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What does raw measurement reveals?
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LHC pp
p
s = 13.6 TeV

Data 29.0 � 31.4 fb�1

LHC pp
p
s = 13 TeV

Data 3.2 � 140 fb�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb�1

LHC pp
p
s = 5 TeV

Data 0.03 � 0.3 fb�1

Standard Model Production Cross Section Measurements
Status: June 2024

ATLAS Preliminary
p
s = 5,7,8,13,13.6 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-011/
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What precisely these “JET” events are?

3Sanmay Ganguly (IITK) ICTS-2026



What is our best explanation?
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Pythia 8.3 manual : https://arxiv.org/pdf/2203.11601

π±

KL , KS

γ (π0 → γγ, ISR , FSR)

l±
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Let’s just look into a back-to-back emission
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Figure source : Gavin Salam QCD lectures; 1011.5131

ICTS-2026



Let’s just look into a back-to-back emission

5Sanmay Ganguly (IITK)

Figure source : Gavin Salam QCD lectures; 1011.5131

The fragmented partons tend to populate in the direction of the mother parton. 
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Figure source : Gavin Salam QCD lectures; 1011.5131

The fragmented partons tend to populate in the direction of the mother parton. 

Thus we get a stream of particles,  as an end state of  fragmentation and hadronization, 
 in the direction of the initial hard parton.  
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Figure source : Gavin Salam QCD lectures; 1011.5131

The fragmented partons tend to populate in the direction of the mother parton. 

Thus we get a stream of particles,  as an end state of  fragmentation and hadronization, 
 in the direction of the initial hard parton.  

How do we explain this phenomena with our beloved lagrangian : 
  

 ℒ = −
1
4

N2
C−1

∑
A=1

FA
μνFA;μν +

NF

∑
a,b=1

ψ̄ a[iγμ(∂μδab − gs

N2
C−1

∑
C=1

TC
abAC

μ ) − m]ψ b
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Let’s do the analysis for a gluon radiation

6Sanmay Ganguly (IITK)

iℳ1
qq̄g = ū(p1) (igsTa) /ϵ(k) * ( i( /p1 + /k + m)

(p1 + k)2 − m2 ) (−ieqγα) v(p2)

iℳ2
qq̄g = − ū(p1) (−ieqγα) ( i( /p2 + /k + m)

(p2 + k)2 − m2 ) (igsTa) /ϵ(k) * v(p2)
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iℳ1
qq̄g = ū(p1) (igsTa) /ϵ(k) * ( i( /p1 + /k + m)

(p1 + k)2 − m2 ) (−ieqγα) v(p2)

iℳ2
qq̄g = − ū(p1) (−ieqγα) ( i( /p2 + /k + m)

(p2 + k)2 − m2 ) (igsTa) /ϵ(k) * v(p2)

Let’s use the following identities to simplify the above amplitudes :   

 ;   

 ;   

                                                 

ū(p) /ϵ(k) * ( /p + m) = 2 ū(p) ϵμ(k) * pμ ( /p + m) /ϵ(k) * v(p) = 2 ϵμ(k) * pμ v(p)

ū(p) /ϵ(k) * ( /k) = − i ū(p) ϵμ(k) * σμν kν /k /ϵ(k) * v(p) = − i ϵμ(k) * σμν kν v(p)

(p + k)2 − m2 = 2 (p . k)
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ℳ1
qq̄g = ū(p1) (gsTa) ϵμ(k) * ( (2 pμ

1 − iσμν kν)
2 p1 . k ) (eqγα) v(p2)
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qq̄g = − ū(p1) (eqγα) ( (2 pμ

2 − i σμν kν)
2 p2 . k ) (gsTa) ϵμ(k) * v(p2)
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2
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For computing the x-section of the emission we need the 3-body phase space :  

                             .  d Φqq̄g ≈ d Φqq̄
d3 ⃗k

(2π)3

1
2k0
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For computing the x-section of the emission we need the 3-body phase space :  

                             .  d Φqq̄g ≈ d Φqq̄
d3 ⃗k

(2π)3

1
2k0

Hence the x-section of soft gluon emission, with  :  

                             .  

k0 = E
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qq̄g d Φqq̄g ≈ ℳ̄2

qq̄ d Φqq̄
2αS CF

π
E dE d(cosθ)

dϕ
2π ( 2 p1 . p2
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So we have a large multiplicity of particles
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A spray of particles gets produced along the line of flight of 
the original parton,   

governed by the factor :    .  dS = ≈
2αS CF/A

π
dE
E

dθ
θ
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⟨Ng⟩ ≃
2αsCF

π ∫
Q

Q0

dE
E ∫

π/2

Q0/E

dθ
θ

.
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⟨Ng⟩ ≃
2αsCF

π ∫
Q

Q0

dE
E ∫

π/2

Q0/E

dθ
θ

. ⟨Ng⟩ ≃
αsCF

π
ln2(Q/Q0) + 𝒪(αs ln(Q/Q0)) .
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⟨Ng⟩ ≃
2αsCF

π ∫
Q

Q0

dE
E ∫

π/2

Q0/E

dθ
θ

. ⟨Ng⟩ ≃
αsCF

π
ln2(Q/Q0) + 𝒪(αs ln(Q/Q0)) .

