
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 
• Optimising jet parameters

Lecture 3: jet substructure 
• The question of flavour 
• Calculability: groomed jet mass 
• Observables at the LHC



Quick recap: how did we define jets yesterday?
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Definitions:

Soft limit:

Phase-space:
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Phase-space:How do we implement  when 
reconstructing collider events?

θ < R
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Some considerations: jet finding as a form of projectionJets as projections[Introduction]

[Background knowledge]
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Projection to jets should be resilient to QCD effects
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Projection to jets should be resilient to QCD effects

[Adapted from G.P. Salam]
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Seeing v. defining jets[Introduction]

[Background knowledge]

Jets are what we see.
Clearly(?) 2 jets here

How many jets do you see?
Do you really want to ask yourself
this question for 109 events?

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 6 / 35

2 clear jets 3 jets?

Some considerations: reconstructing jets is an ambiguous task

4

[Adapted from G.P. Salam]
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Seeing v. defining jets[Introduction]

[Background knowledge]

Jets are what we see.
Clearly(?) 2 jets here

How many jets do you see?
Do you really want to ask yourself
this question for 109 events?

Gavin Salam (CERN) Jets and jet substructure (1) June 2013 6 / 35

2 clear jets 3 jets? 
or 4 jets?

Some considerations: reconstructing jets is an ambiguous task
[Adapted from G.P. Salam]
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Juan Rojo                                                                                                           University of Oxford, 06/05/2014

Therefore, we see that thanks to the KLN theorem infrared divergences cancel in inclusive observables, 
where we sum over all degenerate final states

But this is not necessarily the case for exclusive observables, for instance the kinematic distributions 
for the final state gluon

This is because now the final state is not degenerate and thus the real/virtual cancellation fails

To make sense of final state distributions in observables including QCD partons, we need to introduce 
the important concept of jets (Sterman and Weinberg, 1977)

Original definition: an event contributes to the jet cross-section if we can find two cones of opening 
angle ", that contain a fraction (1-#) of the total energy of the event

5

Jet definitions date back to the late 1970s
[Sterman and Weinberg, PRL 39 (1977) 1436]

- 4 -

same· direction.·· At the opposite extreme, the_ total cross sec-
+ -tion for e e + hadrons would clearly be measurable even for 

zero quark mass, and hence must be free of singularities m 
(to lowest order in a) for m + 0. Indeed, although the original 
application of asymptotic freedom to this process was by way of 
the vacuum polarization Green•s function at Euclidean momentum,' 
it is easier to justify the use of QCD pe.rturbation theory' here 
directly, by working with the cross sectiorr itself. 

To study jets, we consider the partial cross section 
+ -o(E,8,0,e,6) fore e hadron production events, in which all but 

a fraction£ <<1 of the total e+e- E is emitted within 

some pair of oppositely directed cones of half.-angle t5 << 1, 
lying within two fixed cones of solid angle n (with nt5 2 << n << 1) 

+ -

- s -' 
quark in the other, and a soft gluon which may or 
may not be in one of the jets, (c) There may be just a quark 
and antiquark, one in each of the jets. Working to order 
we evaluate the contributions of (a) and (b) using only tree 
graphs, while for (c) we include the tree graph and its 

ference with one-loop graphs. The respective contributions to 
a are then 

a a m (do/d(l) 0 n [-31n 21n 2 2< - (2<) + 14
7 - ;.l 

(2i 
ob a (do/dnl, w:j (3) 

oc • (do/dfll,n{l+ + (4) 

where (do/dfl)
0 

+ - -is the cross section for e e + qq in Born ap-
at an angle 8 to the e e beam line. We expect this to be 
able for rn <= 0, because the only quarks or gluons which are 

measur- proxirnation 
likely 

(dol • L (1+ cos' 9) 30 2 • (5) to be diffracted or radiated away from a calorimeter at e have 
very long wavelength, and so carry a negligible energy. Thus a 
should be free of mass singularities for rn .... o, and calculable by 
a perturbation expression in gE for E + oo. 

