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What are Jets?
A di-jet ATLAS event



What are Jets?
A multi-jet (6-jet) event



What are Jets?
• The pT is concentrated in a few narrow sprays of particles 

• These sprays are called jets. 

• Events with big total pT are rather rare…  

• … but when they happen, the pT is always in jets



Why are the Jets there?
Here is a Feynman graph for quad-quark scattering with additional radiation that can contribute to the 
jet events. 

The probability is big to get a spray of collimated particles plus some low momentum particles with 
wide angle.
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• Initial state

If p1 ! 0, then 1/(p � p1)2 ! 1
If p1 ! �p , then 1/(p � p1)2 ! 1

• Final state

If p2 ! 0, then 1/(p2 + p3)2 ! 1
If p3 ! 0, then 1/(p2 + p3)2 ! 1
If p3 ! �p2, then 1/(p2 + p3)2 ! 1



How many Jets are there?



How many Jets are there?



How many Jets are there?
The jet algorithm find 
one fat jet

Electron

H1 jet event

These hadrons 
are part of the 
“beam jet” when 
the jet resolution 
is crude.

Jet structure at large resolution scale:



How many Jets are there?
The jet algorithm find 
one fat jet

Electron

H1 jet event

These are still 
part of the 
beam jet.

Jet structure at small resolution scale:

Now, they are 
resolved as a jet.

The number of the jets depend on the typical resolution scale (theory), 
detector sensitivity and angular resolution (experiment) .



Jets in pQCD

Tree level graph

• Let us consider a 3-jet event in e+e- annihilation with the typical resolution scale Q. 

• At each vertex in a diagram, there is a factor of the strong coupling,                         . 

• The simplest graph that contributes to this process is the tree level graph 
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All the three patrons are well separated 
from each others and the “distance” is 
measured by some hardness variable 
like transverse momentum or virtuality.



Jets in pQCD

Resolvable real radiation Unresolvable real radiation

• In the perturbation theory should consider radiative correction.  

• We can consider one more gluon in the final state…                        .
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• Everything inside the green 
cone is unresolvable and 
integrated out. 

•  It is a singular integral. 

• This singularity has to be 
cancelled. Otherwise we 
cannot make pQCD 
predictions for jet production.



Jet in pQCD
We have to also consider the virtual corrections, thus we have graphs like…
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- Singularities has to be cancelled 
between the two graphs!!! 

- This cancelation has to be 
ensured by the jet definition!!!

INFRARED SAFETY

Approximately we can omit
the real and loop graph by
adjusting ↵ (Q2) and the
"normalization" of the tree
graph Z(Q2).

�
Z(Q2)� 1

�



Infrared Safety
The jet algorithm has to be infrared safe. This means it has to be insensitive for any small scale physics 
(soft or collinear radiation). 

• We construct jets from particle momenta                          . 
• We get N jets with momenta                           .

• If any pi becomes very small, we should get the
same jets by leaving particle i out.

• If any two momenta pi and pj become collinear,
we should get the same jets by replacing the
particles by one with momentum pi + pj .

{p1, p2, . . . , pm}
{P1, P2, . . . , PN}



Jet Cross Sections
In the general case the cross section is given by

F (p1, p2, . . . , pm, pm+1)
pm+1!0������! F (p1, p2, . . . , pm)

F (p1, p2, . . . , pm, pm+1)
pmkpm+1������! F (p1, p2, . . . , pm + pm+1)

INFRARED SAFETY (formal definition):

Jet measurement function
F ({p}m) ⌘ F (p1, p2, . . . , pm)

�[F ] =
X

m

1

m!

Z
d{p, f}m |M({p, f}m)|2 F ({p}m)| {z }

One can consider for example the inclusive one jet cross section

�[F ] ) d�

dpT dy
Transverse momentum 

of the observed jet

F ({p}m) ) �
�
pT � PT ({p}m)| {z }

�
�
�
y �

z }| {
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�
Rapidity of the observed jet



One Jet Inclusive Cross Section

for energy losses not detectable on cluster or particle flow level. These jet-level calibrations are Monte
Carlo based correction functions in pseudorapidity |⌘| and p

T

. The jet energy scale and the attached
uncertainties are validated with in-situ methods using the balance of transverse momenta in dijet and
�-jet events. The systematic jet energy scale uncertainties are found to be typically in the range of
±(3 � 6)% over a large range of ⌘ and p

T

. The larger values are reached at large |⌘| as well as at very
low and very high p

T

.

