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Quark and Gluon Jets 
2

Jet Algorithm
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Quark and Gluon Jets 
3

Effects of the QGP on jet propagation manifests  
via modifications to jet energy and jet sub-structure  

⊗ Medium Interaction

⊗ Medium Interaction

Jet Algorithm
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Jet Images 
PP  Q-Jet  PP  G-Jet  

QCD Color factor 

G-Jets are broader 

4
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Quenched Q-Jet looks 

similar to G-Jet 

G-Jet Still broader 

5
Jet Images 

Quenched Q-Jet  Quenched G-Jet  

η η

ϕ
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ROC curve for pp Particle Jets 6

Good

How about Quenched jets? 

All methods 
are relatively 

close to 
each other
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Pros

• Image representation should contain all info. 

• Current State of the art - easy to implement


Cons

• classification in non-physics basis 

• Best case scenario - no fluctuating background!

Jet Images PP  Q-Jet  PP  G-Jet  

Quenched  G-Jet  Quenched  Q-Jet  

QCD Color factor 

G-Jets are broader 

JEWEL JEWEL

7
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8ROC curve for Quenched PbPb Particle Jets

Good

Performance reduces! 

All methods 
are relatively 

close to 
each other
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9ROC curve for Quenched PbPb Particle Jets

Good

Performance reduces! 

All methods 
are relatively 

close to 
each other
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Recap - Classifiers  
• Classifiers in our field are mostly supervised - with a 

potential built-in bias (utilize it!)


• There are many different ways to represent jets - 
information content is available to be exploited 


• Quenched quark jets look like gluon jets!  

10

Lets regress the truth!  
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11

What is machine learning?


Why are these tools useful in high energy colliders? 


How to quantify performance? 


Classifier - Can select Heavy-Flavor or Quark vs Gluons   

Regressor - multi-dimensional correction and unfolding 


Generator - learn underlying physics of MC generators 

Physics with ML 

The basics 
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Regression in HEP 
• Correction procedures for energy scales and resolutions


• Multi-dimensional unfolding techniques 

12

Image credit: 
Ben Nachman
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13

Underlying event has 
flow, fluctuations and is 
correlated with the jet 
(like a wake)

Korinna Zapp, QM2017

Impact of the heavy ion background 
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ALICE method of ML based 
subtraction 

14

Simple question,  
relatively simple network  

can get a short clear answer! 

Hannah Bossi (Yale) RHIC/AUM 2021
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ML corrector in action
15

• Significantly less jet energy resolution with the ML based method along 
with first ever estimate of impact of truth shape ‘bias’ in correction 

Hannah Bossi (Yale) RHIC/AUM 2021

10

pdet
T

ppart
T
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ML corrector in action
16

Hannah Bossi (Yale) RHIC/AUM 2021
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What did it enable us to do? 
17
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• Extend our 
measurements to 
lower momentum 
range where the 
impact of the 
background is large 


• Reduced uncertainties 
key to making a 
potentially tantalizing 
statement about radial 
dependence of energy 
loss  
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Unfolding - a quick primer
18

Response Matrix 

Corrections for Detector Resolution
• For a given generator jet pT - the 

probability get reconstructed at 
a certain pT 


• Two separate methods


• Bayesian 


• Single Value Decomposition 


• Based on RooUnfold Package 


• After unfolding - can directly 
compare with theory 
calculations  
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Unfolding - a quick primer
19

Response Matrix 

Corrections for Detector Resolution

Momentum - pT

An
gu

la
r S

ca
le

What are the 
dimensions of the  

response matrix for  
correlated observables?
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Unfolding multi-dimensions 
with standard method 

20
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• Lets unfold correlation 
between jet mass and pT


• Unfolding 2D observable 
jet pT requires 4D 
response matrix 


• Increases dependence 
on statistics and prior 
shape variations 

4D Response Matrix 
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MultiFold (Omnifold) 
21

Ben Nachman (LBL) 
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MultiFold (Omnifold) 
22

Ben Nachman (LBL) 



RKE, ISS @ Prague June 2022 Lecture - 3 : ML + HF 

Unfolding closure tests using two  
different MC samples 

23

Ben Nachman (LBL) 
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What you get at the end?
24

• Multi-dimensional 
measurements ‘un-binned’ 

Ben Nachman (LBL) 

If you unfold 
   

what do you get for free? 
pT, η, Δϕ, qi /Q, . . .



RKE, ISS @ Prague June 2022 Lecture - 3 : ML + HF 

What you get at the end?
25

• Multi-dimensional 
measurements ‘un-binned’ 


• You get the correlations for 
‘free’ 

Ben Nachman (LBL) 
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26

What is machine learning?


