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JETS
Collimated, 

energetic bunches 
of particles
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Sterman and Weinberg, 
Phys. Rev. Lett. 39, 1436 (1977):

Jets date back to the late 1970s
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e+e� ! qq̄g
event at LEP

√s = 91.2 GeV, in 1990s

And they’ve been used 
and studied at every 

collider since

event at TASSO
√s = 27.4 GeV, in 1979

gluon discovery:
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60-70% of recent ATLAS and CMS papers 
use jets in their analyses
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Jet usage at the LHC
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+
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Tree level Monte Carlo (N)NLO

Jets (theory tool)

MC + Tree

Jet X-sct
Detector sim.

Jet X-sct

DETECTOR

Detector unfolding

CKKW
MLM

BSM searches

Higgs physics

top physics

PDF fits

...

MC validation
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Most LHC jet uses fall under the (Tevatron-like) category 

“a jet is basically a parton”

e.g. from a heavy-object decay, ISR, etc.
If radiation is modelled correctly in the Monte Carlos,

most experimenters don’t even need to think (much) about jets.

7
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But with new physics proving elusive, we start to need to 
push analyses to their boundary, e.g.

Enhance sensitivity to small signal/background
Explore very highest pt’s

Learn how to handle complex final states

➜ for that, you need advanced jet techniques
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Boosted massive particles → fat jets

Normal analyses: two quarks from
X → qq̄ reconstructed as two jets

jet 1

jet 2

X at rest
X

High-pt regime: EW object X
is boosted, decay is collimated,

qq̄ both in same jet

single
fat jet

z

(1−z)

boosted X

Happens for pt ! 2m/R

pt ! 320 GeV for m = mW , R = 0.5

Gavin Salam (CERN/LPTHE/Princeton) Jets in Higgs Searches HC2012 2012-11-18 19 / 29

8

Boosted 
hadronic decays
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Very active research field
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Some taggers and jet-substructure observables

Jet Declustering

Jet Shapes

Matrix−Element

Seymour93

YSplitter

Mass−Drop+Filter

JHTopTagger TW

CMSTopTagger

N−subjettiness (TvT)

CoM N−subjettiness (Kim)

N−jettiness

HEPTopTagger
(+ dipolarity)

Trimming

Pruning

Planar Flow

Twist

ATLASTopTagger

Templates

Shower Deconstruction

Qjets

Multi−variate tagger

ACF

apologies for omitted taggers, arguable links, etc.

Gavin Salam (CERN/Princeton/CNRS) Boost Theory Summary Boost 2012-07-27 6 / 33

Some of the tools developed
for boosted W/Z/H/top 

reconstruction



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Cluster event, C/A, R=1.2

Butterworth, Davison, Rubin & GPS ’08

SIGNAL

Zbb BACKGROUND

arbitrary norm.
10



pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Fill it in, → show jets more clearly

Butterworth, Davison, Rubin & GPS ’08

SIGNAL

Zbb BACKGROUND

arbitrary norm.
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pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Consider hardest jet, m = 150 GeV
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pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

split: m = 150 GeV, max(m1,m2)
m

= 0.92 → repeat

Butterworth, Davison, Rubin & GPS ’08
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pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

split: m = 139 GeV, max(m1,m2)
m

= 0.37 → mass drop

Butterworth, Davison, Rubin & GPS ’08
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pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

check: y12 "
pt2
pt1

" 0.7 → OK + 2 b-tags (anti-QCD)

Butterworth, Davison, Rubin & GPS ’08
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pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Rfilt = 0.3

Butterworth, Davison, Rubin & GPS ’08
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pp → ZH → νν̄bb̄, @14TeV, mH=115GeV

Herwig 6.510 + Jimmy 4.31 + FastJet 2.3

Rfilt = 0.3: take 3 hardest, m = 117 GeV

Butterworth, Davison, Rubin & GPS ’08
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Boosted Higgs analysis

18

Cluster with a large R
Undo the clustering into subjets,

until a large mass drop 
is observed

Re-cluster with smaller 
R, and keep only 3 

hardest jets

pp →ZH → ννbb--
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E.g. theorists’ comparisons of top taggers

19

Comparing top taggers: QCD fakes rate v. signal eff.[Methods]

Herwig, 500 < pt < 600 GeV Herwig++, 200 < pt < 800 GeV

From the extensive “Boost 2011” report, which reviewed taggers
discussed software, determined performance on MC, etc.

Bottom line: some taggers clearly better than others.
But many taggers behave similarly & details depend on analysis

(+ MC choice)

Gavin Salam (CERN/Princeton/CNRS) Theory of Fat Jets Higgs Hunting 2012-07-19 16 / 28

FIG. 4: Background fake rate F as a function of signal acceptance A for shower deconstruction
with the signal and background event samples described in Sec. IVA. The curve for shower decon-
struction is compared to F vs A points for the Johns Hopkins top tagger (JH), the top tagger of the
CMS group (CMS), the Heidelberg-Eugene-Paris top tagger (HEP), and the use of N-subjettiness
as a top tagger (NSUB). We show the results on a linear scale (left) and on a logarithmic scale
(right).

rate FJH for the JH tagger to the background fake rate Fsd(AJH) from shower deconstruc-
tion at the same signal acceptance AJH as given by the JH tagger is about 3.6. Similarly,
FCMS/Fsd(ACMS) ⇡ 2.7, FHEP/Fsd(AHEP) ⇡ 2.6, and FNSUB/Fsd(ANSUB) ⇡ 2.4. For this
reason, one may regard shower deconstruction as doing better than any of the previously
available top taggers. The right plot of Fig. 4 shows the results on a logarithmic scale. With
this plot, it is easier to see that one can gain a lot in making the background fake rate
smaller if one is willing to sacrifice signal acceptance. For instance, with a signal acceptance
of 0.1 one can reduce the background fake rate to about 5⇥ 10�4.

E. Results with Herwig++

The results presented above were based on signal and background events generated
with Pythia. One may wonder whether these results are sensitive to which Monte Carlo
event generator is used to generate events. To answer this question, we repeated the
analysis using events generated with Herwig++. We find that with Herwig++ sig-
nal events, (1/N) dN/d log� in the region � > 0 is about 8% larger than with Pythia
events, while (1/N) dN/d log� for background events generated with Herwig++ is close
to (1/N) dN/d log� for background events generated with Pythia. This leads to very sim-
ilar results for the background fake rate as a function of signal acceptance. We display this
comparison in Fig. 5.

11

Shower d
econstru

ction

Boost 2011 report Soper & Spannowsky ’12
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Extensive experimental work

20

From a list compiled
for a recent workshop
at Perimeter Institute

Many more analyses in the pipeline

ATLAS Public Results
• Large-R, groomed jets with pile-up
• Large-R jets with substructure
• Quark/gluon jets (see also this link)
• Jet substructure at LHC7
• Jet properties for boosted searches

Resonance searches
• Boosted top (hadronic)
• Boosted top (semileptonic)
• Three-jet resonance (gluino RPV)
• Two-jet resonance (sgluon)

CMS Public Results
• Jet substructure in CMS
• Subjet multiplicity
• Jet mass and grooming

Resonance searches:
• Boosted top (hadronic)
• Boosted top (semileptonic)
• Boosted W/Z

http://cds.cern.ch/record/1459531/files/ATLAS-CONF-2012-066.pdf
http://cds.cern.ch/record/1459531/files/ATLAS-CONF-2012-066.pdf
https://cds.cern.ch/record/1459530/files/ATLAS-CONF-2012-065.pdf
https://cds.cern.ch/record/1459530/files/ATLAS-CONF-2012-065.pdf
http://cds.cern.ch/record/1342550/files/ATLAS-CONF-2011-053.pdf
http://cds.cern.ch/record/1342550/files/ATLAS-CONF-2011-053.pdf
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetEtmissJetPerformanceQuarkGluon
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/JetEtmissJetPerformanceQuarkGluon
http://arxiv.org/abs/1203.4606
http://arxiv.org/abs/1203.4606
http://arxiv.org/abs/1206.5369
http://arxiv.org/abs/1206.5369
http://arxiv.org/abs/1211.2202
http://arxiv.org/abs/1211.2202
http://arxiv.org/abs/1207.2409
http://arxiv.org/abs/1207.2409
http://arxiv.org/abs/1210.4813
http://arxiv.org/abs/1210.4813
http://arxiv.org/abs/1210.4826
http://arxiv.org/abs/1210.4826
https://cds.cern.ch/record/1333700/files/JME-10-013-pas.pdf
https://cds.cern.ch/record/1333700/files/JME-10-013-pas.pdf
http://cds.cern.ch/record/1431432/files/QCD-10-041-pas.pdf
http://cds.cern.ch/record/1431432/files/QCD-10-041-pas.pdf
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSMP12019
http://arxiv.org/abs/1204.2488
http://arxiv.org/abs/1204.2488
http://arxiv.org/abs/1209.4397
http://arxiv.org/abs/1209.4397
http://arxiv.org/abs/1212.1910
http://arxiv.org/abs/1212.1910
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Boosted Ws and tops in single jets: data!

