ Bin size: 0.05 
¥ Search window: 3x3 or 5x5 bins depending on 

! 
¥ A layer cluster in the search window will make a 

doublet with original layer cluster 

¥ Doublets linking: 
¥ Doublets are linked if two angular requirements are 

satisfied  
¥ Requirement on the direction of each doublets 

w.r.t. the vertex (" ) 
¥ Requirement on the angle between doublets (#) 
¥ Requirements differ in each iteration 

¥ Timing capability
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TICL: Pattern Recognition (II)

7Jingyu Zhang

¥ Trackster creation: 
¥ Tracksters formed from doublets 

satisfying angular requirements 
¥ IN-OUT and OUT-IN approach   
¥ Requirements vary in different iterations 

¥ Computing performance 
¥ Heterogeneous computing and GPU 

friendly 
¥ CLUE fully validated on GPUs and 

achieved speed-up in line with the HL-
LHC computing expectation
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TICL Performance: EM Showers

8Jingyu Zhang
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¥ Energy response: CLUE (TICL) is able to 
reconstruct almost all (large fraction) of the 
reconstructable energies  

¥ Energy resolution: TICL comparable to the 
reconstructable
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TICL Performance: HAD Showers

9Jingyu Zhang
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¥ Energy response: CLUE (TICL) is able to 
reconstruct almost all (large fraction) of the 
reconstructable energies  

¥ Energy resolution: very encouraging results 
for TICL
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HDBSCAN (I)

10Jingyu Zhang

¥Novel algorithm suitable for nested data [doi:
10.1007/978-3-642-37456-2_14] 

¥Takes reconstructed hits as input  
¥Estimate the density: 

¥ Distance between a point to its Nth nearest 
neighbor (! ) 

¥Only cells located within 10 layers can be 
considered as neighbors 

¥Distance metric: euclidean metric in !-" space 
¥Distance weighted by 2 or 4 depending on the 
back of the detector 

¥Build the cluster hierarchy by scanning over all 
the densities 

¥ Clusters are required to have more than M 
points

$ ~ 1/!
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This figure is taken from here

Cluster hierarchy

https://link.springer.com/chapter/10.1007/978-3-642-37456-2_14
https://link.springer.com/chapter/10.1007/978-3-642-37456-2_14
https://link.springer.com/chapter/10.1007/978-3-642-37456-2_14
https://link.springer.com/chapter/10.1007/978-3-642-37456-2_14
https://hdbscan.readthedocs.io/en/latest/how_hdbscan_works.html
https://hdbscan.readthedocs.io/en/latest/how_hdbscan_works.html


HDBSCAN (II)

11Jingyu Zhang

¥Clusters are extracted from the hierarchy 
¥Selecting the smallest cluster from each branch 
leads to cluster splitting 

¥Selecting the one that has a bigger area (sum of $-
$cluster for each point within a cluster) than the sum 
of the children in the cluster hierarchy 

¥There is Òno fixed cone sizeÓ 
¥Using spatial indexing similar to CLUE for nearest 
neighbor search
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HDBSCAN: Performance

12Jingyu Zhang
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¥HDBSCAN successfully separates and identifies individual showers at 200 PU
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Advanced Machine Learning (I)
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¥Advanced machine learning approaches aimed at end-to-end reconstruction are 
actively explored 

¥Based on dynamic graph convolutional neural networks (DGCNNs) [arXiv:1801.07829, 
arXiv:2003.11603] 

¥Suitable for data with irregular geometry  
¥Edge convolution: take vertex feature as input and generates edge features describing 
the relationship between two vertices  

¥Update node features using edge features and repeat 

¥DGCNN is computationally expensive 
¥Developed dedicated networks (GravNet/GarNet) to 
improve [arXiv:1902.07987] 

¥ Split coordinate and feature pace 
¥ Find neighbors in coordinate space 
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Edge classification: 
[is sigal, is noise]

https://arxiv.org/abs/1801.07829
https://arxiv.org/abs/2003.11603
https://arxiv.org/abs/1801.07829
https://arxiv.org/abs/2003.11603
https://arxiv.org/abs/1902.07987
https://arxiv.org/abs/1902.07987


Advanced Machine Learning (II)

14Jingyu Zhang

¥Dataset: multi-particle gun (top) and tau jets (bottom) 
¥Good reconstruction of the reconstructable energy and efficient identification of 
electromagnetic and hadronic showers 
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Summary and Perspective

15Jingyu Zhang

¥CMS is actively investigating and developing reconstruction approaches to fully exploit the 
potential of the detector and meet the challenges in reconstruction 

¥TICL framework has been put in place  
¥Initial energy resolution results in 0 PU are very promising  
¥Designed with GPU and heterogeneous computing in mind and already achieved excellent 
computing performance  

¥Various R&D activities are ongoing 
¥ Energy regression, particle ID, pileup mitigation, timing information, etc. 
¥ Advanced machine learning techniques  

¥Extensive tuning and validation have started 
¥The HDBSCAN algorithm has been studied 

¥Deal effectively with single showers 
¥Powerful in identifying and separating single showers in 200 PU environment 
¥Refining and cleaning steps after clustering needed for future development 

¥End-to-end machine learning approaches based on graphic neural networks have also 
been investigated 

¥Initial try shows encouraging results 
¥Many efforts ongoing towards 200 PU
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Backup
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TICL: ! Dependence

17Jingyu Zhang
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HDBSCAN: HAD Shower Resolution

18Jingyu Zhang
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¥Energy response (left) and relative energy resolution (right) 
¥HDBSCAN deals effectively with single showers

ICHEP 2020