4.1.2 Jet cross section measurements
The inclusive jet production cross section has been measured by both the ATLAS [45] and CMS [46]
experiments as a function of the jet transverse momentum (p

T

) and jet rapidity (y). In addition, dou-
ble differential cross sections in the maximum jet rapidity y

max

and dijet mass m
jj

for dijet events are
measured [45, 47]. The data are corrected for migration and resolution effects due to the steeply falling
spectra in p

T

and mass. The NLO perturbative parton-level QCD predictions are corrected for hadronisa-
tion and the underlying event activity. Figure 8 (left) shows the inclusive jet cross-section measurement
for jets with size R = 0.4 as a function of jet transverse momentum from the ATLAS collaboration [45],
based on the total data set collected in 2010 corresponding to an integrated luminosity of 37 pb�1. The
experimental systematic uncertainties are dominated by the jet energy scale uncertainty. There is an
additional overall uncertainty of ±3.4% due to the luminosity measurement. The theoretical uncertain-
ties result mainly from the choice of the renormalization and factorization scales, parton distribution
functions, ↵s(mZ) and the modelling of non-perturbative effects.

The cross section measurement as a function of the dijet invariant mass from the CMS collabora-
tion [47] is shown in Fig. 8 (right). Like for the inclusive jet cross section measurements, the experimen-
tal uncertainties are in the range 10-20% and are dominated by uncertainties on the jet energy scale and
resolution.
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Fig. 8: (Left): Inclusive jet double-differential cross section as a function of jet p
T

in different regions of |y| from
the ATLAS collaboration. (Right): Measured double-differential dijet cross sections (points) as a function of the
dijet invariant mass mjj in bins of the variable y

max

from the CMS collaboration. The data are compared in
both cases to NLO pQCD calculations to which non-perturbative corrections have been applied. The error bars
indicate the statistical uncertainty on the measurement. The dark-shaded band indicates the quadratic sum of the
experimental systematic uncertainties, excluding the uncertainties from the luminosity. The theory uncertainty is
shown as the light, hatched band (from Refs. [45, 47]).
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A result from ATLAS

• Note nine order of magnitude 
variation in cross section at one |y|. 

• Compared to NLO pQCD 
prediction and the agreement is 
very good! (No sign of new 
physics…)

Now, it is high time to give a 
definition of the jet algorithm.



Jet Algorithms
• There are two kind of algorithms for defining jets: 
• cone algorithms 
• successive combination algorithms 

• Both can be infrared safe. 
• I will discuss just the successive combination algorithms. 
• This traces back to the JADE collaboration at DESY.

THE KT JET ALGORITHM

• Choose an angular resolution parameter R 
• Start with the list of protojets, specified by their momenta                          . 
• Start with an empty list of finished jets, {}. 
• The result is a list of finished jets with their momenta,                           . 
• Many are low pT debris, just ignore them.  

{p1, p2, . . . , pm}

{P1, P2, . . . , PN}



kT Jet Algorithm
1. For each pair of protojets define

dij =
�
p2T,i, p

2
T,j

 ⇥
(⌘i � ⌘j)

2 + (�i � �j)
2
⇤
/R2

and for each protojet define
di = p2T,i

2. Find the smallest of the dij and the di

d =
i,j

{di, dij}

3. If d is a dij , merge protojets i and j into a new protojets k withmomentum

pk = pi + pj

4. If d is a di, then protojet i is ``not mergable". Remove it from the list of
protojets and add it to the list of finished jets.

5. If protojets remain, go to step 1.



kT Jet Algorithm

i

j

kT = |~pi|�✓

Why the name?

�✓

dij =
�
p2T,i, p

2
T,j

 ⇥
(⌘i � ⌘j)

2 + (�i � �j)
2
⇤
/R2 ⇡ k2?/R

2

Infrared safety of this:

• Suppose pj ! 0

Then when it merges with other protojet,

pk = pi + pj ! pi

If it never mergers with other protojets , then it just remains as a low
pT jets a the end.

• Suppose pi = �pj

Then protojets i and j are always merged at the beginning to

pk = pi + pj



Example with kT Algorithm
Here is an event from Cacciari, Salam and Soyes (2008). An event was generated by HERWIG++ 
along with (lots of) random soft particles.

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,

4

• The detector area that goes 
into each jet is irregular. 

• The kT algorithm has the 
tendency to “suck” in low pT 
radiation and contaminate 
the jets with underlaying 
event.



Cambridge-Aachen Algorithm
This is a variation on the general successive combination algorithm. The only difference is in the 
“distance” measure.

dij =
⇥
(yi � yj)

2 + (�i � �j)
2
⇤
/R2

di = 1

Only the angles count!

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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With this algorithm the jets 
still have irregular shape.



