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JETS AT THE LHC

References:
Les Houches 2007, Tools and Jets Summary Report, arXiv:0803.0678
Huston review

J. R., ISMD08 review talk
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A typical hadronic collider event
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Jet algorithms

A jet algorithm is a non-ambiguous mapping between observed hadrons (or calorimeter
towers) and the original hard scattering partons
It is a systematic procedure that projects away the multi-particle dynamics, so as to
leave a simple picture of the event

jet
definition

Jets are as close as we can get to a physical single quark or gluon
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Jet algorithms
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It is a systematic procedure that projects away the multi-particle dynamics, so as to
leave a simple picture of the event

jet
definition #2

Jets are as close as we can get to a physical single quark or gluon

Juan Rojo (INFN Milano) Recent developments in jet finding IFIC, 19/12/2008 5 / 42



Jets at the LHC Recent developements Performance in pp Jets in Heavy Ion Collisions Outlook Extras

8

Analysis flowchart

Jet algorithms present in almost all analysis steps at the LHC ...
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Analysis flowchart

... and essential input to most physics topics

Jets at the LHC Recent developments The underlying event Performance Heavy ions Conclusions Extras

Analysis flowchart
Jet algorithms present in almost all analysis at the LHC

Jets, G. Salam (p. 3)

Introduction QCD jets flowchart

Jet (definitions) provide central link between expt., “theory” and theory

And jets are an input to almost all analyses

Juan Rojo LPTHE

Improved Jet Algorithms and the Underlying Event
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Jets

Naively: a jet is a bunch of collimated hadrons ubiquitous in high energy collisions.
Electrons and muons are fundamental, weakly coupled particles — it makes sense
physically and experimentally to think of them as concrete objects.
Partons (quarks, gluons) are not so simple...

Partons split into further partons

Jets are a a way of thinking of the ‘original parton’

A ‘jet’ is a fundamentally ambiguous concept (e.g. requires a resolution)

Jets (and partons!) are only meaningful once you’ve defined a jet algorithm.
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Jet algorithm types

Mainstream jet-algorithms

Iterative cone algorithms → (JetClu, ILCA/Midpoint, LHC cones,. . . )
Searches for cones centered on regions of energy flow
Dominant at hadron colliders

Sequential recombination algorithms → (kt , Cambridge/Aachen, Jade)
Recombine closest pair of particles, next closest, etc.
Dominant at e+e− and ep colliders (but now also default in ATLAS and CMS)
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Jet algorithm requirements

What is needed of a jet algorithm

Must be infrared and collinear (IRC) safe
soft emissions shouldn’t change jets
collinear splitting shouldn’t change jets

Must be identical procedure at parton level, hadron-level and experimental level
So that theory calculations can be compared to measurements

What is nice for a jet algorithm

Shouldn’t be too sensitive to hadronization, underlying event and pileup, while
being sensitive to perturbative radiation.

Should be realistically applicable at detector level.

Should allow fast implementations, to cope with the large particle multiplicities at
hadronic colliders.
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Sequential recombination algorithms

Example: the kt algorithm:

1 Calculate (or update) distances between all particles i and j , and
between i and beam:

dij = min(k2
ti , k

2
tj)

∆R2
ij

R2
, diB = k2

ti , ∆R2
ij = ∆y2

ij + ∆φ2
ij

2 Find smallest of dij and diB

If dij is smallest, recombine i and j (add result to particle list, remove
i , j)
if diB is smallest call i a jet (remove it from list of particles)

3 If any particles are left, repeat from step 1.

Single parameter: R (like cone radius), whose natural value is O (1)
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kt algorithm in action (R = 1)
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Why kt?

kt distance measures

dij = min(k2
ti , k

2
tj)∆R2

ij , diB = k2
ti

are closely related to structure of divergences for QCD emissions

[dkj ]|M2
g→gigj

(kj)| ∼
αsCA

2π

dktj

min(kti , ktj)

d∆Rij

∆Rij
, (ktj � kti ) ,

and

[dki ]|M2
Beam→Beam+gi

(ki )| ∼
αsCA

π

dkti

kti
dηi , (k2

ti � {ŝ, t̂, û})

kt algorithm attempts approximate inversion of the QCD shower branching
process → Theoretical sound basis.
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MidPoint: a (widely used )IRC unsafe cone

The MidPoint Iterative Cone jet algorithm has been widely used at Run II at Tevatron

Define a radious parameter R

Find all stable cones
Schematically (y , φ)cone =

P
i∈R(y , φ)cone

Use all particles as initial seeds ...

and also midpoints between each pair of particles

(Technical) Split-merge procedure

But is is easy to see that this procedure is IRC unsafe at NNLO pQCD!
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MidPoint: a (widely used )IRC unsafe cone

Widely used MidPoint Cone algorith is Infrared and Collinear Unsafe (R = 1)

IR unsafety of the Midpoint alg
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Grégory Soyez Ringberg Castle, Germany, October 5-10 2008 Jets at the LHC era – p. 13/39
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MidPoint: a (widely used )IRC unsafe cone

Only hard radiation .... Two stable cones

IR unsafety of the Midpoint alg
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MidPoint: a (widely used )IRC unsafe cone

Now add soft radiation (IRC safe definitions insensitive to this)

IR unsafety of the Midpoint alg
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MidPoint: a (widely used )IRC unsafe cone
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MidPoint: a (widely used )IRC unsafe cone

Add soft radiation ... Three stable cones!

