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What are jets?





• An Atlas event.
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• Sometimes there are more jets.
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Why are there jets?



Prediction pre-QCD

• Bjorken, Berman and Kogut 
(1971) had it figured out 
before jets were seen and 
before QCD.

• “... the isolated high PT 
partons will communicate 
with the ‘wee’ partons by 
cascade emission of partons.”



Electron-positron to hadrons 
provided early evidence

• The PETRA 
accelerator (DESY) 
had enough energy to 
make jets clearly 
visible. 

• The PETRA 
experiments had 4π 
detectors, so that one 
could be convinced 
that two and three jet 
events existed with 
single event displays.

from G. Wolf, Multiparticle Conference, 1983



Renormalization of the QCD 
coupling







Running can be tested

Plot from Review of Particle Properties (2012)



A lesson



Jet cross sections





We need a jet definition

• Otherwise, jets are ambiguous and we cannot define 
a cross section.
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The definition must be 
infrared safe



Infrared safety



What does IR safety mean?

• The physical meaning is 
that for an IR-safe 
quantity, the physical 
event with hadron jets 
should give approximately 
the same measurement as 
a parton event.

• It also means that in a Monte Carlo simulation (to be 
discussed later) the hadronization model and the 
underlying event model should not much matter.



Two kinds of jet algorithms
• There are two kinds of algorithms for defining jets:

✴cone algorithms

✴successive combination algorithms

• Both can be infrared safe.

• I will discuss just the successive combination 
algorithms.

• These trace back to the JADE collaboration at 
DESY.



The kT jet algorithm

• Choose a resolution parameter R.

• Start with a list of protojets, specified by their      .

• Start with an empty list of finished jets.

• Result is a list of finished jets with their momenta.

• Many are low pT  debris; just ignore these.

pµ
j



1. For each pair of protojets define

dij = min(p2
T,i, p

2
T,j) [(�i � �j)2 + (⇥i � ⇥j)2]/R2

For each protojet define

di = p2
T,i

2. Find the smallest of all the dij and the di. Call it dmin

3. If dmin is a dij , merge protojets i and j into a new protojet k
with

pµ
k = pµ

i + pµ
j

4. If dmin is a di, then protojet i is “not mergable.” Remove it
from the list of protojets and add it to the list of jets.
5. If protojets remain, go to 1.
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pT

dij = min(p2
T,i, p

2
T,j) [(�i � �j)2 + (⇥i � ⇥j)2]/R2

di = p2
T,i

Example



Infrared safety of this



Why the name?

is essentially

dij = min(p2
T,i, p

2
T,j) [(�i � �j)2 + (⇥i � ⇥j)2]/R2

dij = k2
T /R2

kT = |⇥pi|��



dij = min(p2
T,i, p

2
T,j) [(�i � �j)2 + (⇥i � ⇥j)2]/R2

di = p2
T,i

[(�i � �j)2 + (⇥i � ⇥j)2] > R2

• Protojet i is not mergable with parton j if dij > di. That is if

• Suppose p2
T,i < p2

T,j .

The “no merge” condition



Why the no merge condition

• There will be many soft jets.

• They should not merge into a few giant jets.



Example with kT
• Here is an example event from Cacciari, Salam, and 

Soyez (2008).

• With the kT algorithm, we see what detector area 
goes into each jet. The area is irregular.



Shower histories

• The graph of parton joinings (read right to left) can 
be thought of as a graph of parton splittings (read 
left to right) in a parton shower.

• If we use the kT jet algorithm, then the parton 
splittings go from harder (high kT) to softer (low kT).

• Beware: the same final state can be generated in 
many different ways in a parton shower.



The Cambridge-Aachen 
algorithm

• This is a variation on the general successive 
combination plan.

• Use

• Thus only angles count.

• Keep everything else the same.

dij = [(�i � �j)2 + (⇥i � ⇥j)2]/R2

di = 1



Example with C-A
• Here is the same example event from Cacciari, 

Salam, and Soyez (2008).

• With the Cambridge-Aachen algorithm, we see what 
detector area goes into each jet. Jets are irregular.



The anti-kT algorithm

• This is another variation on the general successive 
combination plan.

• Use

• Keep everything else the same.

dij = min

�
1

p2
T,i

,
1

p2
T,j

�
[(�i � �j)2 + (⇥i � ⇥j)2]/R2

di =
1

p2
T,i



• This puts protojets together in an order that is 
nothing like the order that any shower Monte Carlo 
would generate splittings.

• The highest PT protojet has priority to absorb nearby 
softer protojets (out to radius R).

dij = min

�
1

p2
T,i

,
1

p2
T,j

�
[(�i � �j)2 + (⇥i � ⇥j)2]/R2

di =
1

p2
T,i



Example with anti-kT
• Here is the same example event from Cacciari, 

Salam, and Soyez (2008).

• With the anti-kT algorithm, we see what detector 
area goes into each jet. High PT jets are round.



Conclusions

• QCD gives us jets.

• Jets are seen in experiments.

• To measure jet cross sections, you need a careful 
definition of a jet.

• The definition needs to be infrared safe.

• Definitions typically use an angular size parameter R.

• The conceptually simplest kind of definition 
successively combine small protojets into bigger 
ones. 


