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SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m2 ~137,000 channels

SILICON TRACKERS

MUON CHAMBERS
Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz fibres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO4 crystals

Total weight
Overall diameter
Overall length
Magnetic field

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm2) ~1.9 m2 ~124M channels
Microstrips (80–180 μm) ~200 m2 ~9.6M channels
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  Energy of hadronic showers  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Muon Spectrometer 
  Momentum of surviving minimal  
  ionizing (charged) particles, i.e. muons

JINST 12 (2017) P10003

JET

Muon

http://dx.doi.org/10.1088/1748-0221/12/10/P10003


Johan S Bonilla Castro (Northeastern)

Jets, jets, jets!
Capturing Hadronic Showers

5



Johan S Bonilla Castro (Northeastern)

Jets, jets, jets!
Capturing Hadronic Showers

◦Input:	Calorimeter	+	Tracking	info	
—>	Par9cleFlow:	Individual	final-state	par9cles’	
							4-vectors	and	other	measured	characteris9cs		
	

5



Johan S Bonilla Castro (Northeastern)

Jets, jets, jets!
Capturing Hadronic Showers

◦Input:	Calorimeter	+	Tracking	info	
—>	Par9cleFlow:	Individual	final-state	par9cles’	
							4-vectors	and	other	measured	characteris9cs		
	

◦Clustering	Algorithm	of	Choice:	an9-kt 
—> SoF	grouped	onto	hard	objects 

—> Yields	circular	jets	(simplifies	calibra9ons)	
—> Greedy:	Leading	’eats’	all	within	R-param 

—> R-parameter:	0.4	(resolved	partons)		
																																1.2	(boosted	decay) 

                        

M. Cacciari, G. Salam, and G. Soyez

5
M.	Cacciari,	G.	Salam,	and	G.	Soyez

ΔR = (Δη)2 + (Δϕ)2

https://arxiv.org/pdf/0802.1189.pdf
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— Mechanism to stabilize Higgs mass
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Production Modes of Vector Like Quarks

Single-Production: EW  
— In association w/ t/b + quark 

Pair-Production: Strong 
— Four massive (boosted) bosons 
     and 3rd generation quarks 

Recent non-minimal mechanisms  
e.g. Chromo-magnetic moment 
       => gluon-t/b-T/B vertex

12
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Jet Tagging in CMS
Evolving Architectures During Run 2

14

ParticleNet

JINST 15 P06005 (2020)
JME-18-002

Johan S Bonilla Castro (Northeastern)

http://dx.doi.org/10.1088/1748-0221/15/06/P06005


Jet Tagging in CMS
Evolving Architectures During Run 2

14

mSD, τ32 , ECF, Nb Traditional JSS
HOTVR

ParticleNet

JINST 15 P06005 (2020)
JME-18-002

Johan S Bonilla Castro (Northeastern)

http://dx.doi.org/10.1088/1748-0221/15/06/P06005


Jet Tagging in CMS
Evolving Architectures During Run 2

14

Increasing Sophistication

mSD, τ32 , ECF, Nb Traditional JSS
HOTVR

Boosted  
Decision Trees BDTN3 ParticleNet

JINST 15 P06005 (2020)
JME-18-002

Johan S Bonilla Castro (Northeastern)

http://dx.doi.org/10.1088/1748-0221/15/06/P06005


Jet Tagging in CMS
Evolving Architectures During Run 2

14

Increasing Sophistication

mSD, τ32 , ECF, Nb Traditional JSS

Deep Neural Net

HOTVR

Boosted Event 
Shape Tagger

Boosted  
Decision Trees BDTN3 ParticleNet

JINST 15 P06005 (2020)
JME-18-002

Johan S Bonilla Castro (Northeastern)

http://dx.doi.org/10.1088/1748-0221/15/06/P06005


Jet Tagging in CMS
Evolving Architectures During Run 2

14

Increasing Sophistication

mSD, τ32 , ECF, Nb Traditional JSS

deepAK8, ImageTop

Deep Neural Net

HOTVR

Boosted Event 
Shape Tagger

Boosted  
Decision Trees BDTN3

Convolutional NN

ParticleNet

JINST 15 P06005 (2020)
JME-18-002

Johan S Bonilla Castro (Northeastern)

http://dx.doi.org/10.1088/1748-0221/15/06/P06005


Jet Tagging in CMS
Evolving Architectures During Run 2

14

Increasing Sophistication

mSD, τ32 , ECF, Nb Traditional JSS

deepAK8, ImageTop

Deep Neural Net

HOTVR

Boosted Event 
Shape Tagger

Boosted  
Decision Trees BDTN3

Convolutional NN

Graph NNParticleNet

ParticleNet

JINST 15 P06005 (2020)
JME-18-002

Johan S Bonilla Castro (Northeastern)

http://dx.doi.org/10.1088/1748-0221/15/06/P06005


Johan S Bonilla Castro (Northeastern)