IR unsafety of the Midpoint alg
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Stable cones:

Midpoint: {1,2} & {3} {1,2} & {3} & {2,3}

Seedless: {1,2} & {3} & {2,3} {1,2} & {3} & {2,3}

Jets: (f = 0.5)

Midpoint: {1,2} & {3} {1,2,3}

Seedless: {1,2,3} {1,2,3}

Grégory Soyez Ringberg Castle, Germany, October 5-10 2008 Jets at the LHC era – p. 13/39
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JET ALGORITHMS
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Developements in jet algorithms

The FastJet package: fast implementation of kT and Cam/Aa algorithms (based
on computational geometry) with background subtraction methods and external
jet finders as plug-ins (Cacciari, Salam and Soyez 05-08).

http://www.lpthe.jussieu.fr/∼salam/fastjet/
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Developements in jet algorithms

Quantitative definition of jet areas and related methods to UE and PU subtraction
(Cacciari, Salam and Soyez 07-08). Deviations from naive expectation Ajet = πR2

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

Juan Rojo (INFN Milano) Recent developments in jet finding IFIC, 19/12/2008 15 / 42



Jets at the LHC Recent developements Performance in pp Jets in Heavy Ion Collisions Outlook Extras

55

Developements in jet algorithms

Quantitative definition of jet areas and related methods to UE and PU subtraction
(Cacciari, Salam and Soyez 07-08). Deviations from naive expectation Ajet = πR2
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Developements in jet algorithms

Solution for IRC unsafe cones: SISCone: A Seedless and Infrared Safe Cone
algorithm (Salam and Soyez 07). IRC safe at all orders of pert. theory. Finds all
stable cones using geometrical techniques.

Observable 1st miss cones at Last meaningful order
Inclusive jet cross section NNLO NLO
W/Z/H + 1 jet cross section NNLO NLO
3 jet cross section NLO LO
W/Z/H + 2 jet cross section NLO LO
jet masses in 3 jets, W/Z/H + 2 jets LO none

Table 2: Summary of the order (α4
s or α3

sαEW ) at which stable cones are missed in various
processes with a midpoint algorithm, and the corresponding last order that can be mean-
ingfully calculated. Infrared unsafety first becomes visible one order beyond that at which
one misses stable cones.

will be parametrically as large as the NLO term.4 The situation for a range of processes is
summarised in table 2.

4 An exact seedless cone jet definition

One way in which one could imagine trying to ‘patch’ the seed-based iterative cone jet-
algorithm to address the above problem would be to use midpoints between all pairs of
particles as seeds, as well as midpoints between the initial set of stable cones.5 However
it seems unlikely that this would resolve the fundamental problem of being sure that one
will systematically find all solutions of eq. (1) for any ensemble of particles.

Instead it is more appropriate to examine exhaustive, non-iterative approaches to the
problem, i.e. an exact seedless cone jet algorithm, one that provably finds all stable cones,
as advocated already some time ago in [16].

For very low multiplicities N , one approach is that suggested in section 3.3.3 of [6] and
used in the MCFM [18] and NLOJet [19] next-to-leading order codes. One first identifies
all possible subsets of the N particles in the event. For each subset S, one then determines
the rapidity (yS) and azimuth (φS) of the total momentum of the subset, pS =

∑

i∈S pi

and then checks whether a cone centred on yS , φS contains all particles in S but no other
particles. If this is the case then S corresponds to a stable cone. This procedure guarantees
that all solutions to eq. (1) will be found.

In the above procedure there are ∼ 2N distinct subsets of particles and establishing
whether a given subset corresponds to a stable cone takes time O (N). Therefore the
time to identify all stable cones is O

(

N2N
)

. For the values of N (≤ 4) relevant in fixed-
order calculations, N2N time is manageable, however as soon as one wishes to consider

4As concerns the measurement [10], the discussion is complicated by the confusion surrounding the
nomenclature of the seedless and midpoint algorithms — while it seems that the measurement was carried
out with a true midpoint algorithm, the calculation probably used the ‘midpoint’ as defined in section
3.4.2 of [6] (cf. footnote 2), which is actually the seedless algorithm, i.e. the measurements and theoretical
predictions are based on different algorithms.

5This option was actually mentioned in [6] but rejected at the time as impractical.

8

Previous cone algorithms suffer from Infrared and Collinear unsafety
Table for CDF MidPoint cone algorithm (even worse in other cases, i.e. for ATLAS
Iterative Cone) → IRC safe jet algorithms now available to replace IRC unsafe ones
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Developements in jet algorithms

The anti-kT algorithm: A generalization of the kT algorithm with measure:

dij = min(k2n
ti , k2n

tj )∆R2
ij/R2 , n = −1 , diB = k2

ti

which acts like a perfect cone algorithm with area Ajet = πR2 (Cacciari, Salam,
Soyez 08). For n = 1 one recovers kT , while for n = 0 one has Cam/Aa.

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
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“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

Juan Rojo (INFN Milano) Recent developments in jet finding IFIC, 19/12/2008 15 / 42



Jets at the LHC Recent developements Performance in pp Jets in Heavy Ion Collisions Outlook Extras

58

Progress in jet algorithms

From 2006 → Many choices, but all cones IRC unsafe + slow kT ...

Jets at the LHC Recent developments The underlying event Performance Heavy ions Conclusions Extras

Progress in jet algorithms - Status 2006Jets, G. Salam (p. 6)

IRC safety & jets What’s out there?

