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Plan for the course
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Lecture 1: big picture

• Why jets?

• : singularity structure

• Resummation and parton showers

γ* → qq̄g

Lecture 2: jet algorithms

• Core ideas of jet reconstruction

• Sequential recombination algorithms

• The question of flavour

Lecture 3: jet substructure

• Concepts and tools 

• Calculability: groomed jet mass

• Observables at the LHC



A few useful references

๏ Towards jetography, G.P. Salam  

๏ Looking inside jets: an introduction to jet substructure and boosted-
object phenomenology, S. Marzani, G. Soyez, M. Spannowsky


๏ Jet substructure at the LHC: A review of recent advances in theory 
and machine learning, A. Larkoski, I. Moult, B. Nachman 

๏ Fastjet user manual, M. Cacciari, G.P. Salam, G. Soyez
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 Questions? Drop me a line: alba.soto.ontoso at cern.ch

https://inspirehep.net/literature/822643
https://inspirehep.net/literature/1717499
https://inspirehep.net/literature/1717499
https://inspirehep.net/literature/1717499
https://inspirehep.net/literature/1623553
https://inspirehep.net/literature/1623553
https://inspirehep.net/literature/1623553
https://inspirehep.net/literature/955176


What are jets? Experimental observation
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One, of many, definitions: collimated, energetic bunches of hadrons 

https://cms3d.web.cern.ch/SMP-20-011/Interactive view of a dijet event:

Highest mass event: 
four jet mass of 8 TeV

[Source: https://cerncourier.com/a/dijet-excess-intrigues-at-cms/]

https://cms3d.web.cern.ch/SMP-20-011/
https://cms3d.web.cern.ch/SMP-20-011/
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incoming beam particles 
intermediate particles 
(quarks or gluons) 

e+e− → qq̄

final particle (hadron)

Color coding:

Event evolution spans 
7 orders of magnitude 
in space-time

What are jets? Numerical simulation



Jets are very popular at the LHC
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Find all papers by ATLAS and CMS
[Source:inspire-hep]

2856 records found



Jets are very popular at the LHC
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Find all papers by ATLAS and CMS that cite a jet algorithm
[Source:inspire-hep]

1849 records found: >60% of papers use jets!



Jets have been instrumental for (at least) 2 discoveries
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[Source: cern courier]
[Source: symmetry magazine]

https://cerncourier.com/a/cdf-and-d0-report-single-top-quark-events/%5D
https://www.symmetrymagazine.org/article/august-2005/gluon-discovery?language_content_entity=und


Jets have been instrumental for (at least) 2 discoveries

6

[Source: cern courier]
[Source: symmetry magazine]

Why do quarks and gluons fragment 
into jets?

https://cerncourier.com/a/cdf-and-d0-report-single-top-quark-events/%5D
https://www.symmetrymagazine.org/article/august-2005/gluon-discovery?language_content_entity=und


Leading order calculation: e+e− → qq̄

7

electron:

positron:
We neglect masses and use 
Feynman gauge

Phase-space:
quark:

antiquark:

Matrix element:

Cross section:

[Adapted from Soyez’s lectures]

http://www.lpthe.jussieu.fr/~soyez/lectures/gsoyez_epem.pdf


Next-to-leading order calculation: e+e− → qq̄g
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2 real contributions

3 virtual contributions

Phase-space:

Euler angles



Next-to-leading order calculation: e+e− → qq̄g
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2 real contributions

3 virtual contributions

Matrix element:
for real-emission



Next-to-leading order calculation: e+e− → qq̄g
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2 real contributions

3 virtual contributions

Matrix element:

Cross section:
integrated over 
Euler angles



{

Next-to-leading order calculation: e+e− → qq̄g
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2 real contributions

3 virtual contributions

Cross section:

cancelled by 
virtual terms

Divergences
• Soft:

• Collinear:



Interlude: IRC safety

12

For inclusive cross sections, cancellation of divergences can be proven to 
all orders in the perturbative expansion (KLN theorem)
Beyond inclusive observables, concept of IRC safety emerges

