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0. Introduction

Background
Seeing v. defining jets

Jets are what we see.
Clearly(?) 2 of them.

2 partons?

Eparton = Mz/2?

How many jets do you see?
Do you really want to ask yourself
this question for 108 events?



Measured thrust definition
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αs from event shapes

Abstract: We present the first determination of the strong coupling constant from a fit of

next-to-next-to-leading order QCD predictions to event-shape variables, measured in e+e!

annihilations at LEP. The data have been collected by the ALEPH detector at centre-of-

mass energies between 91 and 206 GeV. Compared to results of next-to-leading order fits

we observe that the central fit values are lower by about 10%, with considerably reduced

scatter among the results obtained with di!erent event-shape variables. The dominant

systematic uncertainty from renormalization scale variations is reduced by a factor of two.

By combining the results for several event-shape variables and centre-of-mass energies, we

find

!s(M2
Z) = 0.1240 ± 0.0008 (stat) ± 0.0010 (exp) ± 0.0011 (had) ± 0.0029 (theo).

Keywords: QCD, Jets, LEP Physics, NLO and NNLO Computations, strong coupling

constant.

Perturbative uncertainty dominates, even at NNLO:
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Figure 9: The measurements of the strong coupling constant !s for the six event shapes, at!
s = MZ, when using QCD predictions at di!erent approximations in perturbation theory.

Once again, Fig. 6 shows that the NNLO perturbative uncertainty is reduced by about

30% compared to NLO+NLLA.

It is also remarkable that the !s values obtained from fits to di!erent event shapes

with NNLO predictions are considerably more self-consistent than those found with either

NLO or NLO+NLLA expansions. Not only are the extracted values of !s more precise,

but the spread obtained from the di!erent observables is smaller. This is clearly shown for

the data set at
!

s = MZ in Fig. 9. The key to this dramatic improvement is the rather

di!erent size of the NNLO corrections to the various observables.

Despite these improvements our final combined result on !s(M2
Z) still appears to be

larger than the world average [5]. We recall that the value of !s(M2
Z) obtained from fits

with NLO+NLLA predictions is smaller than that obtained with pure NLO calculations

alone. Here we observe that when going from NLO to NNLO there is also a trend in the

direction of lower values of !s(M2
Z).

Clearly, resummed predictions are mandatory in the two-jet region. Figures 4 and

5 clearly show the improvement achieved with NLO+NLLA predictions in the two-jet

region. Measurements of !s using NLO+NLLA approximations profit from an extended fit

range in this region. While a consistent matching of NNLLA predictions to NNLO would

require the analytic resummation of next-to-next-to-leading logarithmic terms, which are
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etc...

Figure 8: Representation of points on a line and the places where a sliding segment has a change
in its set of enclosed points.

(a) (b) (c) (d)

Figure 9: (a) Some initial circular enclosure; (b) moving the circle in a random direction until
some enclosed or external point touches the edge of the circle; (c) pivoting the circle around the
edge point until a second point touches the edge; (d) all circles defined by pairs of edge points
leading to the same circular enclosure.

order the points, place the segment to the left of the leftmost point, and then slide it
sideways. Each time the left or right edge of the segment touches a point, the contents of
the enclosure change. The cost of finding all enclosures is just that of ordering the points
(N ln N).

How do we extend this to two dimensions? The central idea is that the enclosed
point set changes when a point touches the enclosure. In 1d we can always shift the
enclosure, without changing its contents, until its edge touches a point (either in or out
of the enclosure). In 2d we can first shift the circular enclosure until one point touches
the edge, then pivot the circle around that point until its circumference touches a second
point (fig. 9). Conversely if we consider all pairs of points (within 2R of each other) and
draw all possible circles that go through those pairs, then we will have found all possible
enclosures (one should remember that edge points can be either in or out of the enclosure;
special treatment is also needed for points that are alone, i.e. further than 2R from the
nearest other point).

