Review on recent developements in jet finding
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Abstract

We review recent developements related to jet clusteriggrithms
and jet finding. These include fast implementations of setilere-
combination algorithms, new IRC safe algorithms, quatiiitadeter-
mination of jet areas and quality measures for jet findingorgrmany
others. We also briefly discuss the status of jet finding inhean
collisions, where full QCD jets have been measured for ths fiime
at RHIC.

Recent developements in jet algorithms With the upcoming start-up of the LHC, jet finding
techniques have received considerable attention. In tlésreview, we outline some of the most
important developements in jet algorithms and relatedesufjin the recent years. Much more
detailed reviews can be found in [1, 2].

An important developement has been the fast implementatidhe k7 [3] and Cam-
bridge/Aachen [4, 5] jet algorithms. Prior to 2005, exigtimplementations scaled &&*, with
N the number of particles to be clustered, thus making it wtjma for high multiplicity colli-
sions likepp at the LHC and even more in Heavy lons Collisions (HIC). Thattkcomputational
geometry methods, the performance of these algorithms vade o scale a& In NV [6]. These
fast implementations are available through Basst Jet package [7], together with area-based
subtraction methods and plugins to external jet finders{sémv).

Another important achievement has been the formulatiorpoetical (scaling a8’ In V)
infrared and collinear (IRC) safe cone algorithm, SISC@]je Unlike all other commonly used
cone algorithms, SISCone is IRC safe to all orders in peatiish theory by construction. This
property allows one to compare any perturbative computatiith experimental data, which for
IRC unsafe algorithms is impossible beyond some fixed ondéicated in Fig[R. As discussed
in [8], the phenomenological implications of SISCone whempared with the (IRC unsafe)
commonly used MidPoint cone algorithm range from few petrahifierences in the inclusive
jet spectrum, somewhat larger in the presence of realistidedying Event (UE), up to 50%
differences for more exclusive observables, like the tHilgt-mass spectra in multi-jet events.

There has been historically some confusion about the conédpesize of a jet, specially
since the naive jet area is ambiguous beyond LO. The situatias recently clarified by the
introduction of quantitative definitions of jet areas basadhecatchment properties of hard jets
with respect to very soft particles, callgbosts in [9]. Examples of jet areas defined with such
a technique are shown in Fig. 1. On top of their theoreticaldrtance, jet areas have important
applications related to the subtraction of soft backgreurmming from the UE or from Pile-Up
(PU), both inpp and in AA collisions, as discussed in [10].



Another recently developed IRC safe jet algorithm is tha-&antlgorithm [11]. This
algorithm is related t&r and Cam/Aa by its distance measuig, = min(kff ; k:ff )ARfj /R?,
with p = —1 (p = 1 corresponds t&y andp = 0 to Cam/Aa). The antky algorithm has
the property of being soft-resilient, that is, due to itdalee soft particles are always clustered
with hard particles first. This property leads to rather tagjet areas, which become perfectly
circular in the limit in which all hard particles are sepaain the(y, ¢) plane by at least a
distanceR, as can be seen in Fifl 1. Another important advantage ofrttidaalgorithm is
that it has a very small back-reaction [9], that is, the pneseof a soft background has reduced
effects on which hard particles are clustered into a given je

The recent progress in jet algorithms can be summarizedgirid=iEach IRC unsafe cone
jet algorithm can now be replaced by the corresponding IR€ sae, with a similar physics
performance, shown in the last column of Hif). 2. SISConeastural IRC safe replacement
for MidPoint-type iterative cone algorithms with split-rge (IC-SM), while antik is so for
iterative cone algorithms of the progressive removal (R)-Bpe [1].

Fig. 1: Jet areas for thg, (left) and anti%; (right) algorithms fork = 1.

This brief review is unable to cover many other interestiegedlopements related to jets
and jet finding in the recent years. Some of those not disdussee include the use of jet sub-
structure as a useful technique to improve signal signifiean various channels at the LHC
(see for example [12—-14]), analytical studies of the idtsrbetween perturbative and non-
perturbative effects in jet finding [15], the infrared saéidition of jet flavour and its application
to precision predictions fdr—jets at hadron colliders [16,17] or the impact of jet measi@ets,
both at the Tevatron and at HERA, in global analysis of PDBs12].

Performance of jet algorithms at LHC A recurring question in jet studies is “what is the best
jet definition for a given specific analysis”? Most existimgliniques either use as a reference
unphysical Monte Carlo partons (an ambiguous concept likl/@) and/or assume some shape
for the measured kinematical distributions. To overconeséhdisadvantages, a new strategy to
qguantify the performance of jet definitions in kinematicaestruction tasks has been recently
introduced [20], which is designed to make use exclusivélyhysical observables.