Anti-kT Algorithm
This is another variation on the general successive combination algorithm. The only difference is in the 
“distance” measure.

dij =

(
1

p2T,i

,
1

p2T,j

)
⇥
(yi � yj)

2 + (�i � �j)
2
⇤
/R2

di =
1

p2T,i

The highest pT protojet has the 
priority to absorb nearby softer 
protojets.

Figure 1: A sample parton-level event (generated with Herwig [8]), together with many random soft
“ghosts”, clustered with four different jets algorithms, illustrating the “active” catchment areas of
the resulting hard jets. For kt and Cam/Aachen the detailed shapes are in part determined by the
specific set of ghosts used, and change when the ghosts are modified.

the jets roughly midway between them. Anti-kt instead generates a circular hard jet, which clips a
lens-shaped region out of the soft one, leaving behind a crescent.

The above properties of the anti-kt algorithm translate into concrete results for various quanti-
tative properties of jets, as we outline below.

2.2 Area-related properties

The most concrete context in which to quantitatively discuss the properties of jet boundaries for
different algorithms is in the calculation of jet areas.

Two definitions were given for jet areas in [4]: the passive area (a) which measures a jet’s
susceptibility to point-like radiation, and the active area (A) which measures its susceptibility to
diffuse radiation. The simplest place to observe the impact of soft resilience is in the passive area for
a jet consisting of a hard particle p1 and a soft one p2, separated by a y − φ distance ∆12. In usual
IRC safe jet algorithms (JA), the passive area aJA,R(∆12) is πR2 when ∆12 = 0, but changes when
∆12 is increased. In contrast, since the boundaries of anti-kt jets are unaffected by soft radiation,
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The high pT jets are round.



When Fixed Order Brakes Down
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• For this distribution the characteristic scale is  

• The NLO distribution has discontinuity at 
40GeV. It is -∞ from the right and +∞ from the 
left.  

• The singularities are logarithms (it appears 
finite because of the bin smearing effect). 

• The effective expansion variable is  

• This effect has to be summed up all order. 
NLO calculation is not enough.

Let us consider 2photon + 1jet inclusive production and plot the di-photon pT distribution

↵ (Q2) 2 Q2

(40 )2

Q2 = (p��,? � 40 )2



Jet in pQCD
We have to also consider the virtual corrections, thus we have graphs like…
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Approximately we can omit
the real and loop graph by
adjusting ↵ (Q2) and the
"normalization" of the tree
graph Z(Q2).
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When Q gets small the coupling and the logarithm blow up.
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When Q gets small the coupling and the logarithm blow up.

threshold matching at the heavy quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV. Results from
data in ranges of energies are only given for Q = MZ0 . Where available, the table also contains the
contributions of experimental and theoretical uncertainties to the total errors in αs(MZ0).

Finally, in the last two columns of table 1, the underlying theoretical calculation for each mea-
surement and a reference to this result are given, where NLO stands for next-to-leading order, NNLO
for next-next-to-leading-order of perturbation theory, “resum” stands for resummend NLO calculations
which include NLO plus resummation of all leading und next-to-leading logarithms to all orders (see
[39] and [32]), and “LGT” indicates lattice gauge theory.

Figure 17: . Summary of measurements of αs(Q) as a function of the respective energy scale Q, from
table 1. Open symbols indicate (resummed) NLO, and filled symbols NNLO QCD calculations used in
the respective analysis. The curves are the QCD predictions for the combined world average value of
αs(MZ0), in 4-loop approximation and using 3-loop threshold matching at the heavy quark pole masses
Mc = 1.5 GeV and Mb = 4.7 GeV.

In figure 17, all results of αs(Q) given in table 1 are graphically displayed, as a function of the
energy scale Q. Those results obtained in ranges of Q and given, in table 1, as αs(MZ0) only, are not
included in this figure - with one exception: the results from jet production in deep inelastic scattering
are represented in table 1 by one line, averaging over a range in Q from 6 to 100 GeV, while in figure 17
combined results for fixed values of Q as presented in [67] are displayed.

28



Conclusions

• QCD gives us jets. 

• Jets are real and seen in experiments. 

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

• At LHC we use successive combination algorithms, such as kT, Cambridge-Aache or anti-kT 
algorithm.  

• The definition needs to be infrared safe. 

• Infrared safety allow us to make pQCD prediction. 

• Fixed order calculations, LO, NLO or NNLO 

• Jet cross sections (in general pQCD cross sections) usually suffers on large logarithms and these 
logarithms need to be summed up all order. 

• Summing up logarithms analytically 

• Summing up logarithm numerically by parton shower algorithms.