Algorithm Type IRC status Notes

exclusive kt SRp=1 OK
inclusive kt SRp=1 OK widespread: QCD-th, HERA
Cambridge/Aachen SRp=0 OK
Run II Seedless cone SC-SM OK slow: N2N !!
CDF JetClu ICr -SM IR2+1 for top physics, searches
CDF MidPoint cone ICmp-SM IR3+1 ! Tev Run II recommendn

CDF MidPoint searchcone ICse,mp-SM IR2+1

D0 Run II cone ICmp-SM IR3+1 Tev Run II + cut on cone pt

ATLAS Cone IC-SM IR2+1

PxCone ICmp-SD IR3+1 has cut on cone pt ,
CMS Iterative Cone IC-PR Coll3+1

PyCell/CellJet (from Pythia) FC-PR Coll3+1 widespread in BSM theory
GetJet (from ISAJET) FC-PR Coll3+1 likewise

SR = seq.rec.; IC = it.cone; FC = fixed cone;
SM = split–merge; SD = split–drop; PR = progressive removal

IRn+1: for n nearby hard partons, 1 soft emitted gluon can change hard jets
Colln+1: for n nearby hard partons, 1 collinear splitting can change hard jets

Juan Rojo LPTHE
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Progress in jet algorithms

... to 2008 → IRC safe replacements for jet algorithms + fast kT

Jets at the LHC Recent developments The underlying event Performance Heavy ions Conclusions Extras

Progress in jet algorithms - Status 2008Jets, G. Salam (p. 9)

IRC safety & jets #2: fixing available algs

Algorithm Type IRC status Evolution

exclusive kt SRp=1 OK N3
→ N ln N

inclusive kt SRp=1 OK N3
→ N ln N

Cambridge/Aachen SRp=0 OK N3
→ N ln N

Run II Seedless cone SC-SM OK → SISCone
CDF JetClu ICr -SM IR2+1 [→ SISCone]
CDF MidPoint cone ICmp-SM IR3+1 → SISCone
CDF MidPoint searchcone ICse,mp-SM IR2+1 [→ SISCone]
D0 Run II cone ICmp-SM IR3+1 → SISCone [with pt cut?]
ATLAS Cone IC-SM IR2+1 → SISCone
PxCone ICmp-SD IR3+1 [little used]
CMS Iterative Cone IC-PR Coll3+1 → anti-kt

PyCell/CellJet (from Pythia) FC-PR Coll3+1 → anti-kt

GetJet (from ISAJET) FC-PR Coll3+1 → anti-kt

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

SM = split–merge; SD = split–drop; PR = progressive removal

Juan Rojo LPTHE
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Jet substructure

Jet substructure is a very promising tool to improve signal significance in various
channels: boosted top quarks (D. Kaplan et al., arXiv:0806.0848), Higgs bosons
(Butterworth et al., arXiv:0802.2470)...

Kaplan et al. use the subjet mass drop technique of Butterworth et al. to improve

top-tagging
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Jet substructure

Jet substructure is a very promising tool to improve signal significance in various
channels: boosted top quarks (D. Kaplan et al., arXiv:0806.0848), Higgs bosons
(Butterworth et al., arXiv:0802.2470)...

Kaplan et al. use the subjet mass drop technique of Butterworth et al. to improve

top-tagging
Mass drop technique with Cam/Aa jet algorithm: 2

b Rbb
Rfilt

Rbbg

b

R

mass drop filter

FIG. 1: The three stages of our jet analysis: starting from a hard massive jet on angular scale R, one identifies the Higgs
neighbourhood within it by undoing the clustering (effectively shrinking the jet radius) until the jet splits into two subjets
each with a significantly lower mass; within this region one then further reduces the radius to Rfilt and takes the three hardest
subjets, so as to filter away UE contamination while retaining hard perturbative radiation from the Higgs decay products.

objects (particles) i and j, recombines the closest pair,
updates the set of distances and repeats the procedure
until all objects are separated by a ∆Rij > R, where R
is a parameter of the algorithm. It provides a hierarchical
structure for the clustering, like the K⊥algorithm [9, 10],
but in angles rather than in relative transverse momenta
(both are implemented in FastJet 2.3[11]).

Given a hard jet j, obtained with some radius R, we
then use the following new iterative decomposition proce-
dure to search for a generic boosted heavy-particle decay.
It involves two dimensionless parameters, µ and ycut:

1. Break the jet j into two subjets by undoing its last
stage of clustering. Label the two subjets j1, j2 such
that mj1 > mj2 .

2. If there was a significant mass drop (MD), mj1 <
µmj, and the splitting is not too asymmetric, y =
min(p2

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

heavy-particle neighbourhood and exit the loop.
Note that y ! min(ptj1 , ptj2)/ max(ptj1 , ptj2).

1

3. Otherwise redefine j to be equal to j1 and go back
to step 1.

The final jet j is to be considered as the candidate Higgs
boson if both j1 and j2 have b tags. One can then identify
Rbb̄ with ∆Rj1j2 . The effective size of jet j will thus be
just sufficient to contain the QCD radiation from the
Higgs decay, which, because of angular ordering [12, 13,
14], will almost entirely be emitted in the two angular
cones of size Rbb̄ around the b quarks.

The two parameters µ and ycut may be chosen inde-
pendently of the Higgs mass and pT . Taking µ ! 1/

√
3

ensures that if, in its rest frame, the Higgs decays to a
Mercedes bb̄g configuration, then it will still trigger the
mass drop condition (we actually take µ = 0.67). The cut
on y ! min(zj1 , zj2)/ max(zj1 , zj2) eliminates the asym-
metric configurations that most commonly generate sig-
nificant jet masses in non-b or single-b jets, due to the

1 Note also that this ycut is related to, but not the same as, that
used to calculate the splitting scale in [5, 6], which takes the jet
pT as the reference scale rather than the jet mass.