In Ref. [20] two quality measures respecting the above requents are proposed, and
applied to the kinematic reconstruction of invariant masgritutions in dijet events for a wide



| Algorithm | Type | IRC status | Evolution
exclusive k¢ SRp-1 OK N — NInN
inclusive ki SRp—1 OK N = NInN
Cambridge/Aachen SRp—0 OK N> = NInN
Run Il Seedless cone SC-SM OK — SISCone
CDF JetClu 1C.-SM IR241 [— SISCone]
CDF MidPoint cone 1Cp-SM IR34+1 — SISCone
CDF MidPoint searchcone 1Cse,mp-SM IR24+1 [— SISCone
DO Run Il cone 1Cp-SM IR34+1 — SISCone [with p; cut?]
ATLAS Cone IC-SM IR241 — SISCone
PxCone 1Cmp-SD IR341 [little used]
CMS lterative Cone IC-PR Collz41 — anti-k¢
PyCell/CellJet (from Pythia) | FC-PR Collz41 — anti-k¢
GetJet (from ISAJET) FC-PR Collz41 — anti-k¢

SR = seq.rec.; IC = it.cone; FC = fixed cone;

SM = split-merge; SD = split—drop; PR = progressive removal

Fig. 2: Summary of the progress in jet algorithms since 2005.

range of energies. These quality measures can in turn beadapip an effective luminosity
ratio, defined as

pc(JD2/JDy) (1)

L(needed withiDy) [ (JDy) 1>
L(needed withiD;) ~ | X (JDy)|

Given a certain signal significanéewith jet definitionJDs, p(JD2/JD;) indicates the factor
more luminosity needed to obtain the same significance dsjetitlefinitionJD; .

The results of [20] over a large range of jet definitiflrsymmarized in Fig[d3, indicate
that for gluon jets, and in general for TeV scales, there igr@ficant benefits from using larger
radii that those commonly used, up/&o= 1. In general, SISCone and C/A-filt (Cam/Aa supple-
mented with a filtering procedure [12]) show the best pertorae. These conclusions are robust
in the presence of high-luminosity PU, when subtracted thighjet area technique [10].

Jet finding in AA collisions at RHIC and LHC  While QCD jets are ubiquitous in pp colli-
sions, until this year no real jet reconstruction had bedaioed in the much more challenging
environment of HIC. Indeed, usually in HIC one refers to #eding particle of the event ageh
However, reconstructing full QCD jets provides a much maexise window to the properties
of the hot and dense medium created in the collision tharigasting particles.

The difficulty in reconstructing jets in HIC stems from thegeubackgrounds, which need
to be subtracted in order to compare with baseline resutisreTare various techniques to sub-
tract such large backgrounds. In [10] it was shown howRhst Jet jet area method could
efficiently subtract such backgrounds in HIC at the LHC withoad accuracy (see Figl 4).

A major breakthrough in jet finding was the recent first measant of QCD jets in HIC
by the STAR collaboration at RHIC [22]. In Fidl] 4 we show theieasurement with thér

There results can also be accessed through an interactivéoni21] which allows the user to compare the jet
finding quality for a wide range of parameters (jet algorittitnvalue of PU, ...).
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Fig. 3:
The effective luminosity ratio, EQ] 1, for quark and gluotsjat 100 GeV and 2 TeV [20].

algorithm. These results should have important conse@sefar understanding the medium
properties in HIC.

It would be important, after these initial measurementsintprove the control on the
accuracy of the subtraction procedure, as well as to uradetghe differences between the per-
formances of different jet algorithms. Ongoing studies] [@2ggest that one of the important
sources of systematic error in the HIC jet reconstructiobask-reaction [9], therefore artj-
is potentially interesting in this situation due to its shisck-reaction [11]. Ref. [23] also in-
vestigates how the use of local ranges for the determinatiche background levep might
help reducing the effects of point-to-point backgroundtfiations. However, more work is still
required in order to determine the optimal settings for jedifig in HIC.

Outlook Jet finding has seen a large number of important developenietiie recent years,
However, there is still room for more progress, which shdngddiriven by the actual requirements
of LHC data analysis. Jet finding will also be essential tol@kphe heavy-ion program at the
LHC as proved by the latest RHIC jet measurements.
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Fig. 4:
Left: the simulated inclusive jet spectrum at the LHC with k- algorithm, including subtraction,
from [10]. Right: the inclusive jet spectrum measured withby STAR at RHIC, from [22].
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