W’s in a single jet

with Pruning + Mass Drop requirement

NB: combined in IR unsafe way. . .

tops in a single jet

with HEPTopTagger
Gavin Salam (CERN) Perturbative QCD in hadron collisions SILAFAE 2012-12-10 32 / 35

Seeing hadronic W’s and tops in a single jet

21

CMS single-jet W mass peak
in events with a lepton and
separate b-tagged jet.

Uses pruning (+ mass-drop
condition on split jet)

Gavin Salam (CERN/Princeton/CNRS) Theory of Fat Jets Higgs Hunting 2012-07-19 19 / 28
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Figure 7. Signal region distributions of (a) the mass of the leading pT fat jet and (b) the mass
of the leading pT top-quark candidate. Also shown are the prediction for SM tt̄ production, the
multijet background contribution as estimated from data, and a hypothetical Z 0 boson signal.
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Searches with substructure tools

22

Some BSM searches with jet-substructure techniques

A range of techniques being used for varied BSM scenarios

Gavin Salam (CERN/LPTHE/Princeton) Jets in Higgs Searches HC2012 2012-11-18 24 / 29
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[Analytic] 
understanding

23

arXiv:1307.0007
Dasgupta, Fregoso, Marzani & GPS
+Dasgupta, Fregoso, Marzani & Powling, 1307.0013
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What do we know currently?

At the time:
• No clear picture of why the taggers might be similar or 

different
• No clear picture of how the parameter choices affect 

the taggers

24

Boost 2010 proceedings:

1. Introduction

The Large Hadron Collider (LHC) at CERN is increasingly exploring phenomena at ener-

gies far above the electroweak scale. One of the features of this exploration is that analysis

techniques developed for earlier colliders, in which electroweak-scale particles could be con-

sidered “heavy”, have to be fundamentally reconsidered at the LHC. In particular, in the

context of jet-related studies, the large boost of electroweak bosons and top quarks causes

their hadronic decays to become collimated inside a single jet. Consequently a vibrant

research field has emerged in recent years, investigating how best to tag the characteristic

substructure that appears inside the single “fat” jets from electroweak scale objects, as

reviewed in Refs. [?,?,26]. In parallel, the methods that have been developed have started

to be tested and applied in numerous experimental analyses (e.g. [23–25] for studies on

QCD jets and [some searches]).

The taggers’ action is twofold: they aim to suppress or reshape backgrounds, while re-

taining signal jets and enhancing their characteristic jet-mass peak at the W/Z/H/top/etc.

mass. Nearly all the discussion of these aspects has taken place in the context of Monte

Carlo simulation studies [Some list], with tools such as Herwig [?, ?], Pythia [?, ?] and

Sherpa [?]. While Monte Carlo simulation is an extremely powerful tool, its intrinsic nu-

merical nature can make it difficult to extract the key characteristics of individual taggers

and the relations between taggers (examining appropriate variables, as in [4], can be helpful

in this respect). As an example of the kind of statements that exist about them in the

literature, we quote from the Boost 2010 proceedings:

The [Monte Carlo] findings discussed above indicate that while [pruning,

trimming and filtering] have qualitatively similar effects, there are important

differences. For our choice of parameters, pruning acts most aggressively on the

signal and background followed by trimming and filtering.

While true, this brings no insight about whether the differences are due to intrinsic proper-

ties of the taggers or instead due to the particular parameters that were chosen; nor does it

allow one to understand whether any differences are generic, or restricted to some specific

kinematic range, e.g. in jet transverse momentum. Furthermore there can be significant

differences between Monte Carlo simulation tools (see e.g. [22]), which may be hard to diag-

nose experimentally, because of the many kinds of physics effect that contribute to the jet

structure (final-state showering, initial-state showering, underlying event, hadronisation,

etc.). Overall, this points to a need to carry out analytical calculations to understand the

interplay between the taggers and the quantum chromodynamical (QCD) showering that

occurs in both signal and background jets.

So far there have been three investigations into the analytical features that emerge from

substructure taggers. Ref. [19, 20] investigated the mass resolution that can be obtained

on signal jets and how to optimize the parameters of a method known as filtering [1].

Ref. [13] discussed constraints that might arise if one is to apply Soft Collinear Effective

Theory (SCET) to jet substructure calculations. Ref. [14] observed that for narrow jets the

distribution of the N -subjettiness shape variable for 2-body signal decays can be resummed

– 2 –
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The key variables

25

For phenomenology

Jet mass: m

[as compared to W/Z/H
or top mass]

For QCD calculations

 

[R is jet opening angle
– or radius]

Because ρ is invariant under
boosts along jet direction

⇢ =
m2

p2tR2
⇢ =

m2

p2tR2
⇢ =

m2

p2tR2
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mEW
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But only for a 
limited range 

of masses
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Do we care about such differences?

• Think data-driven backgrounds: kinks can seriously mess 
with you [especially if you got used to their being absent, e.g. from moderate pt tests]

• How do these structures depend on the zcut, ycut, Rsub, 
etc. parameters?

• Are these structures 
telling us something we 
might want to know 
about the taggers? E.g. 
how to improve them?

This calls for analysis 
and calculation
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How jets come to have the structure they do
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Why do we see jets? Parton fragmentation[Introduction]
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Figure 2. Lund diagrams [45] represent
emission kinematics in terms of two vari-
ables: vertically, the logarithm of an emis-
sion’s transverse momentum kt with respect
to the jet axis, and horizontally, the loga-
rithm of the inverse of the emission’s angle θ
with respect to the jet axis, i.e. its rapidity
with respect to the jet axis. Here the dia-
gram shows a line of constant jet mass, to-
gether with a shaded region corresponding to
the part of the kinematic plane where emis-
sions are vetoed, leading to a Sudakov form
factor.
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Let us define

D(ρ) =

∫ 1

ρ

dρ′

ρ′

∫ 1

ρ′
dz pgq(z)

αs(zρ′R2p2t )CF

π
, (3.1a)

! αsCF

π

[

1

2
ln2

1

ρ
− 3

4
ln

1

ρ
+O (1)

]

, (fixed coupling approx.) , (3.1b)

where pgq =
1+(1−z)2

2z is the quark-gluon splitting function, stripped of its colour factor, and

the fixed-coupling approximation in the second line helps visualise the double-logarithmic

structure of D(ρ).

To NLL accuracy,3 i.e. control of terms αn
sL

n+1 and αn
sL

n in lnΣ(ρ), where L ≡ ln 1
ρ ,

the integrated jet mass distribution is given by

Σ(ρ) = e−D(ρ) · e−γED′(ρ)

Γ(1 +D′(ρ))
· N (ρ) . (3.2)

The first factor, which is double logarithmic, accounts for the Sudakov suppression of

emissions that would induce a (squared, normalised) jet mass greater than ρ. In terms of

the “Lund” representation of the kinematic plane [45], Fig. 2, it accounts for the probability

of there being no emissions in the shaded region, with the 1
2 ln

2 1/ρ term in Eq. (3.1b) for

D(ρ) coming from the bulk of the area (soft divergence of pgq), while the −3
4 ln 1/ρ term

comes from the hard collinear region (finite z). The second factor in Eq. (3.2), defined in

terms of D′(ρ) ≡ ∂LD, encodes the single-logarithmic corrections associated with the fact

that the effects of multiple emissions add together to give the jet’s overall mass. These

emissions tend to be close to the constant-jet-mass boundary in Fig. 2. The third factor,

3Which requires the coupling in Eq. (3.1) to run with a two-loop β-function, and to be evaluated in the

CMW scheme [46], or equivalently taking into account the two-loop cusp anomalous dimension.