There are O (Nn) relevant pairs of points.14 One could directly check the stability of
each one (at a cost of at least O (n)), giving an O (Nn2) algorithm. Alternatively one
can establish a traversal order in which the circle contents change by one point at a time,
avoiding (with the help of a few other tricks) the need to pay a price of O (n) for the
stable-cone check for each distinct enclosure. This is the basis of the (expected) Nn ln n

14There is a correspondingly large number of distinct cones, and this has implications for proposal [96]
to use a Fast Fourier Transform for the stable-cone search (cf. also the FFTJet package [78], which was
released just as this review was being finalised), essentially because it implies the need for a Fast Fourier
Transform grid of size O (Nn).
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may then run a split–merge (SM) procedure, which merges a pair of cones if more than a
fraction f of the softer cone’s transverse momentum is in particles shared with the harder
cone; otherwise the shared particles are assigned to the cone to which they are closer. A
possible generic name for such algorithms is IC-SM. The exact behaviour of SM procedures
depends on the precise ordering of split and merge steps and a fairly widespread procedure
is described in detail in [5]. It essentially works as follows, acting on an initial list of
“protojets”, which is just the full list of stable cones:

1. Take the protojet with the largest pt (the ‘hardest’ protojet), label it a.

2. Find the next hardest protojet that shares particles with the a (i.e. overlaps), label
it b. If no such protojet exists, then remove a from the list of protojets and add it to
the list of final jets.

3. Determine the total pt of the particles shared between the two protojets, pt,shared.

• If pt,shared/pt,b > f , where f is a free parameter known as the overlap threshold,
replace protojets a and b with a single merged protojet.

• Otherwise “split” the protojets, for example assigning the shared particles just
to the protojet whose axis is closer (in angle).

4. Then repeat from step 1 as long as there are protojets left.

Generally the overlap threshold f is chosen to be 0.5 or 0.75 (the latter is probably to be
preferred [21]). An alternative to SM is to have a “split-drop” (SD) procedure, where the
non-shared particles that belong to the softer of two overlapping cones are simply dropped,
i.e. are left out of jets altogether. The main example of an algorithm with a SD procedure
is PxCone (described for example in [22]).

The outcome of split–merge and split–drop procedures depends on the initial set of
stable cones. One of the main issues with IC-SM and IC-SD algorithms is that the addition
of a new soft seed particle can lead to new stable cones being found, altering the final set
of jets. This is infrared unsafety and we will discuss it in detail in the next section.

2.1.4 Infrared and collinear safety, midpoint cones

Infrared and collinear (IRC) safety is the property that if one modifies an event by a
collinear splitting or a soft emission, the set of hard jets should remain unchanged. It is
a fundamental requirement for jet algorithms, related to points 4 and 5 of the Snowmass
accord.

The IC-PR case. IC-PR algorithms su!er from collinear unsafety, as illustrated in fig. 1.
With a collinear safe jet algorithm, if configuration (a) (with an optional virtual loop also
drawn in) leads to one jet, then the same configuration with one particle split collinearly,
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Split-merge procedure

Note:  the protojets are initially all stable cones.

source: G. Salam 0906.1833



Figure 6: A sample parton-level event (generated with Herwig [80]), together with many random
soft “ghosts”, clustered with four di!erent jet algorithms, illustrating the “active” catchment areas
of the resulting hard jets (cf. section 4.4). 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.

class of algorithms is naturally replaced by the anti-kt algorithm (which produces circular
jets, as illustrated in figure 6, and has similar low-order perturbative properties), while
SISCone is very much like the IC-SM algorithms, but ensures that the stable-cone finding
is IRC safe.

Figure 6 illustrates the jets that are produced with the 4 “choice” IRC-safe algorithms
in a simple, parton-level event (generated with Herwig), showing among other things, the
degree of regularity (or not) of the boundaries of the resulting jets.

3 Computational geometry and jet-finding

It takes the human eye and brain a fraction of a second to identify the main regions of
energy flow in a calorimetric event such as fig. 6. A good few seconds might be needed to
quantify that energy flow, and to come to a conclusion as to how many jets it contains.
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