We have calculated o(E,e,O,E,d) to order It proved al-
gebraically convenient to set the quark masses equal to zero 
from the beginning, but to use a finite gluon mass lJ << £E as an 
infrared cut-off in intermediate stages of the calculation. To 
order a receives contributions from three distinct kinds of 
final state: 7 (a) One jet may consist of a quark or antiquark 

plus a hard (energy gluon, the other jet of just an anti-
quark or quark, (b) .There may be a quark in one jet, an anti-

dn 4E' flavors ' . 
As expected, each separate contribution is singular for \1+0, 
but wonderful cancellations occur in the .sum, and the final 
result is free of mass singularities: 

a (E, e ,fl, e, d) a (do/dfl) 0 fl [1 - {lin 6 + 41n 6 1n 2e + w; -
(6) This formula immediately demonstrates the dominance of 

two-jet final states at very high energy where is small. 
By summing Eq. (6) over a set of cones of solid angle n that 

+ -fill the 4n stearadians around the e e collision, and compar-
ing the result with the QCD expression' (1 + a 

0 
for the 

total cross section, we see that the fraction of all events 
which have all but a fraction e of their energy in some pair of 

An event contributes to the jet x-section, if 
we can find 2 cones of opening angle  that 
contain a fraction  of the total energy 
(i.e. most of the event’s energy)

δ
1 − ε

https://inspirehep.net/literature/120612
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Sterman-Weinberg jet cross section
[Adapted from P. Nason]

https://cds.cern.ch/record/371280/files/p94.pdf
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Sterman-Weinberg jet cross section
[Adapted from P. Nason]

At high energy (small ) most events are 2 jet eventsαs

https://cds.cern.ch/record/371280/files/p94.pdf
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Sterman-Weinberg jet cross section: theory-vs-data
170 Ch. Berger et al.: Sterman-Weinberg Jets and Energy 
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Fig. 2a and b. Measured fraction fr(e, 6) of 2-jet events compared to first order calculations computed for A = 523 MeV 

(a) Charged and neutral particles were consid- 
ered. All charged particles observed in the tracking 
chambers were assigned the pion mass. It was as- 
sumed that all neutral energy clusters seen in the 
shower originated from photons.  Thus four-momen- 
ta for all final state particles were obtained. 

(b) The thrust axis [9] was computed from the 
m o m e n t u m  vectors. 

(c) For the half opening angle 3 the values 
6 ~ , 12 ~ , . . . .  90 ~ were chosen. 

(d) Three e-values (0.1, 0.2, 0.33) were considered 
in turn. 

(e) For given e and 6 the number N(e, 3) of 
events was determined in which more than the frac- 
tion 1 - e  of the total visible energy is contained 
inside the double  cone. 

(t) The fraction Jr(e, 6) of 2-jet events is the quo- 
tient N(e,6)/Nto , where Nto t is the total number of  
events at the CM energy considered. 

(g) The statistical error AfT(e, 6 ) was computed 
ignoring correlations 

(AfT(e ,  6)) 2 = N(e ,  6) .  (Nto t - N(e,  6))/Nt3o,. 

(h) The numbers Jr, AfT were then corrected for 
detector acceptance and resolution and for the ef- 
fects of initial state radiation. (For the correction 
procedure the data points were assumed to be un- 
correlated. Only in the 2 2 G e V  data, which are 
based on very few events, does this approximation 
disturb the m o n o t o n o u s  increase of f r  with 6. Even 
then this effect is within the computed errors.) The 
errors of the corrected fraction of  2-jet events also 

Solid line: calculation in the previous slide

Dots: experimental data from PLUTO

Key property of Sterman-Weinberg jets: 
calculable in QCD due to IRC safety

[PLUTO Collab., Z.Phys.C 27 (1985) 167]

Not obvious how to extend Sterman-
Weinberg jets to hadron colliders. Total 
energy? More than two jets? 

https://inspirehep.net/literature/204848
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Cone algorithms: top-down approach (widely used @Tevatron)