Jet definition σS/fb σB/fb S/
√

B · fb

C/A, R = 1.2, MD-F 0.57 0.51 0.80

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

TABLE I: Cross section for signal and the Z+jets background
in the leptonic Z channel for 200 < pTZ/GeV < 600 and
110 < mJ/GeV < 125, with perfect b-tagging; shown for
our jet definition, and other standard ones at near optimal R
values.

soft gluon divergence. It can be shown that the maxi-
mum S/

√
B for a Higgs boson compared to mistagged

light jets is to be obtained with ycut ! 0.15. Since we
have mixed tagged and mistagged backgrounds, we use a
slightly smaller value, ycut = 0.09.

In practice the above procedure is not yet optimal
for LHC at the transverse momenta of interest, pT ∼
200 − 300 GeV because, from eq. (1), Rbb̄ ! 2mh/pT is
still quite large and the resulting Higgs mass peak is sub-
ject to significant degradation from the underlying event
(UE), which scales as R4

bb̄
[15]. A second novel element

of our analysis is to filter the Higgs neighbourhood. This
involves resolving it on a finer angular scale, Rfilt < Rbb̄,
and taking the three hardest objects (subjets) that ap-
pear — thus one captures the dominant O (αs) radiation
from the Higgs decay, while eliminating much of the UE
contamination. We find Rfilt = min(0.3, Rbb̄/2) to be
rather effective. We also require the two hardest of the
subjets to have the b tags.

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both
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Jet substructure

Jet substructure is a very promising tool to improve signal significance in various
channels: boosted top quarks (D. Kaplan et al., arXiv:0806.0848), Higgs bosons
(Butterworth et al., arXiv:0802.2470)...

Kaplan et al. use the subjet mass drop technique of Butterworth et al. to improve

top-tagging
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Top-tagging: A Method for Identifying Boosted Hadronic Tops

David E. Kaplan, Keith Rehermann, Matthew D. Schwartz and Brock Tweedie
Department of Physics and Astronomy Johns Hopkins University Baltimore, MD 21218, U.S.A.

A method is introduced for distinguishing top jets (boosted, hadronically decaying top quarks)
from light quark and gluon jets using jet substructure. The procedure involves parsing the jet cluster
to resolve its subjets, and then imposing kinematic constraints. With this method, light quark or
gluon jets with pT ! 1 TeV can be rejected with an efficiency of around 99% while retaining up to
40% of top jets. This reduces the dijet background to heavy tt̄ resonances by a factor of ∼10, 000,
thereby allowing resonance searches in tt̄ to be extended into the all-hadronic channel. In addition,
top-tagging can be used in tt̄ events when one of the tops decays semi-leptonically, in events with
missing energy, and in studies of b-tagging efficiency at high pT .

The Large Hadron Collider (LHC) is a top factory. The
millions of top quarks it produces will provide profound
insights into the standard model and its possible exten-
sions. Most of the tops will be produced near threshold,
and can be identified using the same kinds of techniques
applied at the Tevatron – looking for the presence of a
bottom quark through b-tagging, identifying the W bo-
son, or finding three jets whose invariant mass is near
mt. However, some of the top quarks produced at the
LHC will be highly boosted. In particular, almost ev-
ery new physics scenario that addresses the hierarchy
problem will include new heavy particles which decay
to tops (such as KK gluons in Randall-Sundrum mod-
els, squarks in supersymmetry, top primes in little Higgs
models, etc.). If their masses are even a factor of a few
above the top mass, the tops that they produce will de-
cay to collimated collections of particles that look like
single jets. In this case, the standard top identification
techniques may falter: b-tagging is difficult because the
tracks are crowded and unresolvable, the W decay prod-
ucts are not always isolated from each other or from the
b jet, and the top jet mass may differ from mt due to an
increased amount of QCD radiation.

In most studies of tt̄ resonances, emphasis is placed
on the channel in which one top decays semi-leptonically
(to an electron or muon, a neutrino, and a b jet) and
the other hadronically [1, 2]. This avoids having to con-
front the large dijet background to all-hadronic tt̄ . How-
ever, these studies need to assume that the lepton can be
isolated, which often excludes the electron channel, and
that at least one b jet is tagged, which is difficult at high
pT [3]. The hard muon tag alone already discards 90%
of the tt̄ events. So one would like to be able to use
the all-hadronic channel without b-tags. In this paper,
we introduce a practical and efficient method for tagging
boosted hadronically-decaying tops.

A top quark’s dominant decay mode is to a b quark
and a W boson with the W subsequently decaying to
two light quarks. The three quarks normally appear as
jets in the calorimeter, but for highly boosted tops these
jets may lie close together and may not always be inde-
pendently resolved. For example, a zoomed-in lego plot
of a typical top jet is shown in Figure 1. It displays
energy deposited in an ideal calorimeter versus pseudo-
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FIG. 1: A typical top jet with a pT of 800 GeV at the LHC.
The three subjets after top-tagging are shaded separately.

rapidity, η, and azimuthal angle, φ. The three quark
jets show up clearly by eye, but it is easy to see how
the number of jets identified by conventional clustering
would be highly variable and strongly dependent on the
jet-resolution parameter. This is the inherent difficulty
with extrapolating the techniques that work for slower
tops, where the decay products are widely separated, to
the boosted case.