Search for Vector-Like Quarks using  
the Boosted Event Shape Tagger  

in the All-Hadronic Channel

15

Key	Idea:	Boost	jet	constituents	into	
																		hypothetical	rest	frames	
		—	Lab	frame:	jet	constituents	merged	into		
							fat-jet	cone	of	R=0.8	
		—	Boost	into	correct	frame:	
							jet	constituents	become	isotropic	
		—	Calculate	Boosted	Event	Shape	(BES)	vars		
							in	each	hypothetical	frame:	
										—	Fox-Wolfram	moments	
										—	Sphericity	tensor	
										—	Re-clustered	jet	invariant	masses	
										—	Jet	substucture	
										—	And	more!



Johan S Bonilla Castro (Northeastern)

Search for Vector-Like Quarks using  
the Boosted Event Shape Tagger  

in the All-Hadronic Channel

15

Key	Idea:	Boost	jet	constituents	into	
																		hypothetical	rest	frames	
		—	Lab	frame:	jet	constituents	merged	into		
							fat-jet	cone	of	R=0.8	
		—	Boost	into	correct	frame:	
							jet	constituents	become	isotropic	
		—	Calculate	Boosted	Event	Shape	(BES)	vars		
							in	each	hypothetical	frame:	
										—	Fox-Wolfram	moments	
										—	Sphericity	tensor	
										—	Re-clustered	jet	invariant	masses	
										—	Jet	substucture	
										—	And	more!



Johan S Bonilla Castro (Northeastern)

Search for Vector-Like Quarks using  
the Boosted Event Shape Tagger  

in the All-Hadronic Channel

15

Key	Idea:	Boost	jet	constituents	into	
																		hypothetical	rest	frames	
		—	Lab	frame:	jet	constituents	merged	into		
							fat-jet	cone	of	R=0.8	
		—	Boost	into	correct	frame:	
							jet	constituents	become	isotropic	
		—	Calculate	Boosted	Event	Shape	(BES)	vars		
							in	each	hypothetical	frame:	
										—	Fox-Wolfram	moments	
										—	Sphericity	tensor	
										—	Re-clustered	jet	invariant	masses	
										—	Jet	substucture	
										—	And	more!



Johan S Bonilla Castro (Northeastern)

Search for Vector-Like Quarks using  
the Boosted Event Shape Tagger  

in the All-Hadronic Channel

15

Key	Idea:	Boost	jet	constituents	into	
																		hypothetical	rest	frames	
		—	Lab	frame:	jet	constituents	merged	into		
							fat-jet	cone	of	R=0.8	
		—	Boost	into	correct	frame:	
							jet	constituents	become	isotropic	
		—	Calculate	Boosted	Event	Shape	(BES)	vars		
							in	each	hypothetical	frame:	
										—	Fox-Wolfram	moments	
										—	Sphericity	tensor	
										—	Re-clustered	jet	invariant	masses	
										—	Jet	substucture	
										—	And	more!



Johan S Bonilla Castro (Northeastern)

BESTagger Architecture
Improvements wrt B2G-18-005

16



Johan S Bonilla Castro (Northeastern)

BESTagger Architecture
Improvements wrt B2G-18-005

16

Inputs 
59 

264  
BES vars



Johan S Bonilla Castro (Northeastern)

BESTagger Architecture
Improvements wrt B2G-18-005

16

Inputs 
59 

264  
BES vars

More BES vars and  
additional frames



Johan S Bonilla Castro (Northeastern)

BESTagger Architecture
Improvements wrt B2G-18-005

16

Inputs 
59 

264  
BES vars

NN Architecture 

40 x 40 x 40 

140 x 140 x 140 
Dense Layers

More BES vars and  
additional frames More nodes since more BESvars



Johan S Bonilla Castro (Northeastern)

BESTagger Architecture
Improvements wrt B2G-18-005

16

Inputs 
59 

264  
BES vars

NN Architecture 

40 x 40 x 40 

140 x 140 x 140 
Dense Layers

More BES vars and  
additional frames

Outputs 

6  
Dense Layer 

(classes) 

More nodes since more BESvars
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Jet Images
Representing 3D -> 2D

Projecting forces a choice of granularity and transformation


Note: 31x31 ~1k pixels for relatively small (~30) occupancy
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More Flexible Data Representation
Application of Point Cloud Transformers2

◦Point clouds are graph networks  
relating edges between input features  
of vectorized data

◦Transformer -> attention mechanism 

◦PCT outperforms Image (CNN) network 
  — k-nearest-neighbors:  with respect to jet 
  — Further optimizations could be done