– 6 –

for QCD emissions

log of 1/(emission angle)

log of 
transverse

 momentum
of emission 
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Figure 2. Lund diagrams [45] represent
emission kinematics in terms of two vari-
ables: vertically, the logarithm of an emis-
sion’s transverse momentum kt with respect
to the jet axis, and horizontally, the loga-
rithm of the inverse of the emission’s angle θ
with respect to the jet axis, i.e. its rapidity
with respect to the jet axis. Here the dia-
gram shows a line of constant jet mass, to-
gether with a shaded region corresponding to
the part of the kinematic plane where emis-
sions are vetoed, leading to a Sudakov form
factor.
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Figure 2. Lund diagrams [45] represent
emission kinematics in terms of two vari-
ables: vertically, the logarithm of an emis-
sion’s transverse momentum kt with respect
to the jet axis, and horizontally, the loga-
rithm of the inverse of the emission’s angle θ
with respect to the jet axis, i.e. its rapidity
with respect to the jet axis. Here the dia-
gram shows a line of constant jet mass, to-
gether with a shaded region corresponding to
the part of the kinematic plane where emis-
sions are vetoed, leading to a Sudakov form
factor.
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Figure 2. Lund diagrams [45] represent
emission kinematics in terms of two vari-
ables: vertically, the logarithm of an emis-
sion’s transverse momentum kt with respect
to the jet axis, and horizontally, the loga-
rithm of the inverse of the emission’s angle θ
with respect to the jet axis, i.e. its rapidity
with respect to the jet axis. Here the dia-
gram shows a line of constant jet mass, to-
gether with a shaded region corresponding to
the part of the kinematic plane where emis-
sions are vetoed, leading to a Sudakov form
factor.
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Some key calculations related to jet mass

• Catani, Turnock, Trentadue & Webber, ’91: heavy-jet mass in e+e–

• Dasgupta & GPS, ‘01: hemisphere jet mass in e+e– (and DIS)

• Appleby & Seymour, ’02
Delenda, Appleby, Dasgupta & Banfi ’06: impact of jet boundary

• Gehrmann, Gehrmann de Ridder, Glover ’08; Weinzierl ’08
Chien & Schwartz ’10: heavy-jet mass in e+e– to higher accuracy

• Dasgupta, Khelifa-Kerfa, Marzani & Spannowsky ’12,
Chien & Schwartz ’12,
Jouttenus, Stewart, Tackmann, Waalewijn ’13:
jet masses at hadron colliders

35
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Applying this to taggers
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How jets come to have the structure they do

Jets as projections[Introduction]
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How we “re(de)construct” jets

Why do we see jets? Parton fragmentation[Introduction]
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Trimming

37

Take all particles in a
jet of radius R and 
recluster them into 
subjets with a jet 

definition with radius 
Rsub < R

The subjets that satisfy the 
condition 

pt(subjet) > zcut pt(jet) 
are kept and merged to

form the trimmed jet.
Krohn, Thaler & Wang ’09
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Kinematic regions for different taggers
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Kinematic regions for different taggers
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simple kinematic region → simple mass distn
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This has a characteristic initial growth linear in ln 1
ρ as ρ decreases, cut off by a Sudakov

suppression (the exponent) as ρ decreases further, both features being visible in Fig. 1.

4. Mass drop tagger

The mass-drop tagger [1] was designed to be used with jets found by the Cambridge/Aachen

algorithm [2, 3]. It involves two parameters ycut and µ and, for an initial jet labelled j,

proceeds as follows:

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, mj1 < µmj, and the splitting is not too asym-

metric, y = min(p2tj1 , p
2
tj2)∆R2

j1j2/m
2
j > ycut, then deem j to be the tagged jet.

3. Otherwise redefine j to be equal to j1 and go back to step 1 (unless j consists of just

a single particle, in which case the original jet is deemed untagged).

Typical parameter choices are for example µ = 2/3 and ycut in the range 0.09 − 0.15.

While the ycut parameter will appear explicitly in our results, µ will not, and indeed we

shall see that its exact value is not critical as long as it is neither parametrically small, nor

parametrically close to µ = 1.

[Make sure discussion of “mass-drop” being irrelevant goes somewhere;

maybe mention similar comment in a paper by Brock Tweedie? And Quiroga-

Sapeta?]

4.1 Leading order calculation

To help understand the behaviour of any tagger, it is useful to start with a leading-order

configuration, for which the jet consists of just two partons. When the jet is declustered,

each of the prongs is massless, so that the mass-drop condition is automatically satisfied,

rendering the µ parameter irrelevant. There are then two possibilities: if the asymmetry

condition is satisfied the jet is tagged, with the tagged mass equal to the original jet mass.

Otherwise the jet does not contribute to the tagged jet mass distribution.

Considering a quark that splits to to a quark with momentum fraction 1 − z and a

gluon momentum fraction z, we have m2
j = z(1 − z)E2. The asymmetry condition then

becomes z
1−z > ycut and

1−z
z > ycut.

We may now write the differential cross section for the jet to have a given tagged mass:

1

σ

dσ

dm2

(MDT, LO)

= CF
αs

π

∫

dzpgq(z)
dθ2

θ2
δ
(

m2 − z(1− z)p2t θ
2
)

×

×Θ

(

z

1− z
− ycut

)

Θ

(

1− z

z
− ycut

)

Θ
(

R2 − θ2
)

. (4.1)

with pgq as defined in section 3. The requirement Θ
(

R2 − θ2
)

embodies the condition that

the two partons should have been clustered into the same jet. The use of the splitting func-

tion to approximate the full matrix element is legitimate because θ < R # 1. Integrating
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Mass
drop

tagger

What MDT does wrong:

Follows a soft branch (p2+p3 < 
ycut pjet) with “accidental” small 
mass, when the “right” answer 
was that the (massless) hard 
branch had no substructure

(a)

1 p2

p3

p1

p3p2

(b)

p

Figure 2: Two characteristic partonic configurations that arise at in the tree-level O
(

α2
s

)

contri-
bution. The dashed cone provides a schematic representation of the boundary of the jet.

whole is tagged. If E3/E12 < ycut, then the MDT recurses, into the heavier of the two

subjets, i.e. j12, which can be analysed as in the previous, LO section. The key point

here is that in the limit in which E3 ! Ejet, the presence of gluon 3 has no effect on

whether the j12 system gets tagged. This is true even if mjet is dominated by emission

3, such that mjet " m12. This was part of the intended design of the MDT: if the jet

contains hard substructure, the tagger should find it, even if there is other soft structure

(including underlying event and pileup) that strongly affects the original jet mass. One

of the consequences of this design is that when evaluated, the NLO contribution that

comes from configuration (a) and the corresponding virtual graphs, one finds a logarithmic

structure for the integrated cross section of C2
Fα

2
s ln

2 ρ [5]. This is suggestive of an all-orders

logarithmic structure of the form (αs ln ρ)n. We will return to this shortly.

Configuration (b) in Fig. 2 reveals an unintended behaviour of the tagger. Here we

have θ23 ! θ12 # θ13, so the first unclustering leads to j1 and j23 subjets. It may happen

that the parent gluon of the j23 subjet was soft, so that E23 < ycutEjet. The jet therefore

fails the symmetry at this stage, and so recurses one step down. The formulation of the

MDT is such that one recurses into the more massive of the two prongs, i.e. only follows the

j23 prong, even though this is soft. This was not what was intended in the original design,

and is to be considered a flaw — in essence one follows the wrong branch. It is interesting

to determine the logarithmic structure that results from it, which can be straightforwardly

evaluated as follows:

ρ

σ

dσ

dρ

(MDT,NLOflaw)

= −CFρ
(αs

π

)2
∫

dxpgq(x)
dθ2

θ2
Θ
(

R2 − θ2
)

Θ (ycut − x)×

×
∫

dz

(

1

2
CApgg(z) + nfTRpqg(z)

)

dθ223
θ223

δ

(

ρ− z(1− z)x2
θ223
R2

)

×

×Θ (z − ycut)Θ (1− z − ycut)Θ
(

θ2 − θ223
)

=
CF

4

(αs

π

)2
[

CA

(

ln
1

ycut
− 11

12

)

+
nf

6

]

ln2
1

ρ
+O

(

α2
s ln

1

ρ

)

(4.5)

where θ is the angle between j1 and the j23 system, while x = E23/Ejet and z = E2/E23,

and pgg(z) = (1 − z)/z + z/(1 − z) + z(1 − z), pqg(z) =
1
2(z

2 + (1 − z)2). Considering the

integrated distribution, this corresponds to a logarithmic structure α2
s ln

3 ρ, i.e. enhanced

– 9 –
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A simple fix: “modified” Mass Drop Tagger:
When recursing, follow branch with larger (m2+pt2) 
(rather than the one with larger m) 

Original MDT

modified MDT

 0

 0.05

 0.1

 0.15

 0.2

-8 -7 -6 -5 -4 -3 -2 -1  0

1/σ
 dσ

 / d
 ln

 (m
/pt

)

ln (m/pt)

 

1-2 ln ycutln ycut/2

MDT, total
MDT, wrong-branch contribution
modified MDT

Figure 3: The total MDT tagged mass distribution, from Monte Carlo simulation, with the
contribution originating from “wrong” branches shown as a dashed line. Wrong branches are those
for which, at some stage during the declustering, the tagger followed a prong whose m2 + p2t was
smaller than that of its partner prong.

by αs ln
2 ρ relative to the LO result and by a power of ln ρ relative the terms associated

with the intended behaviour of the tagger.

Based on the above calculation, one might expect the “wrong-branch” contributions to

dominate over the LO type behaviour. In practice they don’t, for two reasons: firstly they

set in only for relatively small values of jet mass, ρ ! y2cut and as a consequence contribute

as α2
s ln

3 y2cut/ρ rather than α2
s ln

3 1/ρ; secondly, at higher orders they involve a Sudakov-

type suppression, coming from the probability that the harder prong of the jet was less

massive than the softer one, even though it has an energy that is at least a factor of 1/ycut
larger than the softer prong. The small contribution from the wrong-branch configurations

is illustrated in Fig. 3, obtained in Monte Carlo simulation, where events with a wrong-

branch tag are defined as those for which at some stage during the declustering, the tagger

followed a prong whose m2 + p2t was smaller than that of its partner prong.