The natural direction for finding boosted tops is to
look into subjet analysis and other measures of the en-
ergy distribution in the events. A recent ATLAS note [4]
explored the possibility by cutting on the jet mass and
the ycut variables associated with the kT algorithm. They
achieved an efficiency of 45% for top-tagging at pT = 1
TeV with 1 in 20 background jets getting through. Such
efficiencies are not strong enough to filter tt̄ events from
the enormous dijet background [21].

The key to efficient top-tagging is in isolating features
of QCD which control the background from features par-
ticular to the top quark. As can be seen in Figure 1,
boosted top events look like single jets with three re-
solvable subjets in a small region of the calorimeter.
These subjets are separated by angular scales of order
∼ 2mt/pT , and so remain distinguishable from one an-
other up to pT ’s of roughly 2 TeV for a calorimeter cell
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PERFORMANCE
OF JET ALGORITHMS IN PP

References:
M. Cacciari, J. R., G. Soyez and G. Salam
Les Houches 2007, Tools and Jets Summary Report, arXiv:0803.0678

Quantifying the performace of jet definitions for kinematic resconstructions at the LHC,

accepted in JHEP

Juan Rojo (INFN Milano) Recent developments in jet finding IFIC, 19/12/2008 18 / 42



Jets at the LHC Recent developements Performance in pp Jets in Heavy Ion Collisions Outlook Extras

64

The performance of jet algorithms

How to determine which jet definition (jet alg + R) for a given process? And which is
the impact of wrong choices?
We need quality measures that (unlike what is commonly done):

Do not depend on ill-defined quantities (like original parton pT or direction, a
parton is an ambiguous concept in pQCD)
Monte Carlo partons are NOT physical quantities to reconstruct!

Do not assume any underlying probability distribution of (MC) data, i.e., whether
the reconstructed mass distribution is gaussian, asymmetric, ...

Processes studied:

Mono-energetic quark jets from fictitious narrow width Z ′ → qq̄ decays for various
MZ ′ (100 GeV - 4 TeV)

Mono-energetic gluon jets from fictitious narrow width H → gg decays for various
MH (100 GeV - 4 TeV): Source of

Hadronic tt̄ decays: Complex multijet environment
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Quality measures

1 Qw
f =z(R) → The width of the smallest (reconstructed) mass

window that contains a fraction f = z of the generated massive
objects:

f =

(
# reco. massive objects in window of width w

Total # generated massive objects

)
2 The max. fraction of evs. f in window of width w = x

√
M:

Q
1/f

w=x
√

M
(R) ≡

(
Max # reco. mass. obj. in width w = x

√
M

Total # generated massive objects

)−1

Consistent results obtained with both measures

Juan Rojo (INFN Milano) Recent developments in jet finding IFIC, 19/12/2008 20 / 42



Jets at the LHC Recent developements Performance in pp Jets in Heavy Ion Collisions Outlook Extras

66

Quality measures

Q
1/f

w=x
√

M
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√
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Quality measures

Qw
f =z(R) → width of the smallest (reconstructed) mass window with fraction f = z

of the generated objects:

f =

„
# reconstructed massive objects in window of width w
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Quality measures

Qw
f =z(R) → width of the smallest (reconstructed) mass window with fraction f = z

of the generated objects:

f =

„
# reconstructed massive objects in window of width w
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Quality measures
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Effective luminosity ratio

Signal significance is defined as

Σ (JD) ≡
NJD

signalq
NJD

bkgd

,

Define effective luminosity ratio ρL(JD2/JD1) between jet definitions

ρL(JD2/JD1) ≡
L(needed with JD2)

L(needed with JD1)
=

»
Σ (JD1)

Σ (JD2)

–2

Given a signal significance with JD2, ρL(JD2/JD1) indicates the factor more
luminosity needed to obtain the same significance with JD1

Example: for the Qw
f =z quality measure

ρL(JD2/JD1) =
Qw

f =z (JD2)

Qw
f =z (JD1)

Implicit assumption: background either unaffected by jet definition or with a shift
proportional to signal peak
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The performance of jet algorithms - Gluon jets

Smaller quality measure → Better jet definition performance
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The performance of jet algorithms - Gluon jets
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Less favored choices for the MH = 2 TeV case:

1 Use SISCone, but R100 GeV
best = 0.6 instead of R2 TeV

best = 1.1 → ρL ∼ 1.8

2 Use R2 TeV
best , choose not SISCone, C/A-filt but kT → ρL ∼ 1.5

In both cases → Sizably more luminosity required to achieve same signal significance
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The performance of jet algorithms - Gluon jets

Use R2 TeV
best , choose not SISCone, C/A-filt but kT → ρL ∼ 1.5 → 50% more luminosity

required to achieve same signal significance
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The performance of jet algorithms - Gluon jets

Use SISCone, but R100 GeV
best = 0.6 instead of R2 TeV

best = 1.1 → ρL ∼ 1.8 → 80% more
luminosity required to achieve same signal significance
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The performance of jet algorithms - Rbest

Gluon jets require larger values of Rbest than quark jets.
For quark jets with pT ≥ 250 GeV → Rbest ≥ 0.7
For gluon jets with pT ≥ 250 GeV → Rbest ≥ 0.9
Good jet resolution requires large values of R

Growth of Rbest with M from interplay between pert. and non pert. effects
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Summary - Effective lumi ρL
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Jet algorithms with better
performance → SISCone
and Cam/Aa-filt

Sizable difference of quality
(summarized by ρL � 1)
both between jet algorithms
and between values of R

Important loss in effective
luminosity for less favored
choices → Important
consequences at the LHC

Similar quantitative results
even with high luminosity
Pile-Up
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Summary - Effective lumi ρL

Jet algorithms with better
performance → SISCone
and Cam/Aa-filt

Sizable difference of quality
(summarized by ρL � 1)
both between jet algorithms
and between values of R

Important loss in effective
luminosity for less favored
choices → Important
consequences at the LHC

Similar quantitative results
even with high luminosity
Pile-Up
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A possible scenario?