QCD lecture 1 (p. 38)

e+e� ! qq̄

Infrared and Collinear safety

Infrared and Collinear Safety (definition)

For an observable’s distribution to be calculable in [fixed-order]
perturbation theory, the observable should be infra-red safe, i.e.
insensitive to the emission of soft or collinear gluons. In particular if ~pi
is any momentum occurring in its definition, it must be invariant under
the branching

~pi ! ~pj + ~pk

whenever ~pj and ~pk are parallel [collinear] or one of them is small
[infrared]. [QCD and Collider Physics (Ellis, Stirling & Webber)]

Examples

I Multiplicity of gluons is not IRC safe [modified by soft/collinear splitting]

I Energy of hardest particle is not IRC safe [modified by collinear splitting]

I Energy flow into a cone is IRC safe [soft emissions don’t change energy flow

collinear emissions don’t change its direction]

Examples 
Multiplicity of gluons is not IRC safe 


[modified by soft/collinear splitting] 

Energy of hardest particle is not IRC safe


[modified by collinear splitting]

Energy flow into a cone is IRC safe


[soft emissions don’t change energy flow, 
collinear emissions don’t change its direction]
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Next-to-leading order calculation: e+e− → qq̄g
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Collinear limit:

Soft limit:

QCD radiation logarithmically enhanced in soft and collinear limits

Soft and collinear limit:



Next-to-next-to-leading order calculation: e+e− → qq̄gg
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Additional gluon radiation is angular ordered, i.e. confined within a 
cone of angle . Fundamental property for parton showers.θ2 < θ1

Soft and collinear limit:



Why do we see jets? Parton fragmentation[Introduction]

[Background knowledge]
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At low scales:

αs → 1

High-energy partons unavoidably lead to
collimated bunches of hadrons

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 3 / 35
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Why do we see jets?

Starting from energetic quark, emit a cascade of many low-energy (soft) 
and small-angle (collinear) gluons

[Adapted from Salam’s lectures]

giving a collimated jet of partons (mostly gluons) that hadronize at 

https://gsalam.web.cern.ch/repository/talks/2021-Oxford-jets-lecture.pdf
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Why do we see jets?

Starting from energetic quark, emit a cascade of many low-energy (soft) 
and small-angle (collinear) gluons

[Adapted from Salam’s lectures]

Why do we see jets? Parton fragmentation[Introduction]

[Background knowledge]
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Gluon emission:
∫

αs
dE

E

dθ

θ
! 1

At low scales:

αs → 1

High-energy partons unavoidably lead to
collimated bunches of hadrons

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 3 / 35

The hadrons go in similar directions to the partons.

https://gsalam.web.cern.ch/repository/talks/2021-Oxford-jets-lecture.pdf
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Why do we see jets?

Starting from energetic quark, emit a cascade of many low-energy (soft) 
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αs → 1

High-energy partons unavoidably lead to
collimated bunches of hadrons

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 3 / 35

Jets as cones of radius R around QCD radiation

https://gsalam.web.cern.ch/repository/talks/2021-Oxford-jets-lecture.pdf
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Why do we see jets?

Starting from energetic quark, emit a cascade of many low-energy (soft) 
and small-angle (collinear) gluons

[Adapted from Salam’s lectures]
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Jets as cones of radius R around QCD radiation

How do we describe jet dynamics 
theoretically?

https://gsalam.web.cern.ch/repository/talks/2021-Oxford-jets-lecture.pdf
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Calculating the jet mass at next-to-leading order [Adapted from Marzani et al book]

Definitions:

http://Lect.Notes%20Phys.%20958%20(2019)


18

Calculating the jet mass at next-to-leading order [Adapted from Marzani et al book]

Definitions:

Soft limit:

http://Lect.Notes%20Phys.%20958%20(2019)


18
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Calculating the jet mass at next-to-leading order [Adapted from Marzani et al book]

Definitions:

Soft limit:

Phase-space:

Adding collinear limit:

http://Lect.Notes%20Phys.%20958%20(2019)
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Calculating the jet mass at next-to-leading order [Adapted from Marzani et al book]

Definitions:

Soft limit:

Phase-space:

Adding collinear limit:

This simple exercise reveals 2 regimes: 
: perturbative expansion valid 
: potentially-large logarithms, 
need to resum them!

m ∼ Q
m ≪ Q

http://Lect.Notes%20Phys.%20958%20(2019)
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Calculating the jet mass at leading-log accuracy [Adapted from Marzani et al book]

Collinear limit:

All-orders expression:

http://Lect.Notes%20Phys.%20958%20(2019)
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Calculating the jet mass at leading-log accuracy [Adapted from Marzani et al book]

Leading-log accuracy = strong ordering

The cumulative distribution at leading-log reads

= Sudakov exponent

http://Lect.Notes%20Phys.%20958%20(2019)
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Fixed-order vs resummation at lowest order

Resummation cures the divergence when ρ ≪ 1
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Dynamics beyond leading-log accuracy for the jet mass

So far, we have considered emissions to be soft and collinear. Corrections

๏ Collinear but not soft emissions 

๏ Soft but not collinear emissions


๏ Correction to observable definition 

๏ Running coupling at two loops 

๏ Much more beyond NLL!
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Dynamics beyond leading-log accuracy for the jet mass

So far, we have considered emissions to be soft and collinear.

๏ Collinear but not soft emissions 

๏ Soft but not collinear emissions


๏ Correction to observable defi 

๏ Running coupling at two loops 

๏ Much more beyond NLL!


Is there a way of automating 
logarithmic resummation? YES!



Parton shower basics: example of radioactive decay

Consider decay rate  per unit time, total time . Find distribution of emissions
μ tmax

dPn

dt
= − μPn(t) n → n + 1

How to solve this with Monte Carlo methods?


(a) start with 

(b) choose random number  and find  that satisfies 
                                        


(c) if , increment  go to step (b)

n = 0, t0 = 0
r(0 < r < 1) tn+1

r = e−μ(tn+1−tn)

tn+1 < tmax n

[Adapted from Gavin Salam]

23



Parton shower basics: example of radioactive decay
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How to solve this with Monte Carlo methods?


(a) start with 

(b) choose random number  and find  that satisfies 
                                        


(c) if , increment  go to step (b)

n = 0, t0 = 0
r(0 < r < 1) tn+1

r = e−μ(tn+1−tn)

tn+1 < tmax n

E.g. for decay rate , 
μ = 1 tmax = 2
‣ start with 

‣  [emission 1]

‣  [emission 2]

‣  [ , stop]

n = 0, t0 = 0
r = 0.6 → t1 = t0 + ln(1/r) = 0.51
r = 0.3 → t2 = t1 + ln(1/r) = 1.71
r = 0.4 → t3 = t2 + ln(1/r) = 2.63 > tmax
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Current status of parton shower development
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2018 2020 2022 2023

Identified NLL failures 

of st
andard dipole 

showers
[JH

EP 09 (2018) 033]

1st N
LL sh

owers f
or e

+ e−

[PRL 125 (2020) 5, 052002]

1st N
LL sh

owers f
or pp

1st N
LL sh

owers f
or D

IS

NNLL for so
ft e

missi
ons

[JH
EP 11 (2022) 019, JHEP 11 (2022) 020]

[JH
EP 02 (2024) 001]

[PRL 131 (2023) 16, 161906]

1985

Parton sh
owers L

L 

accuracy

PanScales code 

[e.g. PLB 157 (1985) 321-325]

Note work by other groups: JHEP 09 (2020) 014, PRD 104 (2021) 5, 054049, JHEP 10 (2023) 091 

2024

NNLL for event sh
apes

[arXiv:2
406.02661]

Understanding and improving the accuracy of parton showers is a 
very active field of research
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FIG. 2. Test of NNLL accuracy of the PanGlobal (PGsdf
�=0)

shower for the cumulative distribution of the Cambridge y23

resolution variable, compared to known results for Z !
qq̄ [52] (left) and H ! gg [77] (right). The curves show the
di↵erence relative to NNLL for various subsets of ingredients.
Starting from the red curve, DS additionally includes double
soft contributions and 2-jet NLO matching; 3` includes 3-loop
running of ↵s and the Kresum

2 term. Including all e↵ects (blue
line) gives a result that is consistent with zero, i.e. in agree-
ment with NNLL.