Why are these tools useful in high energy colliders? 


How to quantify performance? 


Classifier - Can select Heavy-Flavor or Quark vs Gluons   

Regressor - multi-dimensional correction and unfolding 


Generator - learn underlying physics of MC generators 

Physics with ML 

The basics 
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Lets ask the AI to learn 
physics (or something..?)

• Given a particle-by-particle, event-by-event distribution of 
quantities - can a model early the intricacies of the generation? 


• Enter Generative-Adversarial-Networks (GAN) - playing one 
network vs another 

27

https://skymind.ai/wiki/generative-adversarial-network-gan 

https://skymind.ai/wiki/generative-adversarial-network-gan
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A few things GANs can do!
28

Ian Goodfellow et. al, 1406.2661 

Nearest  
training  

set

Generate Faces!

https://arxiv.org/pdf/1406.2661.pdf
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A few things GANs can do!
latent space arithmetic : Reduce images to its inherent 
hidden representation (same-dimensions) so we can 

perform mathematical operations! 

29

Piotr Bojanowski et. al, 1707.05776 
Facebook AI

https://arxiv.org/pdf/1707.05776.pdf
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A few things GANs can do!
latent space arithmetic : Reduce images to its inherent 
hidden representation (same-dimensions) so we can 

perform mathematical operations! 

30

Piotr Bojanowski et. al, 1707.05776 
Facebook AI

https://arxiv.org/pdf/1707.05776.pdf


Simulating ATLAS  
segmented calorimeter

Michela Pagnini (Yale, LBNL), ML4Jets17 Pagnini M, Nachman B, Olivera L  
Phys. Rev. D 97, 014021 (2018)

31
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https://indico.physics.lbl.gov/indico/event/546/contributions/1285/attachments/1166/1298/ML4jets_GAN.pdf


Michela Pagnini (Facebook AI), ML4Jets17 

32
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https://indico.physics.lbl.gov/indico/event/546/contributions/1285/attachments/1166/1298/ML4jets_GAN.pdf


Michela Pagnini (Facebook AI), ML4Jets17 

33
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https://indico.physics.lbl.gov/indico/event/546/contributions/1285/attachments/1166/1298/ML4jets_GAN.pdf
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What is machine learning?


Why are these tools useful in high energy colliders? 


How to quantify performance? 


Classifier - Can select Heavy-Flavor or Quark vs Gluons   

Regressor - multi-dimensional correction and unfolding 


Generator - learn underlying physics of MC generators 

Physics with ML 

The basics 
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Heavy Flavor 
• Experimentally - can typically mean one of two things - 

charm, bottom or top quarks, or the hadrons resulting 
from those quarks

35

Bound states of heavy flavor quark-antiquark  
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Producing heavy flavor 36

• It all starts with 
the PDF 


• Rare to have 
Intrinsic charm/
bottom in a 
proton 
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Producing heavy flavor 

• Heavy quarks production suppressed compared to inclusive 
quark/gluon - requires high statistics first and foremost

37

• It all starts with 
the PDF 


• Rare to have 
Intrinsic charm/
bottom in a 
proton 
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Factorization in heavy flavor 
38

dσpp→gg+X
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Factorization in heavy flavor 
39

Additional contribution in the  productioncc̄
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Factorization in heavy flavor 

• Charm quark hadronizes in vacuum and turns into open 
charm hadron ( ,  etc…)D0 Λc

40
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Factorization in heavy flavor 

•  bound states ,  etc… could potentially also 
be created and carry away a majority of the quark’s energy
cc̄ J/ψ Ψ(2S)

41

J/ψ

Slide from Alexander Rothkopf 
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Why do heavy flavor in heavy ions 

• Each segment deals with potential physics question 

42
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Why do heavy flavor in heavy ions 

Mechanism of charm/bottom interactions with the QGP 

43

1 5
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Why do heavy flavor in heavy ions 

Perturbative to non-perturbative transition w/ a mass scale

44
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Two sets of objects 

How do we detect or 
reconstruct them? 