Now let’s be crude and plug  αs = αs(Q) = (2b0 ln(Q /Λ))−1 , b0 =
11CA − 2Nf

12π
, with CA = N .
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⟨Ng⟩ ≃
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, with CA = N .
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ln(Q/Λ) ≃
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Jets have mass 



Lund plane measurements
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JHEP 05 (2024) 116
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Particles to Parton mapping
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The requirement of a Jet algorithm
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The requirement of a Jet algorithm
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Statuary warning : A JET IS NOT SYNONYMOUS TO PARTON.  
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Jet reconstruction is a combinatorial puzzle
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Close by energy clusters can also be from FSR of a hard parton. 
How do we figure that out?  



So what should be a jet definition?
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A jet definition better be IRC safe
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The IRC divergences from real  
emissions are cancelled by soft  
modes of loop integral.Real 

Virtual 
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What’s the point of jet construction 
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IRC safety 
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First pointed out by Sterman & Weinberg 
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Jet defs : which one is legal? 
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Two main classes of algorithms

21Sanmay Ganguly (IITK) ICTS-2026



A word or two about cone algorithms
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Recombination algorithm : basic intuitions 
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Start with a set of 4-vectors  pi

Represent the particles in  plane η , ϕ

 η = −
1
2

ln(tan
θ
2 )

ϕ = arctan (
py

px
)
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Merge the two closest particle.  
i.e. replace the pair by a combined 
representation.  
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Start with a set of 4-vectors  pi

Represent the particles in  plane η , ϕ

 η = −
1
2

ln(tan
θ
2 )

ϕ = arctan (
py

px
)

Calculate the pairwise distance :  

  dij = (ηi − ηj)2 + (ϕi − ϕj)2

Merge the two closest particle.  
i.e. replace the pair by a combined 
representation.  

Continue until no two particles are closer than R
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 algorithm e+e− kT
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https://arxiv.org/pdf/1011.6247
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Generalized kT (recombination) algorithm 
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Generalized kT (recombination) algorithm 

25Sanmay Ganguly (IITK)

Go back to step-2
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Hadronic decay of a heavy particle 

27Sanmay Ganguly (IITK)

A heavy particle X decaying at rest
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A heavy particle X decaying at rest
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Hadronic decay of a heavy particle 

28Sanmay Ganguly (IITK)

Electroweak particle X decaying  
hadronically into two jets. 

m2
X = E2

X z(1 − z) 2(1 − cosθ)

The two prongs end up in a single jet if :  

ΔR ∼
m
pT

1
z(1 − z)

∼
2m
pT

ICTS-2026



Initially in the context of  / H → bb̄ t → bW
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Initially in the context of  / H → bb̄ t → bW

29Sanmay Ganguly (IITK)

Better we get rid of this
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Feature of boosted particle decay

30Sanmay Ganguly (IITK)

for �R ⇠ 1.0

• Large R jets originating from decay of boosted heavy  
particle have different characteristics compared to  
fat jets from light flavor quarks or gluons.   

• The major challenge with large R jets are heavy 
contamination due to pileup & large QCD background.�R ⇠ 2m/pT
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The generic class of substructures
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The generic class of substructures
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How do we quantify a tagger performance?

34Sanmay Ganguly (IITK)

Receiver Operator Characteristics 
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Cleaning large-R jets 

35Sanmay Ganguly (IITK)

The first step is to clean the hadronic jets via grooming : mass drop, trimming & pruning

Mass Drop : It seeks to isolate concentrations of energy within a jet by identifying 
relatively symmetric sub-jets.

Trimming : Based on the idea that contamination from pileup, ISR, MPI in a jet  
should be much softer than the hard scattered constituents.

y =
min[(pj1

T )2, (pj2
T )2]

(mjet)2
⇥�R2

j1,j2
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Each tagger kills a region in Lund plane
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Each tagger kills a region in Lund plane
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Why do we want to do ML with jets?
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A broad strategy towards physics inference
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e

Detector output/Readout 
Produced via hardware

or simulation


Final Particles 
Produced via hadronization

(no first principle analytic 

techniques are available)

The physics at the core: 
driven by the interaction 

between quantum fields, 

computed via perturbative

or lattice techniques.