What is some collaboration (ATLAS or CMS) uses less favored jet defs?

Not an academic example: Exp 2 reconstructs a TeV scale object which decays into

gluons with R = 0.5 → Flexibility in jet finding at LHC good investment!
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JetQuality Interactive Tool

What if I want to play myself with the various jet definitions?
Use the JetQuality Interactive Tool!

http://quality.fastjet.fr
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JetQuality Interactive Tool

(if Internet not available ...)
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JET ALGORITHMS AND SUBTRACTION
IN HEAVY ION COLLISIONS

References:
M. Cacciari, J. R., G. Soyez and G. Salam
Talks at Hard Probes 2008

+ Work in progress
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Jets in heavy ion collisions

Jets will be of paramount importance to fully exploit the potential of the HIC program at
the LHC

Jets will be most abundant hard probes in HIC at the LHC
From CMS HIC TDR (J. Phys. G: Nucl. Part. Phys. 34 2307)
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Jets in heavy ion collisions

Jets will be of paramount importance to fully exploit the potential of the HIC program at
the LHC

Jets will be most abundant hard probes in HIC at the LHC

Jets free of inclusive particle measurements biases

A solid pQCD baseline is required to detect and quantify medium effects

Need to asses to which extend can reconstructed QCD jets be disentangled from
background, and which is the minimum size of medium effects which could then
be probed

All the successful jet technology from pp can be transferred to the extremely dense
environment of heavy ion collisions

The feasibility of real QCD jets in a Heavy Ion environment has been recently
shown by STAR @ RHIC
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A messy environment

From a quiet pp collision ...
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A messy environment

... to a busy AA collision (small multiplicity scenario)
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A messy environment

... to a busy AA collision (high multiplicity scenario)
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Background subtraction

The large UE in HIC can be subtracted with the FastJet area technique
Different possibilities to determine ρ =

˙
pUE

T /A
¸

Global range → Assume parabolic dependence ρ(y) = a + by 2

Large statistics, but sensitive to background fluctuations

Local range → Reduce sensitivity to background structure details
Ex: CircularRange of D = kR centered on jet axis.

Jet1

Jet2

φ

y

Improve removing bias from hard jets (DonutRange, RapidityStrip, ...)
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Jets in heavy ion collisions

Huge UE background in HIC → ρLHC ≡
˙
pUE

T /Area
¸
∼ 200 GeV

Can be subtracted with the FastJet techniques (Cacciari and Salam 07) ...
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Figure 7: Left: scatter plot of pti/Ai for jets in a central PbPb collision at the LHC (simulated with
Hydjet 1.1, without quenching), together with a parabolic fit. Right: inclusive jet spectrum, scaled from pp
collisions, as would be measured directly in Pb Pb and after subtraction.

driven, essentially parameter-free, it does not necessitate Monte Carlo corrections in order to give
the correct results and it provides an associated estimate of the uncertainty on the subtraction. A
full validation of the method would require that one carry out tests in an experimentally realistic
context, accounting in particular for all detector-related effects and limitations. This is beyond the
scope of this article, where we have restricted our attention to hadron-level investigations. Tests
have been performed on simulated events in a range of cases: moderate luminosity pp̄ collisions at
the Tevatron, low and high-luminosity pp collisions at the LHC and Pb Pb collisions at the LHC.
Despite its relative simplicity our approach is successful in all the cases we have examined. This
is true both for simple quantities like individual jet transverse momenta, and for more complex
analyses, e.g. top mass reconstruction, where we recover the correct momentum and mass scales,
and significantly improve the resolution compared to the uncorrected results.
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Jets in heavy ion collisions

... as has been actually done for STAR @ RHIC in the first-ever jet measurement in HIC
Important implications for Quark-Gluon Plasma characterization!

Will be inserted by the editor 7

Fig. 5. Jet yield per event vs ET for 0-10% central Au+Au collisions, compared to the distribution from
p + p collisions scaled by NBinary [17]. Triangle symbols are from MB-Trig and corrected for efficiency,
acceptance and energy resolution. Open circles are from HT-Trig and not corrected for trigger bias.
Only statistical error bars are shown for the Au + Au data. Filled black squares are the distribution
from p + p collisions, scaled by NBinary . Band represents the systematic uncertainty of the p + p
measurement.

Fig. 6. The pT threshold dependent comparison of inclusive jet spectra in heavy ion and p+p collisions.
The filled triangle symbols are from MB-Trig and filled squares are from NBinary scaled p+p collisions.
Upper panel is for the jet yield per event vs ET reconstructed with LOHSC algorithm and the lower
panel is for the same distributions with the kT algorithm. In addition to pT cuts shown in the figures,
seed is 4.6 GeV for the LOHSC and R is set to 0.4 for both algorithms. Only statistical error bars are
shown.