While the wrong branch issue is numerically small, it is an undesirable characteristic

of the MDT and calls for being eliminated. Rather than pursuing a full (and non-trivial)

calculation of the resummed mass distribution for the MDT, we therefore propose that the

MDT be modified.

5. Modified Mass-Drop Tagger

The modification of the mass-drop tagger that we propose is to replace step 3 of the

definition on p. 7, with

– 10 –
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Figure 4: Comparison of Monte Carlo and analytic results for the mMDT tagged mass spectrum
for two values of ycut. In all cases we have used µ = 0.67.

We compare our analytical predictions with the Monte Carlo simulation results in

Fig. 4 for several ycut values. There is acceptable agreement — remaining differences

are attributable to finite ycut effects and differences beyond single-log accuracy between

our treatment here and that in the Monte Carlo (e.g. subleading terms in the running

coupling). Furthermore, the pattern of ycut dependence, with smaller values of ycut leading

to an increase in the mass spectrum at moderate ρ values and a steeper fall-off towards

lower ρ values, in line with the pattern visible in the second-order expansion of Eq. (5.4).

6. Pruning

Pruning [7, 8] takes an initial jet, and from its mass deduces a pruning radius Rprune =

Rfact · 2m
pt

, where Rfact is a parameter of the tagger. It then reclusters the jet and for

every clustering step, involving objects a and b, it checks whether ∆ab > Rprune and

min(pta, ptb) < zcutpt,(a+b), where zcut is a second parameter of the tagger. If so, then the

softer of the a and b is discarded. Otherwise a and b are recombined as usual. Clustering

then proceeds with the remaining objects, applying the pruning check at each stage.

In analysing pruning, we will take Rfact =
1
2 , i.e. its default suggested value. In analogy

with our approach for the ycut parameter in the (m)MDT, we will work in the limit of small

zcut (but ln zcut not too large). And we will assume that the reclustering is performed with

the Cambridge/Aachen algorithm, the most common choice.

At leading order, i.e. a jet involving a single 1 → 2 splitting, then Rprune = m
pt

=

∆ab

√

z(1− z), which guarantees that ∆ab is always larger than Rprune. To establish the

pruned jet mass, one then needs to examine the second part of the pruning condition: if

min(z, 1 − z) > zcut then the clustering is accepted and the pruned jet has a finite mass.

Otherwise the pruned jet mass is zero. This pattern is true independently of the angle

between the two prongs. Thus, as for the MD tagger, pruning removes the divergent low-z

region from the jet-mass phasespace. As a result, in the small zcut limit, one obtains the

same LO result for the pruned mass distribution as for the MD tagger case (replacing
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Figure 4: Comparison of Monte Carlo and analytic results for the mMDT tagged mass spectrum
for two values of ycut. In all cases we have used µ = 0.67.

We compare our analytical predictions with the Monte Carlo simulation results in

Fig. 4 for several ycut values. There is acceptable agreement — remaining differences

are attributable to finite ycut effects and differences beyond single-log accuracy between

our treatment here and that in the Monte Carlo (e.g. subleading terms in the running

coupling). Furthermore, the pattern of ycut dependence, with smaller values of ycut leading

to an increase in the mass spectrum at moderate ρ values and a steeper fall-off towards

lower ρ values, in line with the pattern visible in the second-order expansion of Eq. (5.4).

6. Pruning

Pruning [7, 8] takes an initial jet, and from its mass deduces a pruning radius Rprune =

Rfact · 2m
pt

, where Rfact is a parameter of the tagger. It then reclusters the jet and for

every clustering step, involving objects a and b, it checks whether ∆ab > Rprune and

min(pta, ptb) < zcutpt,(a+b), where zcut is a second parameter of the tagger. If so, then the

softer of the a and b is discarded. Otherwise a and b are recombined as usual. Clustering

then proceeds with the remaining objects, applying the pruning check at each stage.

In analysing pruning, we will take Rfact =
1
2 , i.e. its default suggested value. In analogy

with our approach for the ycut parameter in the (m)MDT, we will work in the limit of small

zcut (but ln zcut not too large). And we will assume that the reclustering is performed with

the Cambridge/Aachen algorithm, the most common choice.

At leading order, i.e. a jet involving a single 1 → 2 splitting, then Rprune = m
pt

=

∆ab

√

z(1− z), which guarantees that ∆ab is always larger than Rprune. To establish the

pruned jet mass, one then needs to examine the second part of the pruning condition: if

min(z, 1 − z) > zcut then the clustering is accepted and the pruned jet has a finite mass.

Otherwise the pruned jet mass is zero. This pattern is true independently of the angle

between the two prongs. Thus, as for the MD tagger, pruning removes the divergent low-z

region from the jet-mass phasespace. As a result, in the small zcut limit, one obtains the

same LO result for the pruned mass distribution as for the MD tagger case (replacing
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What pruning sometimes does

Chooses Rprune based on a soft p3 
(dominates total jet mass), and 
leads to a single narrow subjet 
whose mass is also dominated by 
a soft emission (p2, within Rprune of 
p1, so not pruned away).p3

p1
Rprune p2

R

Figure 5: Configuration that illustrates generation of double logs in pruning at O
(

α2
s

)

. Soft gluon
p3 dominates the jet mass, thus determining the pruning radius. However, because of p3’s softness,
it is then pruned away, leaving only the central core of the jet, which has a usual double-logarithmic
type mass distribution.

ycut → zcut):

ρ

σ

dσ

dρ

(pruned, LO)

=
αsCF

π

[

Θ(zcut − ρ) ln
1

zcut
+Θ(ρ− zcut) ln

1

ρ
− 3

4

]

. (6.1)

6.1 3-particle configurations and “sane” and “anomalous” pruning

As was the case for the original mass-drop tagger, once we consider 3-particle configurations

the behaviour of pruning develops a certain degree of complexity. Fig. 5 illustrates the type

of configuration that is responsible: there is a soft parton that dominates the total jet mass

and so sets the pruning radius (p3), but does not pass the pruning zcut, meaning that it

does not contribute to the pruned mass; meanwhile there is another parton (p2), within

the pruning radius, that contributes to the pruned jet mass independently of how soft it

is. We call this anomalous pruning, because the emission that dominates the final pruned

jet mass never gets tested for the pruning zcut condition.

Let us work through this quantitatively. For gluon 3 to be discarded by pruning it must

have x3 < zcut # 1, i.e. it must be soft. Then the pruning radius is given by R2
prune = x3θ23

and for p2 to be within the pruning core we have θ2 < Rprune. This implies θ2 # θ3, which

allows us to treat p2 and p3 as being emitted independently (i.e. due to angular ordering)

and also means that the C/A algorithm will first cluster 1 + 2 and then (1 + 2) + 3. The

leading-logarithmic contribution that one then obtains at O
(

α2
s

)

is then

ρ

σ

dσanom-pruned

dρ
$
(

CFαs

π

)2 ∫ zcut

0

dx3
x3

∫ R2
dθ23
θ23

∫ 1

0

dx2
x2

∫ x3θ23

0

dθ22
θ22

ρ δ

(

ρ− x2
θ22
R2

)

(6.2a)

=

(

CFαs

π

)2 1

6
ln3

zcut
ρ

+O
(

α2
s ln

2 1

ρ

)

, (valid for ρ < zcut). (6.2b)

where we have directly taken the soft limits of the relevant splitting functions.

The ln3 ρ contribution that one observes here in the differential distribution corre-

sponds to a double logarithmic (α2
s ln

4 ρ) behaviour of the integrated cross-section, i.e. it

has as many logs as the raw jet mass, with both soft and collinear origins. This term is

– 14 –
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What about actual calculations of the taggers?

Simpler More complex

mMDT > plain mass ~ trimming > Y-pruning > full pruning ≫ MDT

Dasgupta et al (full NLL, including non-global part)
Chien et al (partial NNLL)
Jouttenus et al (they say full NNLL; I remain to be convinced!)

    LL in all cases, plus some subleading logs
    [NB: LL doesn’t mean the same thing in all cases!)
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[mMDT is closest we have to a scale-invariant tagger,
though exact behaviour depends on q/g fractions]
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Trimming
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highest logs transition(s) Sudakov peak NGLs NP: m2 !

plain mass αn
sL

2n — L ! 1/
√
ᾱs yes µNP ptR

trimming αn
sL

2n zcut, r2zcut L ! 1/
√
ᾱs − 2 ln r yes µNP ptRsub

pruning αn
sL

2n zcut, z2cut L ! 2.3/
√
ᾱs yes µNP ptR

MDT αn
sL

2n−1 ycut,
1
4y

2
cut, y

3
cut — yes µNP ptR

Y-pruning αn
sL

2n−1 zcut (Sudakov tail) yes µNP ptR

mMDT αn
sL

n ycut — no µ2
NP/ycut

Table 1. Table summarising the main features for the plain jet mass, the three original taggers of

our study and the two variants introduced here. In all cases, L = ln 1

ρ
= ln R2p2

t

m2 , r = Rsub/R and
the log counting applies to the region below the smallest transition point. The transition points
themselves are given as ρ values. Sudakov peak positions are quoted for dσ/dL; they are expressed
in terms of ᾱs ≡ αsCF /π for quark jets and ᾱs ≡ αsCA/π for gluon jets and neglect corrections of
O (1). “NGLs” stands for non-global logarithms. The last column indicates the mass-squared below
which the non-perturbative (NP) region starts, with µNP parametrising the scale where perturbation
theory is deemed to break down.