Guess the Lagrangian
1
ℒ

d2N
dpTdηsolving the inverse problem via ML
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f{θ} ( )

ML@Colliders : what’s the broad task? 

f{θ} (X)
̂y =

L(y, ̂y) ≡ L({θ})
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f{θ} ( )

ML@Colliders : what’s the broad task? 
1. Decide the right representation  
of the data (images/graphs/trees..)

2. Choose a NN model 
(CNN/GNN/)

f{θ} (X)
̂y =

3. With a defined learning task, 
compute the loss function. 

Variation in data

Unsupervised Semi-supervised Weakly-supervised Supervised

No-labels, the task is to 
figure out  from which 
the data is drawn. e.g. VAE

p(x)
Noisy labels. estimate : 

p(s-enriched)/p(s-depleted)

Partial labels. e.g. 
simulating : SM bkg vs 
many NP signals. 

Learning on all the well 
labeled data. 

L(y, ̂y) ≡ L({θ})
Self-supervised
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Looking the problem through ML lens 

InterpretabilityUncertainty

⇒ ⇒
Sanmay Ganguly (IITK)

Figure from : https://atlas-public.web.cern.ch/
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ML 101 
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https://arxiv.org/pdf/2211.01421
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What do we want to tag?
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Why jet tagging is difficult? 

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}) ?

Sanmay Ganguly (IITK) ICTS-2026

https://link.springer.com/book/10.1007/978-3-319-15001-7#author-1-0


Early jet tagging

45Sanmay Ganguly (IITK)

J. Cogan et-al JHEP 02 (2015) 118

L. De Oliveira et-al JHEP 07 (2016) 069

The first paper to discuss 

 image pre-processing for jet physics

Similar methods were applied for particle identifications
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Different possible representations

46Sanmay Ganguly (IITK)

S. Qasim et-al EPJC 79 7 (2019) 608 

Image from 1705.02355 

The energy deposition pattern can be 
thought as multi-layer image. 

Soon point-cloud based methods became more popular.  
Large sparsity in calorimeter shower were more efficient to treat.

ICTS-2026



Data representation  NN correspondence⇔

47Sanmay Ganguly (IITK)

J = {pμ
1 , pμ

2 , …}
Ordered set 
DNN

Grid 
CNN

Unordered set 
Deepest

Sequential data 
RNN

Tree structure 
Deepset/GNN

Graph 
GNN

ICTS-2026



Object tagging

48

Particle Net : 1902.08570 
Huilin Qu, Loukas Gouskos

Sanmay Ganguly (IITK) ICTS-2026

https://arxiv.org/search/hep-ph?searchtype=author&query=Qu,+H
https://arxiv.org/search/hep-ph?searchtype=author&query=Gouskos,+L


Jet images & ML4Jets
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Machine learning on sets   
Let  be n pieces of data. This forms a set of cardinality N. x1, x2, …, xN ∈ ℝk

https://geometricdeeplearning.com/lectures/
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How the P.I. is achieved?
Remember the permutation on a set?

hi = ψ(xi)

f(PX) = f(X)

f(X) = ϕ( ⊕i∈V ψ(Xi))

The permutation equivariant operation : 

https://geometricdeeplearning.com/lectures/
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Example of deep-sets in HEP 

Sanmay Ganguly (IITK) ICTS-2026

arXiv:1810.05165

https://arxiv.org/abs/1810.05165
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What’s the basic criteria of a GNN?
https://geometricdeeplearning.com/lectures/
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General methods of GNN 
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General methods of GNN 
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The different flavors of MPN
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The general GNN arXiv : 1806.01261
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The general GNN arXiv : 1806.01261

Full GN block MPNN Layer Deep-set layer
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An example GNN in use
https://arxiv.org/pdf/1902.08570
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Object tagging

59

Particle Transformer :  
2202.03772

See talk by Felix Ringer for ML based EIC 

jet tagging
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The takeaway from part-1

  Jets are fascinating quantum mechanical objects, needs to be understood as best as possible  
from first principle analytics.  

Measured jets are even more complex objects. Mapping them to Parton origin is hard.  

We take help of modern machine learning methods to solve the existing problems. 

The applications will be discussed in part-2 
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THANK YOU

Sanmay Ganguly (IITK) ICTS-2026