45

c c̄
c ū
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Reconstruct HF hadrons in 
experiment - Vertex trackers 

• Reconstruct the decay daughters 
tracks, extrapolate its curvature to 
the primary vertex and calculate 
the distance of closest approach

46
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STAR Heavy Flavor Tracker

• Installed and 
run in STAR 
during 
2014-2016 


• 2 layers of 
pixel detector 
followed by a 
silicon tracker 
and a strip 
detector 

47
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D0 reconstruction 

• Fit to the invariant mass of the 
charged pairs 


• Extract the signal yield after 
subtracting background 

48
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Different production 
mechanisms 

49

Slide from Alexander Rothkopf 
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Why are they considered a 
thermometer 

50

Binding Energy
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Temperature of 
the plasma 

• Cartoon picture of 
temperature 
dependence of the yield 

51
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52

• Significantly 
smaller RAA 
for higher 
Upsilon 
states 
compared 
to 
expectation! 
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Sequential melting 
53

• Significantly smaller RAA for J/Psi at RHIC compared to LHC
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Recap - 2 
• Several physics topics are accessible with heavy flavor 

mesons from initial to final state 


• Basic measurements are studies of the yield as compared 
to proton-proton and between heavy ions 


• ‘See’ signature of sequential melting and evidence for 
recombination  

54

Now on to HF jets! 
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Physics of heavy flavor jets 
in vacuum 

55

Gluon radiation by a particle of mass m and energy E is 
suppressed within a cone of angular size m/E around the emitter

dNQ

dθ
dNq

dθ

∝
θ4

(θ2 + θ2
0)2

θ0 =
mQ

EQ

Battaglia et al,  
DELPHI-2004-037 CONF 712



RKE, ISS @ Prague June 2022 Lecture - 3 : ML + HF 

Dead-cone effect 
56

Figure by Leticia Cunqueiro (Spienza, Rome)
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How did we select HF jets 
in the past? 

• Identify the secondary 
vertex within the jet 

57

• Extract the fraction from 
secondary vertex mass 
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Performance in the past 
58

Kurt Jung, QM 2014
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How we select HF jets now! 

• Meson tagging! 


• Enables a clean Monte-
Carlo bias free selection of 
jets which include heavy-
quark content 


• Are these all HF jets?  

59
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How we select HF jets now! 
• Meson tagging! 


• Enables a clean Monte-
Carlo bias free selection of 
jets which include heavy-
quark content 


• Are these all HF jets?  


• Enables a study of heavy 
quark radiation patterns in 
the QGP for an impactful 
measurement with early 
sPHENIX data

60
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Realistic tagging - Heavy 
flavor mesons in jet

61
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62
Where are the D0s produced within the jet?

@ RHIC
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63

• Suppression of HF 
jets at RHIC 


• Potential slope in 
RCP 


• How different are 
they from light 
flavor jets? 
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64

• Lower momentum 
are similar between 
the two


• Tantalizing hints in 
the data - but 
nothing conclusive 
since the 
uncertainties are 
large
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Looking forward to sPHENIX
65
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Machine Learning! 

Light Jets Light Jets HF Jets HF Jets 
Balanced Sample (2M events) Hard QCD Sample (4M events)

• PYTHIA 8.235 dijet sample for light ( ) and heavy ( )


• 


• Particle decays are limited to 2000 mm in  and 600 mm in 

• Dataset split into  for training, testing and 

validation 

u, d, s, g c, b
̂pT ∈ [8,17], [13 − 22], [18 − 27], [23 − 42]

x, y z
80 : 10 : 10

66

Jets are tagged based on the initiator parton
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Residual 
Blocks

soft-max

Total of 111608 trainable parameters 

WxHxD feature map
of last conv. layer
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Vector of Locally Aggregated Descriptors 

Tagging Heavy-Flavor Jets

Machine Learning      JetVLAD @ RHIC 

D - Depth 
K - # Clusters

Ponimatkin, et. al 
JINST (2021) 2005.01842

67
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• With increasing jet momenta, at fixed efficiency (80%), we 
increase background rejection, but purity reduces — 
points to interesting kinematic effects - fragmentation 
differences for higher pT HF jets 

68
JetVLAD @ RHIC 
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What is the impact of the 
heavy ion background?

• Vacuum pre-trained model is completely swamped by the 
background!  BUT retraining fixes the issue!  

69
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Is performance dependent 
on an ordering of inputs? 

• Take the jet constituents and shuffle their order within the 
jet (keeping the 4-mom fixed) - no effect at all!  

70
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Any dependence on the jet 
momenta binning? 

• The narrower the jet momentum range the better - larger bins result in varying 
admixtures of signal and background leading to greater overlap in the latent space 

71
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• Inputs are still daughter particles, except signal jets are tagged 
based on the fact that there is a D0 in them


• Overall we observe a reduction of ~15% purity at fixed 
efficiency (80%) with background rejection unaffected!

72
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Conclusions 
• Hard Probes - Jets and Heavy Flavor 


• Produced right at the moment of collision and traverse, 
observe and interact with the plasma 


• Useful for both extending fundamental QCD into the non-
perturbative regime and transport properties of the plasma

73

raghav.ke@vanderbilt.edu
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