9 Conclusions

In this paper we have developed an extensive analytical understanding of the action of

widely used boosted-object taggers and groomers on quark and gluon jets.

We initially intended to study three methods: trimming, pruning and the mass-drop

tagger (MDT). The lessons that we learnt there led us to introduce new variants, Y-pruning

and the modified mass-drop tagger (mMDT). The key features of the different taggers are

summarised in table 1. We found, analytically, that the taggers are similar in certain

phase-space regions and different in others, identified the transition points between these

regions and carried out resummations of the dominant logarithms of pt/m to all orders.

One tagger has emerged as special, mMDT, in that it eliminates all sensitivity to

the soft divergences of QCD. As a result its dominant logarithms are αn
sL

n, entirely of

collinear origin. It is the first time, to our knowledge, that such a feature is observed,

and indeed all the other taggers involve terms with more logarithms than powers of αs.

One consequence of having just single, collinear logarithms is that the complex non-global

(and super-leading [57]) logarithms are absent. Another is that fixed-order calculations

have an enhanced range of validity, up to L % 1/αs rather than L % 1/
√
αs. The

modified mass-drop tagger is also the least affected by non-perturbative corrections. Finally

the parameters of the tagger can be chosen so as to ensure a mass distribution that is

nearly flat, which can facilitate the reliable identification of small signals. Also of interest

19In this context it may be beneficial to study a range of variables, such as N-subjettiness [26] and energy

correlations [32], or even combinations of observables as done in Refs [81, 82]. It is also of interest to examine

observables specifically designed to show sensitivity to colour flows, such as pull [83] and dipolarity [84],

though it is not immediately apparent that these exploit differences in the double logarithmic structure.

It would also, of course, be interesting to extend our analysis to other types of method such as template

tagging [85].

– 45 –

NEW

Special: only single 
logarithms (L = ln ρ)
→ more accurately calculable

Special: better 
exploits signal/bkgd

differences
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Figure 17. Efficiencies for tagging hadronically-
decaying W ’s, for a range of taggers/groomers,
shown as a function of the W transverse momen-
tum generation cut in the Monte Carlo samples
(Pythia 6, DW tune). Further details are given
in the text.

It receives O (αs) corrections from gluon radiation off the W → qq̄′ system. Monte Carlo

simulation suggests these effects are responsible, roughly, for a 10% reduction in the tagging

efficiencies. Secondly, Eq. (8.9) was for unpolarized decays. By studying leptonic decays of

the W in the pp → WZ process, one finds that the degree of polarization is pt dependent,

and the expected tree-level tagging-efficiency ranges from about 76% at low pt to 84%

at high pt. These two effects explain the bulk of the modest differences between Fig. 17

and the result of Eq. (8.9). However, the main conclusion that one draws from Fig. 17

is that the ultimate performance of the different taggers will be driven by their effect on

the background rather than by the fine details of their interplay with signal events. This

provides an a posteriori justification of our choice to concentrate our study on background

jets.
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Figure 18. The significance obtained for tagging signal (W ’s) versus background, defined as
εS/

√
εB, for a range of taggers/groomers, shown as a function of the transverse momentum gen-

eration cut in the Monte Carlo samples (Pythia 6, DW tune) Further details are given in the
text.
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different (2-body) substructure tools
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What about cuts on shapes/radiation

• These cuts are nearly 
always for a jet whose 
mass is somehow 
groomed. All the structure 
from the grooming 
persists.

• So tagging & shape must 
probably be calculated 
together

57

E.g. cuts on N-subjettiness, tight mass drop, etc.?
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Summary 

Use of jets beyond the “jet=parton”  idea is with us today.
That puts a responsibility on theorists to start 
understanding jet substructure beyond simply running 
Monte Carlos.
It seems that’s feasible, with the potential also to guide 
development of more powerful and more robust jet tools.
Hopefully, this will help reliably stretch the boundaries of 
what LHC can do in its searches and measurements!
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Other things I would have liked to talk about

60

FastJet Contrib
A space for people to contribute their own jet-tool 
libraries, to provide users with uniform, regularly 
updated and reliable access to a broad range of jet 
tools.
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Fig. 1. – Left: comparison of measurements
and NLO (Blackhat-Sherpa) predictions of
W +n-jet cross sections v. n [25]. Right: ratio
of the Z + 2-jet to γ + 2-jet cross sections at
LO, NLO and with parton showers matched to
tree-level calculations, showing excellent sta-
bility [26].

limits. “Data-driven” sounds as if it is altogether independent of theorists. In this specific
case, for estimating the Z+jets background the idea is to measure the γ+jets cross
section (instead of a direct measurements of Z’s, which suffers from the low Z → "+"−

branching ratio) and then to use NLO predictions for the ratio of γ+jets to Z+jets to
deduce the expected measured Z+jets background. Many experimental systematics such
as jet-energy scale are common to both and therefore cancel in the ratio; meanwhile the
theoretical prediction is extremely stable, Fig. 2 (right). So, the data-driven method here
is actually a clever way of exploiting precisely known aspects both theory and experiment,
while minimising the impact of their intrinsic limitations. More generally, data-driven
methods don’t always (or even often) use NLO, but they do quite often involve this idea
of finding a way to combine the best of theory and experiment.

3. – Systematically matching showers and NLO

Despite the power of data-driven methods, there remain many cases where the exper-
iments do need a direct, quality prediction of hadron-collider processes. This is crucial
in many Higgs searches, which nearly always rely on precise hadron-level predictions of
the signal, and also often of the backgrounds. And it was the case also for the analysis
that led to the W+2-jet anomaly reported by CDF [3], but not found by D0 [28]. One of
the standards for collider predictions involves the matching of tree-level matrix-element
calculations with parton showers and it is to such predictions, passed through detector
simulations, that the CDF and D0 W+2j results were compared.

Combining tree-level (i.e. LO) calculations and parton showers is relatively easy nowa-
days thanks to automated tools for tree-level predictions of essentially any standard-
model process (e.g. MadGraph [29], Alpgen [30], Sherpa [31]) and methods such as
MLM [32] and CKKW [33] matching, which address the issue of combining tree-level
calculations for different multiplicities, while avoiding the double counting that would be
caused by the fact that parton-showers themselves generate extra emissions (for a recent

Understanding your taggers means you know what tools 
you can safely use with them

For robustness, you can then choose taggers whose 
distributions can be predicted in many ways

Just like 
MET(Z→νν) in 

multijets is reliably 
estimated from 
γ+jets because 
multiple types of 

calculations of the 
ratio agree
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What are we comfortable with?
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Find one jet/prong

Cut on jet pt, Δy, ...
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Cut on radiation in
subjets

Cut on radiation for 
colourless W,H,...

[τmn, Qjets, deconstruction...]
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Bottom line on “understanding”

• Taggers may be quite simple to write, but potentially 
involved to understand. 

• Contrast this with pt cuts for standard jet analyses – 
(mostly) simple

• Still, many taggers/groomers are within calculational 
reach.

• New “modified” Mass Drop Tagger is especially 
simple

• New “sane” pruning is also interesting – further 
investigation warranted...

63
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Different fat-jet tagger types

Radiation based
(e.g. N-subjettiness = τ3/

τ2
+ mass cut)

• Requires top-mass 
consistency (maybe 
with some grooming)

• Exploits weaker 
radiation from top (3 
quarks) than 
background (1q+2g or 
3g)

Prong based

(e.g. HEPTopTagger, 
Template Tagger)

• Identifies prongs

• Requires prongs be 
consistent with 
kinematics of  
t→Wb→ 3 quarks
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Infrared safety
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Infrared safety:

When the addition of one soft particle with momentum ε 
changes the outcome of tagging by an amount O(1).

It means that perturbative calculations give ∞

It means that the physics of hard objects may be irremediably 
contaminated by non-perturbative physics – not good for 

robustness!

Was long an issue in hadron-collider jet-finding.
Let’s make sure it doesn’t come back to haunt us!
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CMS’s pruning followed by a 
mass-drop cut:

see blackboard!
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IR issues in τ23

68

N-subjettiness τ3 / τ2:
τ2 measures departure from 2-parton energy flow
τ3 measures departure from 3-parton energy flow

2 hard partons
2 soft partons

τ2 ≪ 1
τ3 ≪ 1
τ3/τ2 ∼1 

}However soft the 
two gluons, you 
get finite τ3/τ2  

That’s IR unsafe

Cacciari et al ’12

Easily cured with a 
cut on τ2 / τ1, which 
forces 3rd prong not 

to be soft.