๏A seed particle  (e.g. the hardest in the event) sets some initial directioni

๏Find all particles in the vicinity and 
sum their 4-momenta

๏The direction of the resulting sum is then used as a new seed direction

๏Iterate until the direction of the resulting cone is stable and call it a jet

Underlying idea: momentum flow within a cone only 
marginally modified by QCD branching 
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Cone algorithms: top-down approach

๏A seed particle  (e.g. the hardest in the event) sets some initial directioni

๏Find all particles in the vicinity and 
sum their 4-momenta

๏The direction of the resulting sum is then used as a new seed direction

๏Iterate until the direction of the resulting cone is stable and call it a jet

What should one take as seed? What happens when cones 
share particles? Many answers, see Towards Jetography

[CDF Collab Phys.Rev.D 74 (2006) 071103]

https://inspirehep.net/literature/822643
https://inspirehep.net/literature/699933
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Issues with cone algorithms: IRC unsafety (exception: SISCone)
Jets (p. 33)
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Collinear splitting can modify the hard jets: ICPR algorithms are
collinear unsafe =⇒ perturbative calculations give ∞

11

[SISCone: Salam, Soyez, JHEP 05 (2007) 086][Adapted from G.P. Salam]

https://inspirehep.net/literature/747950
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Collinear splitting 
can modify the 
hard jets: IRC 
unsafe!
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IRC unsafety in a nutshell Consequences of collinear unsafety[Theory v. experiment]

[Cone algorithms]

jet 2
jet 1jet 1jet 1 jet 1

αs x (+ )∞nαs x (− )∞n αs x (+ )∞nαs x (− )∞n

Collinear Safe Collinear Unsafe

Infinities cancel Infinities do not cancel

Invalidates perturbation theory

Jets lecture 2 (Gavin Salam) CERN Academic Training March/April 2011 9 / 28

An IRC unsafe jet definition invalidates perturbation theory
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Sequential recombination algorithms 
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Sequential recombination algorithms
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Parton shower

Jet clustering

Jet algorithms as tools to unwind the 
parton shower 
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Sequential recombination algorithms: bottom-up approach

For simplicity, let us begin with the   algorithm:e+e− kt

๏ For each pair of particles  work out the distancei, j
[Catani, Dokshitzer, Seymour, Webber  Nucl.Phys.B 406 (1993) 187-224]

https://inspirehep.net/literature/354686
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Sequential recombination algorithms: bottom-up approach

For simplicity, let us begin with the   algorithm:e+e− kt

๏ For each pair of particles  work out the distancei, j

๏ Find the minimum  of all the ymin yij

๏ If  < , recombine  and  into a pseudo jet and repeatyij ycut i j

Any soft/collinear particle will get recombined right at the start 
thus making the algorithm IRC safe, i.e. theory friendly

[Catani, Dokshitzer, Seymour, Webber  Nucl.Phys.B 406 (1993) 187-224]

https://inspirehep.net/literature/354686
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Sequential recombination algorithms: bottom-up approach

At hadron colliders one needs to introduce a couple of modifications

๏ Total energy unknown + boost invariance  

๏ QCD divergences wrt the beam

๏ Resolution parameter: jet radius
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Sequential recombination algorithms: bottom-up approach

๏ Work out all the  and dij diB

๏ Find the minimum of the dij, diB

๏ Stop when no particles remain 

๏ If it is a , recombine  and  into a pseudo jet and repeat from 1dij i j

๏ If it is a , declare  to be a final state jet, and remove it 
from the list of particles. Return to step 1

diB i
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Generalised  family of sequential recombination algorithmskt

Introduce an additional free parameter, p, in the definition of the metric

๏  Cambridge/Aachen algorithm. Hierarchical in anglep = 0 :
A few physically relevant choices for p:

๏   algorithm. Hierarchical in mass/inverse formation timep = 0.5 : τ
๏   algorithm. Hierarchical in relative transverse momentump = 1 : kt

๏  anti-  algorithm. Hierarchy meaninglessp = − 1 : kt

[Dokshitzer, Leder, Moretti, Webber JHEP 08 (1997) 001]

[Apolinario, Cordeiro, Zapp Eur.Phys.J.C 81 (2021) 6, 561]