Δη, Δϕ

◦Idea: Integrate BES vars into multi-frame PCT 
  — Generalize ‘order’ of constituents for clustering 
  — Take advantage of ‘order’ of frame boosts, 
       i.e. mb < mW < mZ < mH < mt

[2]: arxiv:2102.0507318

https://arxiv.org/pdf/2102.05073.pdf
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142BEST+JetImages 
(area=0.94) 
59-var BEST (area=0.92) 
142-var BEST (area=0.93) 

Full Run 2 data brings ~3.8x more data 
   — ~2x increase in sensitivity due to stats 
   — Further improvements with tagger

Tagger development continues 
   — BES vars powerful, saturating learning 
       on physics-driven high-level variables 
   — Data representation crucial,  
       generalization is key! 
 

Aiming for publication by end of year 
   — Planned combination with semi-leptonic channels 
   — Possibly first LHC results for VLQs @ NLO
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Shape-Match

https://indico.cern.ch/event/1168044/#6-best-tagger
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in the All-Hadronic Channel 

22

All-Hadronic Channel 
  — At-least 4 large-R Jets

  — pT > 400 GeV, |η| < 2.4


Analysis Strategy 
  — Tag 4 jets w/ BEST 
  — Classify event into Signal Region 
  — Search for excess events 
       at high HT = ∑ |pT |

Background Estimation 
  — QCD: Data-driven control region 
  — V+Jets, dibosons, ttbar, ttV, 4t  
       shapes from simulation
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Background Estimation
Tagging Rates in Data-MC for QCD

24 [1]: PhysRevD 100, 072001 

ϵX (pT) =
NX

Ntot
Measure tagging rate in QCD-rich region to obtain weights for multi-jet BG

Subdominant BGs well-modeled, 
shape/yield from simulation

*Not w/ DD QCD

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.100.072001
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Signal Region Categorization

Four jets, six classes each, 
126 possible combinations 


Orthogonal SRs provide 
powerful combined result


Unlike 2016 analysis,  
six 4-jet regions now used 
as VRs to improve fitting

26
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◦ Muon system employs different technologies 

— Barrel: Drift Tube + Resistive Plate Chamber (RPC) 
— End-Caps: CSC + RPC + Gas Electron Multipliers (GEM)

◦ CSCs are 6-layers of wires (anodes) and  
strips (cathodes) in Ar/CO2/CF4 gas mixture 
— Traversing muons ionize gas at HV 
— Avalanche signal read by anode and cathode electronics

◦ CSCs measure 4D position,  
— Work great in intense, non-uniform magnetic fields

|η | ∈ [0.9,2.4]

30

CMS-TDR-016

σϕ ∼ 50 − 150μmσt ∼ 2.1ns

https://cds.cern.ch/record/2283189
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On-Detector Refurbishment of Electronics
ALCT Mezzanines and DCFEBs

◦108 ALCT-LX150T Mezzanine  
boards installed in all ME234/1

◦288 ALCT-LX100T Mezzanine  
boards installed in ME1/1,123/2

◦504 DCFEBv2 installed in ME1/1  
and 45 in ME+2/1, older DCFEB 
from ME1/1  ME234/1→

◦New boards capable of optical  
readout

ALCT-LX100T
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Chamber Re-Installation

32

1: Refurbish+Test

2: Transport

3: Load on Fixture

4: Hoist with crane 

5: Install+Commission on CMS

x180 Chambers!
108 ME234/1 

x72 ME1/1
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Fluidic Data: A Bit of Context
• Target: CERN Data Centre 

  — Building 513 (adjacent to 33) 
  — Visitor point for WWCG, Data Centre Control Room


• Sponsoring Department: CERN IT 
  — Volunteer work from EN, EP, and IT


• Aim: Communicate the purpose and magnitude of data throughput 
  — Provide a mental break (recovery) from information overload during visits 
  — Balance industrial aesthetic of CERN


• Audience: CERN visitors, but also resident/working scientists and engineers 
  — Visitors: Science communication w/o ‘lecturing’, self-discovery 
  — Scientists: Intrigue experts, provide equal ground as visitor

Link to Artist Website 

Johan S Bonilla Castro (Northeastern) 34
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Fluidic Data
In a Nutshell
• Data (Fluid) 

— Linked in real-time through  
     monitoring data from IT 
— Fluid-air ratio and flow rate 
     symbolizes data throughput


• Particles (Pods/Flowers) 
— Pods: Detector interactions 
— Flowers: Reconstruction 
— Details correspond to  
     differing observables 
     (mass, charge, etc.)

35Johan S Bonilla Castro (Northeastern) 35
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Actually, we decided massless bosons have 0 ‘wells’
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