Extra cut has almost 
no impact on 
performance 
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Pileup in the 
boosted regime

69
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Pronged top taggers
Some have pileup-reduction built in (HEPTopTagger, 
Template), essentially by using small (R~0.2–0.3) sub-
cones, sometimes dynamically adjusted to the top pt 

For heavy pileup you will need to supplement them with 
full pileup subtraction (e.g. area-based).

[Technically trivial, but so far studied 
only for filtering & trimming]

Shape-based taggers
Until recently, no clear way of subtracting pileup.

70
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Pileup subtraction for shapes

71

2

and collinear safe jet shapes,2 without the need for ded-
icated analytic study of each individual shape variable.
It also involves an extension of the original area–median
prescription to account for hadron masses.
The first ingredient is a characterisation of the average

pileup density in a given event in terms of two variables,
ρ and ρm, such that the 4-vector of the expected pileup
deposition in a small region of size δyδφ can be written

[ ρ cosφ, ρ sinφ, (ρ+ ρm) sinh y, (ρ+ ρm) cosh y ] δyδφ ,
(1)

where ρ and ρm have only weak dependence on y (and
φ). Relative to the original area–median proposal [23], a
novelty here is the inclusion of a term ρm. It arises be-
cause pileup consists of low-pt hadrons, and their masses
are not negligible relative to their pt (cf. also [32, 33]).
It is important mainly for observables sensitive to differ-
ences between energy and 3-momentum, e.g. jet masses,
as we will see below.
The second and main new ingredient is a determina-

tion, for a specific jet, of the shape’s sensitivity to pileup.
Let the shape be defined by some function V ({pi}jet) of
the momenta pi in the jet. Among these momenta, we
include a set of “ghosts” [21], very low momentum par-
ticles that cover the y − φ plane at high density, each
of them mimicking a pileup-like component in a region
of area Ag. We then consider the derivatives of the jet
shape with respect to the transverse momentum scale,
pt,g, of the ghosts and with respect to a component

mδ,g ≡
√
m2

g + p2t,g − pt,g,

V (n,m)
jet ≡ An+m

g ∂n
pt,g

∂m
mδ,g

V ({pi}jet) . (2)

The derivatives are to be evaluated at pt,g = mδ,g = 0,
and by scaling all ghost momenta simultaneously.
Given the level of pileup, ρ, ρm, and the information

on the derivatives, one can then extrapolate the value of
the jet’s shape to zero pileup,

Vjet,sub = Vjet − ρV (1,0)
jet − ρmV (0,1)

jet

+
1

2
ρ2V (2,0)

jet +
1

2
ρ2mV (0,2)

jet + ρρmV (1,1)
jet + · · · . (3)

where the formula takes into account the fact that the
derivatives are evaluated for the jet including the pileup.
Handling derivatives with respect to both pt,g andmδ,g

can be cumbersome in practice. An alternative is to
introduce a new variable rt,g and set pt,g = rt,g and
mδ,g = ρm

ρ rt,g. We then take total derivatives with re-
spect to rt,g

V [n]
jet ≡ An

g

dn

drnt,g
V ({pi}jet) , (4)

2 For the correction of collinear unsafe quantities, e.g. fragmenta-
tion function moments, as used for quark/gluon discrimination
in [30], see [31].

so that the correction can be rewritten

Vjet,sub = Vjet − ρV [1]
jet +

1

2
ρ2V [2]

jet + · · · . (5)

The derivatives V (m,n) or V [n]
jet can be determined

numerically, for a specific jet, by rescaling the ghost
momenta and reevaluating the jet shape for multiple
rescaled values. Typically this is more stable with Eq. (4)
and this is the approach we use below.
To investigate the performance of our correction pro-

cedure, we consider a number of jet shapes:

• Angularities [12, 34], adapted to hadron-collider
jets as θ(β) =

∑

i pti∆Rβ
i,jet/

∑

i pti, for β =

0.5, 1, 2, 3; θ(1), the “girth”, “width” or “broaden-
ing” of the jet, has been found to be particularly
useful for quark/gluon discrimination [17, 35].

• Energy-energy-correlation (EEC) moments, advo-
cated for their resummation simplicity in [36],
E(β) =

∑

i,j ptiptj∆Rβ
i,j/(

∑

i pti)
2, using the same

set of β values. EEC-related variables have been
studied recently also in [37].

• “Subjettiness” ratios, designed for char-
acterising multi-pronged jets [13–15]:

one defines the subjettiness τ (axes,β)N =
∑

i pti min(∆Ri1, . . . ,∆RiN )β/
∑

i pti, where
∆Ria is the distance between particle i and axis a,
where a runs from 1 to N . One typically considers
ratios such as τ21 ≡ τ2/τ1 and τ32 ≡ τ3/τ2 (the
latter used e.g. in a recent search for R-parity
violating gluino decays [38]); we consider β = 1 and
β = 2, as well as two choices for determining the
axes: “kt”, which exploits the kt algorithm [39, 40]
to decluster the jet to N subjets and then uses
their axes; and “1kt”, which adjusts the “kt”
axes so as to obtain a single-pass approximate
minimisation of τN [15].

• A longitudinally invariant version of the planar
flow [11, 12], involving a 2 × 2 matrix Mαβ =
∑

i pti(αi − αjet)(βi − βjet), where α and β corre-
spond either to the rapidity y or azimuth φ; the
planar flow is then given by Pf = 4λ1λ2/(λ1+λ2)2,
where λ1,2 are the two eigenvalues of the matrix.

One should be aware that observables constructed from
ratios of shapes, such as τn,n−1 and planar flow, are not
infrared and collinear (IRC) safe for generic jets. In par-
ticular Pf and τ21 are IRC safe only when applied to jets
with a structure of at least two hard prongs, usually guar-
anteed by requiring the jets to have significant mass; τ32
requires a hard three-pronged structure,3 a condition not

3 Consider a jet consisting instead of just two hard particles with

Cacciari, Dutta, JH Kim, GPS & Soyez ’12

Ghost area

Shape as a function of
particle momenta in jet

nth derivative of 
shape wrt ghost 

momenta
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and collinear safe jet shapes,2 without the need for ded-
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It also involves an extension of the original area–median
prescription to account for hadron masses.
The first ingredient is a characterisation of the average
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where ρ and ρm have only weak dependence on y (and
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novelty here is the inclusion of a term ρm. It arises be-
cause pileup consists of low-pt hadrons, and their masses
are not negligible relative to their pt (cf. also [32, 33]).
It is important mainly for observables sensitive to differ-
ences between energy and 3-momentum, e.g. jet masses,
as we will see below.
The second and main new ingredient is a determina-

tion, for a specific jet, of the shape’s sensitivity to pileup.
Let the shape be defined by some function V ({pi}jet) of
the momenta pi in the jet. Among these momenta, we
include a set of “ghosts” [21], very low momentum par-
ticles that cover the y − φ plane at high density, each
of them mimicking a pileup-like component in a region
of area Ag. We then consider the derivatives of the jet
shape with respect to the transverse momentum scale,
pt,g, of the ghosts and with respect to a component

mδ,g ≡
√
m2

g + p2t,g − pt,g,

V (n,m)
jet ≡ An+m

g ∂n
pt,g

∂m
mδ,g

V ({pi}jet) . (2)

The derivatives are to be evaluated at pt,g = mδ,g = 0,
and by scaling all ghost momenta simultaneously.
Given the level of pileup, ρ, ρm, and the information

on the derivatives, one can then extrapolate the value of
the jet’s shape to zero pileup,

Vjet,sub = Vjet − ρV (1,0)
jet − ρmV (0,1)

jet

+
1

2
ρ2V (2,0)

jet +
1

2
ρ2mV (0,2)

jet + ρρmV (1,1)
jet + · · · . (3)

where the formula takes into account the fact that the
derivatives are evaluated for the jet including the pileup.
Handling derivatives with respect to both pt,g andmδ,g

can be cumbersome in practice. An alternative is to
introduce a new variable rt,g and set pt,g = rt,g and
mδ,g = ρm

ρ rt,g. We then take total derivatives with re-
spect to rt,g

V [n]
jet ≡ An

g

dn

drnt,g
V ({pi}jet) , (4)

2 For the correction of collinear unsafe quantities, e.g. fragmenta-
tion function moments, as used for quark/gluon discrimination
in [30], see [31].

so that the correction can be rewritten

Vjet,sub = Vjet − ρV [1]
jet +

1

2
ρ2V [2]

jet + · · · . (5)

The derivatives V (m,n) or V [n]
jet can be determined

numerically, for a specific jet, by rescaling the ghost
momenta and reevaluating the jet shape for multiple
rescaled values. Typically this is more stable with Eq. (4)
and this is the approach we use below.
To investigate the performance of our correction pro-

cedure, we consider a number of jet shapes:

• Angularities [12, 34], adapted to hadron-collider
jets as θ(β) =

∑

i pti∆Rβ
i,jet/

∑

i pti, for β =

0.5, 1, 2, 3; θ(1), the “girth”, “width” or “broaden-
ing” of the jet, has been found to be particularly
useful for quark/gluon discrimination [17, 35].