[Cacciari, Salam, Soyez JHEP 04 (2008) 063]

[Catani, Dokshitzer, Seymour, Webber  Nucl.Phys.B 406 (1993) 187-224]

https://inspirehep.net/literature/445565
https://inspirehep.net/literature/1835064
https://inspirehep.net/literature/779080
https://inspirehep.net/literature/354686
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Generalised  family of sequential recombination algorithmskt
Jets (p. 60)

Comparing algorithms Jet contours – visualised
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How close does a jet resemble a (MC) parton? Perturbative
[More details in ‘Towards jetography’] Oversimplified

https://inspirehep.net/literature/822643
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How close does a jet resemble a (MC) parton? Perturbative

For R=0.4, a quark-induced jet looses of initiating parton’s ∼ 5 % pt

[More details in ‘Towards jetography’]

https://inspirehep.net/literature/822643
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How close does a jet resemble a (MC) parton? Perturbative

Perturbative fragmentation: large radius better (it captures more)

Small v. large jet radius (R)

Small jet radius

θ

Large jet radius

θ

perturbative fragmentation: large jet radius better
(it captures more)

Gavin Salam (CERN) Jets and jet substructure (2) CFHEP, April 2014 3 / 19



22

How close does a jet resemble a (MC) parton? Non-perturbative
[More details in ‘Towards jetography’]

Hadronisation removes transverse momentum  from a jet𝒪(λ/R)

Very oversimplified

https://inspirehep.net/literature/822643
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How close does a jet resemble a (MC) parton? Non-perturbative

Non-perturbative fragmentation: large radius better (it captures more)

Small v. large jet radius (R)

Small jet radius

K
L

π
−π
+

π
0 K
+

non−perturbative
hadronisation

θ

Large jet radius

K
L

π
−π
+

π
0 K
+

non−perturbative
hadronisation

θ

non-perturbative fragmentation: large jet radius better
(it captures more)

Gavin Salam (CERN) Jets and jet substructure (2) CFHEP, April 2014 3 / 19
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How close does a jet resemble a (MC) parton? Underlying event

Jets at hadron colliders sit on top of a QCD background (pileup, MPI)

Assuming a uniform distribution, it will induce an extra amount of  pt
Chapter 3. Monte-Carlo validation of approach 57
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Figure 3.6: Left: distribution of di↵erence between the estimated ⇢, ⇢est, and its true value in the
|y| < 0.5 rapidity interval. The calculation is done using an average of 25 Poisson-distributed pileup
events for a dijet sample generated with a generator pt cut of 40 GeV. The dashed (black) line
corresponds to the area–median estimation (using a rapidity-rescaled grid estimator) while the solid
(magenta) line corresponds to the “seen vertices” estimate. The numbers indicated inside brackets
in the legend correspond to the average and dispersion of the corresponding distributions. Right:
the corresponding �pt distribution for anti-kt(R = 0.5) jets above 50 GeV. We have also added the
distribution obtained when no subtraction is performed (solid, green, line).

higher. As for the pt dependence, the matching e�ciency quickly goes close to 1 when pt increase,
with again large matching e�ciencies all the way down to jets of 20 GeV.

Before we focus on the quality measured, h�pti and ��pt , averaged over event samples, let us first
have a brief look at global distributions. A few illustrative examples are presented in Fig. 3.6. On
the left plot, we directly plot the quality of the background estimation at central rapidity. We see
that both the area–median estimate and the “seen vertices” estimate are close to the actual, true, ⇢.
The width of these distributions show that the area–median tends to give a better estimate than the
“seen vertices” approach. On the right plot, we show how this translates in a more practical situation
where we subtract pileup contamination from a sample of jets above 50 GeV. In this case, we have
also included the unsubtracted distribution which is clearly biased and wider than both subtracted
ones. Overall, all these distributions can be well-approximated by Gaussian distributions and we can
safely use the averaged quantities h�pti and ��pt to assess the performance and robustness of the
various subtractions methods.