RHIC and the LHC will provide unique and crucial insights into our understanding of jet
quenching and the nature of hot QCD matter.
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Jets in heavy ion collisions
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Figure 7: Left: scatter plot of pti/Ai for jets in a central PbPb collision at the LHC (simulated with
Hydjet 1.1, without quenching), together with a parabolic fit. Right: inclusive jet spectrum, scaled from pp
collisions, as would be measured directly in Pb Pb and after subtraction.

driven, essentially parameter-free, it does not necessitate Monte Carlo corrections in order to give
the correct results and it provides an associated estimate of the uncertainty on the subtraction. A
full validation of the method would require that one carry out tests in an experimentally realistic
context, accounting in particular for all detector-related effects and limitations. This is beyond the
scope of this article, where we have restricted our attention to hadron-level investigations. Tests
have been performed on simulated events in a range of cases: moderate luminosity pp̄ collisions at
the Tevatron, low and high-luminosity pp collisions at the LHC and Pb Pb collisions at the LHC.
Despite its relative simplicity our approach is successful in all the cases we have examined. This
is true both for simple quantities like individual jet transverse momenta, and for more complex
analyses, e.g. top mass reconstruction, where we recover the correct momentum and mass scales,
and significantly improve the resolution compared to the uncorrected results.
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Fig. 5. Jet yield per event vs ET for 0-10% central Au+Au collisions, compared to the distribution from
p + p collisions scaled by NBinary [17]. Triangle symbols are from MB-Trig and corrected for efficiency,
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from p + p collisions, scaled by NBinary . Band represents the systematic uncertainty of the p + p
measurement.

Fig. 6. The pT threshold dependent comparison of inclusive jet spectra in heavy ion and p+p collisions.
The filled triangle symbols are from MB-Trig and filled squares are from NBinary scaled p+p collisions.
Upper panel is for the jet yield per event vs ET reconstructed with LOHSC algorithm and the lower
panel is for the same distributions with the kT algorithm. In addition to pT cuts shown in the figures,
seed is 4.6 GeV for the LOHSC and R is set to 0.4 for both algorithms. Only statistical error bars are
shown.

RHIC and the LHC will provide unique and crucial insights into our understanding of jet
quenching and the nature of hot QCD matter.

Accurate jet reconstruction in HIC is essential to characterize medium properties at RHIC
and at the LHC
Notice huge pT shift due to UE at LHC
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Jets in heavy ion collisions
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Fig. 6. The pT threshold dependent comparison of inclusive jet spectra in heavy ion and p+p collisions.
The filled triangle symbols are from MB-Trig and filled squares are from NBinary scaled p+p collisions.
Upper panel is for the jet yield per event vs ET reconstructed with LOHSC algorithm and the lower
panel is for the same distributions with the kT algorithm. In addition to pT cuts shown in the figures,
seed is 4.6 GeV for the LOHSC and R is set to 0.4 for both algorithms. Only statistical error bars are
shown.

RHIC and the LHC will provide unique and crucial insights into our understanding of jet
quenching and the nature of hot QCD matter.

Accurate jet reconstruction in HIC is essential to characterize medium properties at RHIC
and at the LHC
Jets free from inclusive particle measurements biases
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Improving jets in AA

Known how to succesfully subtract most of the huge UE background in HIC
With kT algorithm pjet

T ∼ −5 GeV @ RHIC

Goal is to improve the pjet
T resolution down to the O (1/2− 3) GeV at RHIC/LHC

4 Will be inserted by the editor

2.3 Energy Resolution

The energy resolution for jet reconstruction with various algorithms has been studied with
isolated jets simulated with Pythia [5,18,19]. Figure 2 shows the event by event comparison of
PyTrue, PyDet and PyEmbed from LOHSC, kT and Cambridge/Aachen algorithms. Applied
cuts, jet energy and the algorithm used, are specified in the figures. For all three algorithms,
a shift of median due to un-measured particles, primarily neutrons and K0

L, and the applied
pT cut (hence loss of jet energy), is observed for the ∆E = EPyDet − EPyTrue histograms.
Background effects are simulated using Pythia jets that are embedded in real Au + Au events.
The distributions in Figure 2 is convoluted with the true jet spectrum to produce the observed
jet spectrum. The effect of the heavy ion background on the jet energy can be seen in the
∆E = EPyEmbed − EPyTrue distributions. The algorithms show slightly different behavior: the
LOHCS algorithm has more entries with ∆E > 0 while the kT algorithm shows fewer entries at
∆E > 0, but has average ∆E < 0 , i.e. a overall oversubtraction of the background due to the
back-reaction of the background (smaller average area, see Figure 1 and [8]). A positive ∆E in
this distribution can distort the measured inclusive jet spectrum substantially, increasing the
apparent yield at high ET and resulting into a harder spectrum. A correction to the spectrum
must be applied to account for this effect.

Fig. 2. Distributions showing energy resolution; black is ∆E = EPyDet − EPyTrue, red is ∆E =
EPyEmbed − EPyTrue and green is ∆E = EPyEmbed − EPyDet.

The influence of energy resolution on jet spectrum can be observed with PyDet, PyEmbed
and PyTrue distributions shown in Figure 3 for the LOHSC algorithm for pcut

T of 0.1, 1 and
2 GeV. In the smallest pcut

T case, a large difference between PyEmbed and PyDet is observed,
while in the pcut

T = 2 GeV case when the background contributions is the smallest, PyEmbed
is similar to PyDet. The kick in the jet spectrum for PyEmbed is observed in the pcut

T = 0.1
GeV, as expected from the tail at positive ∆E due to large background in red distributions in
Figure 2. When the pT threshold is increased, the background fluctuations are reduced and the
enhancement in the spectrum relative to the case without background is reduced to a negligible
level. With this larger pcut

T = 2 GeV threshold requirement, jet reconstruction in 0-10% most
central Au+Au collisions is similar to that of p+p collisions. However, while a reduction in the
background fluctuations is achieved, a reduction in the measured jet energy (pcut

T dependent
bias) is introduced. Similar effects, though smaller in magnitude, are also observed for the KT

and Cambridge/Aachen algorithms.