• Energy-energy-correlation (EEC) moments, advo-
cated for their resummation simplicity in [36],
E(β) =

∑

i,j ptiptj∆Rβ
i,j/(

∑

i pti)
2, using the same

set of β values. EEC-related variables have been
studied recently also in [37].

• “Subjettiness” ratios, designed for char-
acterising multi-pronged jets [13–15]:

one defines the subjettiness τ (axes,β)N =
∑

i pti min(∆Ri1, . . . ,∆RiN )β/
∑

i pti, where
∆Ria is the distance between particle i and axis a,
where a runs from 1 to N . One typically considers
ratios such as τ21 ≡ τ2/τ1 and τ32 ≡ τ3/τ2 (the
latter used e.g. in a recent search for R-parity
violating gluino decays [38]); we consider β = 1 and
β = 2, as well as two choices for determining the
axes: “kt”, which exploits the kt algorithm [39, 40]
to decluster the jet to N subjets and then uses
their axes; and “1kt”, which adjusts the “kt”
axes so as to obtain a single-pass approximate
minimisation of τN [15].

• A longitudinally invariant version of the planar
flow [11, 12], involving a 2 × 2 matrix Mαβ =
∑

i pti(αi − αjet)(βi − βjet), where α and β corre-
spond either to the rapidity y or azimuth φ; the
planar flow is then given by Pf = 4λ1λ2/(λ1+λ2)2,
where λ1,2 are the two eigenvalues of the matrix.

One should be aware that observables constructed from
ratios of shapes, such as τn,n−1 and planar flow, are not
infrared and collinear (IRC) safe for generic jets. In par-
ticular Pf and τ21 are IRC safe only when applied to jets
with a structure of at least two hard prongs, usually guar-
anteed by requiring the jets to have significant mass; τ32
requires a hard three-pronged structure,3 a condition not

3 Consider a jet consisting instead of just two hard particles with

Cacciari, Dutta, JH Kim, GPS & Soyez ’12

Ghost area

Shape as a function of
particle momenta in jet

nth derivative of 
shape wrt ghost 

momenta

2

and collinear safe jet shapes,2 without the need for ded-
icated analytic study of each individual shape variable.
It also involves an extension of the original area–median
prescription to account for hadron masses.
The first ingredient is a characterisation of the average

pileup density in a given event in terms of two variables,
ρ and ρm, such that the 4-vector of the expected pileup
deposition in a small region of size δyδφ can be written

[ ρ cosφ, ρ sinφ, (ρ+ ρm) sinh y, (ρ+ ρm) cosh y ] δyδφ ,
(1)

where ρ and ρm have only weak dependence on y (and
φ). Relative to the original area–median proposal [23], a
novelty here is the inclusion of a term ρm. It arises be-
cause pileup consists of low-pt hadrons, and their masses
are not negligible relative to their pt (cf. also [32, 33]).
It is important mainly for observables sensitive to differ-
ences between energy and 3-momentum, e.g. jet masses,
as we will see below.
The second and main new ingredient is a determina-

tion, for a specific jet, of the shape’s sensitivity to pileup.
Let the shape be defined by some function V ({pi}jet) of
the momenta pi in the jet. Among these momenta, we
include a set of “ghosts” [21], very low momentum par-
ticles that cover the y − φ plane at high density, each
of them mimicking a pileup-like component in a region
of area Ag. We then consider the derivatives of the jet
shape with respect to the transverse momentum scale,
pt,g, of the ghosts and with respect to a component

mδ,g ≡
√
m2

g + p2t,g − pt,g,

V (n,m)
jet ≡ An+m

g ∂n
pt,g

∂m
mδ,g

V ({pi}jet) . (2)

The derivatives are to be evaluated at pt,g = mδ,g = 0,
and by scaling all ghost momenta simultaneously.
Given the level of pileup, ρ, ρm, and the information

on the derivatives, one can then extrapolate the value of
the jet’s shape to zero pileup,

Vjet,sub = Vjet − ρV (1,0)
jet − ρmV (0,1)

jet

+
1

2
ρ2V (2,0)

jet +
1

2
ρ2mV (0,2)

jet + ρρmV (1,1)
jet + · · · . (3)

where the formula takes into account the fact that the
derivatives are evaluated for the jet including the pileup.
Handling derivatives with respect to both pt,g andmδ,g

can be cumbersome in practice. An alternative is to
introduce a new variable rt,g and set pt,g = rt,g and
mδ,g = ρm

ρ rt,g. We then take total derivatives with re-
spect to rt,g

V [n]
jet ≡ An

g

dn

drnt,g
V ({pi}jet) , (4)

2 For the correction of collinear unsafe quantities, e.g. fragmenta-
tion function moments, as used for quark/gluon discrimination
in [30], see [31].

so that the correction can be rewritten

Vjet,sub = Vjet − ρV [1]
jet +

1

2
ρ2V [2]

jet + · · · . (5)

The derivatives V (m,n) or V [n]
jet can be determined

numerically, for a specific jet, by rescaling the ghost
momenta and reevaluating the jet shape for multiple
rescaled values. Typically this is more stable with Eq. (4)
and this is the approach we use below.
To investigate the performance of our correction pro-

cedure, we consider a number of jet shapes:

• Angularities [12, 34], adapted to hadron-collider
jets as θ(β) =

∑

i pti∆Rβ
i,jet/

∑

i pti, for β =

0.5, 1, 2, 3; θ(1), the “girth”, “width” or “broaden-
ing” of the jet, has been found to be particularly
useful for quark/gluon discrimination [17, 35].

• Energy-energy-correlation (EEC) moments, advo-
cated for their resummation simplicity in [36],
E(β) =

∑

i,j ptiptj∆Rβ
i,j/(

∑

i pti)
2, using the same

set of β values. EEC-related variables have been
studied recently also in [37].

• “Subjettiness” ratios, designed for char-
acterising multi-pronged jets [13–15]:

one defines the subjettiness τ (axes,β)N =
∑

i pti min(∆Ri1, . . . ,∆RiN )β/
∑

i pti, where
∆Ria is the distance between particle i and axis a,
where a runs from 1 to N . One typically considers
ratios such as τ21 ≡ τ2/τ1 and τ32 ≡ τ3/τ2 (the
latter used e.g. in a recent search for R-parity
violating gluino decays [38]); we consider β = 1 and
β = 2, as well as two choices for determining the
axes: “kt”, which exploits the kt algorithm [39, 40]
to decluster the jet to N subjets and then uses
their axes; and “1kt”, which adjusts the “kt”
axes so as to obtain a single-pass approximate
minimisation of τN [15].

• A longitudinally invariant version of the planar
flow [11, 12], involving a 2 × 2 matrix Mαβ =
∑

i pti(αi − αjet)(βi − βjet), where α and β corre-
spond either to the rapidity y or azimuth φ; the
planar flow is then given by Pf = 4λ1λ2/(λ1+λ2)2,
where λ1,2 are the two eigenvalues of the matrix.

One should be aware that observables constructed from
ratios of shapes, such as τn,n−1 and planar flow, are not
infrared and collinear (IRC) safe for generic jets. In par-
ticular Pf and τ21 are IRC safe only when applied to jets
with a structure of at least two hard prongs, usually guar-
anteed by requiring the jets to have significant mass; τ32
requires a hard three-pronged structure,3 a condition not

3 Consider a jet consisting instead of just two hard particles with
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FIG. 1: Impact of pileup and subtraction on various jet-shape distributions and their averages, in dijet, WW and tt̄ production
processes. The distributions are shown for Poisson distributed pileup (with an average of 30 pileup events) and the averages
are shown as a function of the number of pileup events, nPU. The shapes are calculated for jets with pt > 500 GeV (the cut is
applied before adding pileup, as are the cuts on the jet mass mJ and subjettiness ratio τ21 where relevant).

imposed in previous work, and that we will apply here
through a cut on τ21.

For the angularities and EECmoments we have verified
that the first two numerically-obtained derivatives agree
with analytical calculations in the case of a jet consisting
of a single hard particle. For variables like τN that involve
a partition of a jet, one subtlety is that the partitioning
can change as the ghost momenta are varied to evaluate
the numerical derivative. The resulting discontinuities
(or non-smoothness) in the observable’s value would then
result in nonsensical estimates of the derivatives. We
find no such issue in our numerical method to evaluate
the derivatives, but were it to arise, one could choose to
force a fixed partitioning.

pt = 1000 GeV, with φ = 0, 0.5 and two further soft particles
with pt = ε, at φ = 0.05, 0.1, all particles having y = 0. It
is straightforward to see that τ32 is finite and independent of ε
for ε → 0, which results in an infinite leading-order perturbative
distribution for τ32.