Let us therefore carry on with more detailed performance benchmarks, starting with the study
of the rapidity dependence of PU subtraction. Fig. 3.7 shows the residual average shift (h�pti) as
a function of the rapidity of the hard jet. These results are presented for di↵erent hard processes,
generated with Pythia 8 (v8.186) and using Poisson-distributed pileup with µ = 25. Robustness w.r.t.
that choice will be discussed in the next Section but does not play any significant role for the moment.

The first observation is that the subtraction based on the number of seen PU vertices does a
very good job in all 3 cases. Then, global area–median (using jets or grid cells) estimations of ⇢, i.e.
the (red) square symbols, do a fair job on average but, as expected, fail to correct for the rapidity
dependence of the PU contamination. If one now restricts the median to a rapidity strip around the
jet, the (blue) triangles, or if one uses rapidity rescaling, the (black) circles, the residual shift is very
close to 0, typically a few hundreds of MeV, and flat in rapidity.

[Soyez Phys.Rept. 803 (2019) 1-158]

https://inspirehep.net/literature/1651233
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How close does a jet resemble a (MC) parton? Underlying eventSmall v. large jet radius (R)

Small jet radius

UE

K
L

π−π+ π0 K
+

non−perturbative
hadronisation

θ

Large jet radius

UE

K
L

π−π+ π0 K
+

non−perturbative
hadronisation

θ

underlying ev. & pileup “noise”: small jet radius better
(it captures less)

Gavin Salam (CERN) Jets and jet substructure (2) CFHEP, April 2014 3 / 19

UE and pileup: small radius better (it capture less)



26

Putting everything together 

Towards Jetography, G. Salam (p. 31)

Physics with jets

Dijet resonances
What R is best for an isolated jet?

PT radiation:

q : 〈∆pt〉 #
αsCF

π
pt lnR

Hadronisation:

q : 〈∆pt〉 # −
CF

R
· 0.4 GeV

Underlying event:

q, g : 〈∆pt〉 #
R2

2
·2.5−15 GeV

Minimise fluctuations in ptptpt

Use crude approximation:

〈∆p2
t 〉 # 〈∆pt〉2

1 TeV quark jet

〈δ
p t
〉2 pe

rt 
+ 
〈δ

p t
〉2 h 
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〉2 U

E 
[G

eV
2 ]

R

 0

 10

 20

 30

 40

 50

 0.4  0.5  0.6  0.7  0.8  0.9  1  1.1

〈δpt〉
2
pert 〈δpt〉

2
UE
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pt = 1 TeV

in small-R limit (?!)

cf. Dasgupta, Magnea & GPS ’07

Towards Jetography, G. Salam (p. 31)

Physics with jets

Dijet resonances
What R is best for an isolated jet?

PT radiation:

q : 〈∆pt〉 #
αsCF

π
pt lnR

Hadronisation:

q : 〈∆pt〉 # −
CF

R
· 0.4 GeV

Underlying event:

q, g : 〈∆pt〉 #
R2

2
·2.5−15 GeV

Minimise fluctuations in ptptpt

Use crude approximation:

〈∆p2
t 〉 # 〈∆pt〉2

50 GeV quark jet
〈δ

p t
〉2 pe

rt 
+ 
〈δ

p t
〉2 h 

+ 
〈δ

p t
〉2 U

E 
[G
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2 ]
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LHC
quark jets
pt = 50 GeV
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2
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in small-R limit (?!)

cf. Dasgupta, Magnea & GPS ’07
At low , small R limits UE impact. At high , pQCD dominatespt pt

[D
asgupta, M

agnea, Salam
 JH

EP 02 (2008) 055]

https://inspirehep.net/literature/770825
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To conclude: standard LHC jet finding

๏ Uses the anti-  algorithm 

๏ Uses a jet radius  
๏ Uses a transverse momentum threshold that is typically at least 20  
GeV (exact value depends on the analysis) 

๏ Radius and  threshold choices give a good compromise between: 

kt

R = 0.4

pt

‣ ability to resolve multi-jet physics 
‣ loss of radiation from jets 
‣ additional spurious jets 
‣ contamination from pileup