2.4 Jet Spectrum and Corrections

The correction factors of the jet spectrum are estimated using PyEmbed. The comparison of the
spectrum of the jets of PyTrue and PyEmbed are shown in the left panel of Figure 4. The ET

dependent ratio of PyEmbed to PyTrue is shown in the right panel of Figure 4. A polynomial

Investigate in detail optimal jet definition and ranges to determine ρ → Work in progress

Juan Rojo (INFN Milano) Recent developments in jet finding IFIC, 19/12/2008 35 / 42



Jets at the LHC Recent developements Performance in pp Jets in Heavy Ion Collisions Outlook Extras

96

Improving jets in AA

Known how to succesfully subtract most of the huge UE background in HIC
With kT algorithm pjet

T ∼ −5 GeV @ RHIC

Goal is to improve the pjet
T resolution down to the O (1/2− 3) GeV at RHIC/LHC

O (1) GeV accuracy in pjet
T reconstruction at RHIC achievable!
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Assessment of medium effects

Once jet finding in HIC has been validated → Study different jet observables to
discriminate between medium models

1 Generate pp LHC dijet events with Pythia, embedd them in PbPb events

2 Medium-induced radiative energy loss from Quenched Pythia, Armesto et al.,
(arXiv:0710.3073 [hep-ph])

3 LHC PbPb background simulated with PSM (N. S. Amelin, et al., Eur. Phys. J. C
22 (2001) 149)

4 FastJet subtraction with CircularRange (D = 3R)

5 Repeat for different medium models ....
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Assessment of medium effects

Jet shape → Medium induced radiation broadens significantly the jet
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Assessment of medium effects

Azimuthal correlation → Medium induced radiation softens away-side correlations
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Outlook

Sizable progress in jet algorithms in the recent years:

New IRC safe jet algorithms, fast implementations, jet areas,...

Jet substructure for searches at the LHC

Summary from pp studies:

Strong R dependence → Sizable effective lumi loss away from Rbest

SISCone and Cam/Aa(filt) → Optimal jet algs

Larger pjet
T requires larger Rbest, more so for gluons

Summary from AA studies:

More challenging background → Tune subtraction ranges and choose optimal jet
definitions to determine ρ for O (1/2GeV) accuracy at RHIC/LHC

First jet measurements in HIC by STAR

Thanks for your attention and Merry Christmas!
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EXTRA MATERIAL
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Jet algorithms in HIC

Will be inserted by the editor 7

Fig. 5. Jet yield per event vs ET for 0-10% central Au+Au collisions, compared to the distribution from
p + p collisions scaled by NBinary [17]. Triangle symbols are from MB-Trig and corrected for efficiency,
acceptance and energy resolution. Open circles are from HT-Trig and not corrected for trigger bias.
Only statistical error bars are shown for the Au + Au data. Filled black squares are the distribution
from p + p collisions, scaled by NBinary . Band represents the systematic uncertainty of the p + p
measurement.

Fig. 6. The pT threshold dependent comparison of inclusive jet spectra in heavy ion and p+p collisions.
The filled triangle symbols are from MB-Trig and filled squares are from NBinary scaled p+p collisions.
Upper panel is for the jet yield per event vs ET reconstructed with LOHSC algorithm and the lower
panel is for the same distributions with the kT algorithm. In addition to pT cuts shown in the figures,
seed is 4.6 GeV for the LOHSC and R is set to 0.4 for both algorithms. Only statistical error bars are
shown.

RHIC and the LHC will provide unique and crucial insights into our understanding of jet
quenching and the nature of hot QCD matter.

Mayor recent breakthrough
→ First ever measurement
of full QCD jets in Heavy
Ion Collisions by STAR @
RHIC

Both with the kT algorithm
and with a cone algorithm

See talks at Hard Probes
2008 and S. Salur,
arXiv:0809.1609
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Progress in jet algorithms

Additional studies include:

Jet flavour and b-jets: Banfi, Salam and Zanderighi, hep-ph/0601139,
arXiv:0704.2999

Analytical studies of jet algorithms: Dasgupta, Magnea and Salam,
arXiv:0712.3014

Strategies to asses jet algorithms performance, Rabbertz et al., Campanelli et al.
in arXiv:0803.0678

More studies of jet substructure at LHC: G. Sterman et al, arXiv:0807.0234,
J. Thaler et al., arXiv:0806.0023, Brooijmans et al. in the Les Houches 2007
proceedings ...

Jet algorithms in top reconstruction: Seymour and Tevlin, hep-ph/0609100,
N. Nojiri et al., arXiv:0802.4142 ...

and many more ...
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Back-reaction

Two different effects of UE particles:

1 Add extra pUE
T to pjet

T → Cured by subtraction

2 Back-reaction: UE particles affect the jet clustering of non-UE particles from hard
scattering (Sizable effect in HIC)
Anti-kT : very small backreaction → Suitable for HIC jet finding

Caveat #1: back-reaction

Additional soft background has 2 effects:

Throw soft particles in the hard jet: dealt with by subtraction

Modify the hard scattering (back-reaction)

can be pointlike or diffuse

tractable analytically (similar to areas)

kt ! Cambridge > SISCone ! anti-kt
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Grégory Soyez BNL, USA, August 15th 2008 optimising jet-finding – p. 28/32
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