FIG. 3. Summary of NNLL tests across observables and
shower variants. Results consistent with zero (shown in green)
are in agreement with NNLL. The observables correspond to
the event shapes used in Ref. [5] and they are grouped accord-
ing to the power (�obs) of their dependence on the emission
angle. All showers that include the corrections of this Letter
agree with NNLL.

Tests across a wider range of observables and shower
variants are shown in Fig. 3 for a fixed value of � =
↵s ln v = �0.4. With the drifts and all other contribu-
tions included, there is good agreement with the NNLL
predictions [45–52, 58, 61, 77].

Earlier work on NLL accuracy had found that the co-
e�cients of NLL violations in common showers tended
to be moderate for relatively inclusive observables like
event shapes [5]. In contrast, here we see that non-NNLL

FIG. 4. Results for the Thrust and Durham y23 [78] ob-
servables with the PanGlobal showers compared to ALEPH
data [79], using ↵s(MZ) = 0.118. The lower (middle) panel
shows the ratios of the NNLL (NLL) shower variants to data.

showers di↵er from NNLL accuracy with coe�cients of
order one. That suggests a potential non-negligible phe-
nomenological e↵ect.
Fig. 4 compares three PanGlobal showers with ALEPH

data [79] using Rivet v3 [80], illustrating the showers in
their NLL and NNLL variants, with ↵

ms
s (MZ) = 0.118 for

both. We use 2-jet NLO matching [74], and the NODS
colour scheme [6], which guarantees full-colour accuracy
in terms up to NLL for global event shapes. Our showers
are implemented in a pre-release of PanScales [81] v0.2.0,
interfaced to Pythia v8.311 [3] for hadronisation, with
non-perturbative parameters tuned to ALEPH [79, 82]
and L3 [83] data (starting from the Monash 13 tune [84],
cf. Ref. [72] § 5; the tune has only a modest impact on the
observables of Fig. 4). The impact of the NNLL terms is
significant and brings the showers into good agreement
with ALEPH data [79], both in terms of normalisation
and shape. Some caution is required in interpreting the
results: given that the logarithms are not particularly
large at LEP energies, NLO 3-jet corrections (not in-
cluded) may also play a significant role and should be
studied in future work. Furthermore, the PanGlobal
showers do not include finite quark-mass e↵ects. Still,
Fig. 4 suggests that NNLL terms have the potential to
resolve a long-standing issue in which a number of dipole
showers (including notably the Pythia 8 shower, but also
the PanGlobal NLL shower) required an anomalously
large value of ↵s(mZ) & 0.130 [84] to achieve agreement
with the data.
The parton showers developed here are expected to

achieve NNLL (leading-colour) accuracy also for non-
global event shapes such as hemisphere or jet observ-
ables, and ↵

n
sL

n�1 (NSL) accuracy [54, 62–64, 68, 85, 86]
for the soft-drop [87, 88] family of observables, in the
limit where either their zcut parameter is taken small
or �sd > 0. (We have not carried out corresponding
logarithmic-accuracy tests, because the small zcut limit
renders them somewhat more complicated than those of
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๏ Jets are a consequence of the soft & collinear enhancements of 
gluon emission (even at small coupling), followed by hadronisation  

๏ Theoretical tools to understand jet dynamics 

Some conclusions

27

Analytic approach:

Logarithmic resummation

Simulation:

Parton showers

๏ Tomorrow: jets are not just rigid cones!