To test the method in simulated events with pileup,
we use Pythia 8.165, tune 4C [41, 42]. We consider
3 hard event samples: dijet, WW and tt̄ production,
with hadronic W decays, all with underlying event (UE)
turned off (were it turned on, the subtraction proce-
dure would remove it too). We use anti-kt jets [43]
with R = 0.7, taking only those with pt > 500 GeV
(before addition of pileup). All jet-finding is performed
with FastJet 3.0 [44]. The determination of ρ and ρm
for each event follows the area–median approach [23]:
the event is broken into patches and in each patch one
evaluates pt,patch =

∑

i∈patch pt,i, as well as mδ,patch =
∑

i∈patch

(

√
m2

i + p2t,i−pti
)

, where the sum runs over par-
ticles i in the patch. Then ρ and ρm are given by

ρ = median
patches

{

pt,patch
Apatch

}

, ρm = median
patches

{

mδ,patch

Apatch

}

,

(6)
where Apatch is the area of each patch. To obtain the
patches we cluster the event with the kt algorithm with
R = 0.4. The median helps limit the results’ sensitivity
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FIG. 1: Impact of pileup and subtraction on various jet-shape distributions and their averages, in dijet, WW and tt̄ production
processes. The distributions are shown for Poisson distributed pileup (with an average of 30 pileup events) and the averages
are shown as a function of the number of pileup events, nPU. The shapes are calculated for jets with pt > 500 GeV (the cut is
applied before adding pileup, as are the cuts on the jet mass mJ and subjettiness ratio τ21 where relevant).

imposed in previous work, and that we will apply here
through a cut on τ21.

For the angularities and EECmoments we have verified
that the first two numerically-obtained derivatives agree
with analytical calculations in the case of a jet consisting
of a single hard particle. For variables like τN that involve
a partition of a jet, one subtlety is that the partitioning
can change as the ghost momenta are varied to evaluate
the numerical derivative. The resulting discontinuities
(or non-smoothness) in the observable’s value would then
result in nonsensical estimates of the derivatives. We
find no such issue in our numerical method to evaluate
the derivatives, but were it to arise, one could choose to
force a fixed partitioning.

pt = 1000 GeV, with φ = 0, 0.5 and two further soft particles
with pt = ε, at φ = 0.05, 0.1, all particles having y = 0. It
is straightforward to see that τ32 is finite and independent of ε
for ε → 0, which results in an infinite leading-order perturbative
distribution for τ32.

To test the method in simulated events with pileup,
we use Pythia 8.165, tune 4C [41, 42]. We consider
3 hard event samples: dijet, WW and tt̄ production,
with hadronic W decays, all with underlying event (UE)
turned off (were it turned on, the subtraction proce-
dure would remove it too). We use anti-kt jets [43]
with R = 0.7, taking only those with pt > 500 GeV
(before addition of pileup). All jet-finding is performed
with FastJet 3.0 [44]. The determination of ρ and ρm
for each event follows the area–median approach [23]:
the event is broken into patches and in each patch one
evaluates pt,patch =

∑

i∈patch pt,i, as well as mδ,patch =
∑

i∈patch

(

√
m2

i + p2t,i−pti
)

, where the sum runs over par-
ticles i in the patch. Then ρ and ρm are given by

ρ = median
patches

{

pt,patch
Apatch

}

, ρm = median
patches

{

mδ,patch

Apatch

}

,

(6)
where Apatch is the area of each patch. To obtain the
patches we cluster the event with the kt algorithm with
R = 0.4. The median helps limit the results’ sensitivity
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FIG. 2: Left: rate for tagging quark and gluon jets using a fixed cut on the jet width, shown as a function of the number of
pileup vertices. Middle: filtered jet-mass distribution for fat jets in tt̄ events, showing the impact of the ρ and ρm components
of the subtraction. Right: tagging rate of an N-subjettiness top tagger for tt̄ signal and dijet background as a function of the
number of pileup vertices. All cuts are applied after addition (and possible subtraction) of pileup. Subtraction acts on τ1, τ2
and τ3 individually. See text for further details.
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FIG. 1: Impact of pileup and subtraction on various jet-shape distributions and their averages, in dijet, WW and tt̄ production
processes. The distributions are shown for Poisson distributed pileup (with an average of 30 pileup events) and the averages
are shown as a function of the number of pileup events, nPU. The shapes are calculated for jets with pt > 500 GeV (the cut is
applied before adding pileup, as are the cuts on the jet mass mJ and subjettiness ratio τ21 where relevant).

imposed in previous work, and that we will apply here
through a cut on τ21.

For the angularities and EECmoments we have verified
that the first two numerically-obtained derivatives agree
with analytical calculations in the case of a jet consisting
of a single hard particle. For variables like τN that involve
a partition of a jet, one subtlety is that the partitioning
can change as the ghost momenta are varied to evaluate
the numerical derivative. The resulting discontinuities
(or non-smoothness) in the observable’s value would then
result in nonsensical estimates of the derivatives. We
find no such issue in our numerical method to evaluate
the derivatives, but were it to arise, one could choose to
force a fixed partitioning.

pt = 1000 GeV, with φ = 0, 0.5 and two further soft particles
with pt = ε, at φ = 0.05, 0.1, all particles having y = 0. It
is straightforward to see that τ32 is finite and independent of ε
for ε → 0, which results in an infinite leading-order perturbative
distribution for τ32.

To test the method in simulated events with pileup,
we use Pythia 8.165, tune 4C [41, 42]. We consider
3 hard event samples: dijet, WW and tt̄ production,
with hadronic W decays, all with underlying event (UE)
turned off (were it turned on, the subtraction proce-
dure would remove it too). We use anti-kt jets [43]
with R = 0.7, taking only those with pt > 500 GeV
(before addition of pileup). All jet-finding is performed
with FastJet 3.0 [44]. The determination of ρ and ρm
for each event follows the area–median approach [23]:
the event is broken into patches and in each patch one
evaluates pt,patch =

∑

i∈patch pt,i, as well as mδ,patch =
∑

i∈patch

(

√
m2

i + p2t,i−pti
)

, where the sum runs over par-
ticles i in the patch. Then ρ and ρm are given by

ρ = median
patches

{

pt,patch
Apatch

}

, ρm = median
patches

{

mδ,patch

Apatch

}

,

(6)
where Apatch is the area of each patch. To obtain the
patches we cluster the event with the kt algorithm with
R = 0.4. The median helps limit the results’ sensitivity
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FIG. 1: Impact of pileup and subtraction on various jet-shape distributions and their averages, in dijet, WW and tt̄ production
processes. The distributions are shown for Poisson distributed pileup (with an average of 30 pileup events) and the averages
are shown as a function of the number of pileup events, nPU. The shapes are calculated for jets with pt > 500 GeV (the cut is
applied before adding pileup, as are the cuts on the jet mass mJ and subjettiness ratio τ21 where relevant).

imposed in previous work, and that we will apply here
through a cut on τ21.

For the angularities and EECmoments we have verified
that the first two numerically-obtained derivatives agree
with analytical calculations in the case of a jet consisting
of a single hard particle. For variables like τN that involve
a partition of a jet, one subtlety is that the partitioning
can change as the ghost momenta are varied to evaluate
the numerical derivative. The resulting discontinuities
(or non-smoothness) in the observable’s value would then
result in nonsensical estimates of the derivatives. We
find no such issue in our numerical method to evaluate
the derivatives, but were it to arise, one could choose to
force a fixed partitioning.

pt = 1000 GeV, with φ = 0, 0.5 and two further soft particles
with pt = ε, at φ = 0.05, 0.1, all particles having y = 0. It
is straightforward to see that τ32 is finite and independent of ε
for ε → 0, which results in an infinite leading-order perturbative
distribution for τ32.

To test the method in simulated events with pileup,
we use Pythia 8.165, tune 4C [41, 42]. We consider
3 hard event samples: dijet, WW and tt̄ production,
with hadronic W decays, all with underlying event (UE)
turned off (were it turned on, the subtraction proce-
dure would remove it too). We use anti-kt jets [43]
with R = 0.7, taking only those with pt > 500 GeV
(before addition of pileup). All jet-finding is performed
with FastJet 3.0 [44]. The determination of ρ and ρm
for each event follows the area–median approach [23]:
the event is broken into patches and in each patch one
evaluates pt,patch =

∑

i∈patch pt,i, as well as mδ,patch =
∑

i∈patch

(

√
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i + p2t,i−pti
)

, where the sum runs over par-
ticles i in the patch. Then ρ and ρm are given by

ρ = median
patches

{

pt,patch
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}
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patches
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,
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where Apatch is the area of each patch. To obtain the
patches we cluster the event with the kt algorithm with
R = 0.4. The median helps limit the results’ sensitivity
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