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Jets at the LHC

Probing	QCD	using	Jets	cross-sec3ons	

May 15-19, 2017 Jets & Photons – ATLAS & CMS results LHCP2017 - C. Biino 

		
	

h"p://www.hep.ph.ic.ac.uk/~ws0rlin/plots/plots.html	
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The	QCD	understanding	of	jets	produc3on	is	
a	key	component	to	extend	our	understand-
ing	of	the	SM	and	of	backgrounds	to	New	
Physics		searches.	

Precise	jet	cross	sec3on	LHC	data	are:	
•  used	to	improve	the	descrip3on	of	the	

proton	structure	à	PDFs	constraint.		
•  sensi3ve	to	the	value	of	the	strong	

coupling	constant	αS	up	to	TeV	scale.				

2	

		p	+	p		à		jet	+	X							

The QCD understanding of jets production is a key 
component to extend our understanding of the SM 
background to BSM search 

		

ATLAS	–	STDM-2015-01	
May 15-19, 2017 Jets & Photons – ATLAS & CMS results 
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									Inclusive	Jet	produc3on	at	8	TeV			 NEW	

Data	compared	to	the	NLO	QCD	predic3on	
with	the	MMHT2014	PDF	set,	corrected	
for	non-perturba3ve	and	EW	effects	

Data	compared	with	various	
PDF	sets	and	used	to	
constrain	the	PDFs.		

These	theory/data	trends	are	
consistently	observed	in	ATLAS	
data	at	different	√s	energies.		
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LHCP2017 - C. Biino 

• proton structure: PDF uncertainty 
• strong coupling αS :up to TeV scale
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Physics with Jets
Run 1 X→boosted diboson excitement

39

Run 1: CMS 2σ excess near 1.8-2.0 TeV

Boosted differential top pair xs

15

• pT>300, trimmed large-R (1.0) jets

• mjet > 100 GeV, substructure selection

• largest jet is hadronic top candidate

ATLAS: Phys. Rev. D 93, 032009 (2016)

CMS: arXiv:1605.00116

Anything different at high pT?

• 13-29% uncertainty, large-R JES dominates

• parton-level result relies on MC: larger 
systematics

• same trend as resolved analysis:
ATLAS-CONF-2015-065

see talks: M. Nagrini, L. Skinnari Boosted differential top pair xs

15

• pT>300, trimmed large-R (1.0) jets

• mjet > 100 GeV, substructure selection

• largest jet is hadronic top candidate

ATLAS: Phys. Rev. D 93, 032009 (2016)

CMS: arXiv:1605.00116

Anything different at high pT?

• 13-29% uncertainty, large-R JES dominates

• parton-level result relies on MC: larger 
systematics

• same trend as resolved analysis:
ATLAS-CONF-2015-065

see talks: M. Nagrini, L. Skinnari 

JES uncertainty 13-29%

Resonances decaying to boosted top

31

top-tagged jet
• soft drop jet mass [110, 210] GeV
• Nsubjettiness τ32 < 0.69 

Search Measurement

Run1 (2012)



Jets
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•Jets are key objects for discovery in ATLAS
•A protocol of quarks and gluons
•Cluster together energy depositions in the calorimeter
•Combination of jets are used to identify unstable massive 
particles, e.g.  W, Z and Higgs

Jets at ATLAS 

•  Jets are key observables in collisions 
–  Identify quarks and gluons emitted in high-energy interactions 
–  Cluster together energy depositions in the calorimeter using dedicated 

jet clustering algorithms 

–  Combinations of  jets are used to identify unstable massive particles 
such as the top quark, the W, Z, and Higgs bosons  

 

•  Heavy states (W, Z, H, top quark) can be produced with large 
Lorentz boosts and reconstructed as single (merged) jets 

22"

Single'large7R'jet'

W'

q'

q' q,g'

•Highly boosted (large momentum) states (W,Z,Higgs) can 
be reconstructed as single jets
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Jets at ATLAS 21"
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O(30-50)	Pile-up	events		

2016	

25	ns	inter-bunch	spacing		

Challenge



Inner Detector

9
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Calorimeter
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•Introduction
•Jet Reconstruction
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•Advanced W/Z/H tagging



12

  19

The spectrum of BOOST

p
T

0 30 50 200 300 1TeV 3TeV

C
on

st
itu

en
ts

P
ile

up
 J

et
s

Q
ua

rk
/G

lu
on

 J
et

s
b-

je
ts

V
 J

et
s

H
 J

et
s

T
op

 J
et

s

S
ub

je
ts

 fr
om

 
Je

ts
 M

er
ge

B
re

ak
do

w
n



13

Jet Reconstruction

Inputs

Topo clusters 
Tracks 
Particle flow

Constituent 
Corrections

Charged Hadron  
Subtraction

Algorithms

General purpose:  
Anti-kT R=0.4 

W/Z/H/Top-tagging:  
Anti-kT R=1.0 
            R=variable 

Subjet 
corrections

Jet trimming 
Rsub=0.2 fcut=0.05

Jets: R=0.4 anti-kT with calibrated calo. clusters

▶︎ pT leading/pT subleading < 1.5

▶︎ pT 
subleading > 50 GeV

Particle-level “fiducial” Selection:

Same as for the reco selection, 
but using particle-level jets.

Data: single jet triggers from 8 TeV

Tracks: pT > 500 MeV, reject pileup + other quality 
criteria; ghost associated to the jets

7
Generic overview slide

Boosted Boson Type Tagging

Jet ETmiss

SLAC, Stanford University

March 26, 2014

Benjamin Nachman and Ariel Schartzman

B. Nachman (SLAC) Boosted Boson Type Tagging March 26, 2014 1 / 21

Boosted Boson Type Tagging

Jet ETmiss

SLAC, Stanford University

March 26, 2014

Benjamin Nachman and Ariel Schartzman

B. Nachman (SLAC) Boosted Boson Type Tagging March 26, 2014 1 / 21

- -Event Selection
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Topological Clustering

credit Jet Goodson

3D topological clusters constructed from calorimeter cells

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I4

Noise-suppressed and calibrated for pileup-stability and good 
single-hadron response.

ATLAS hadronic reconstruction begins with 3D topological clusters 
constructed from calorimeter cells.

T O P O L O G I C A L  C L U S T E R I N G

[arXiv:1603.02934]

Cluster seeding &  
expansion in 3D 

(4/2/0 |σnoise|)

Fig by Jet Goodson

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I4

Noise-suppressed and calibrated for pileup-stability and good 
single-hadron response.

ATLAS hadronic reconstruction begins with 3D topological clusters 
constructed from calorimeter cells.

T O P O L O G I C A L  C L U S T E R I N G

[arXiv:1603.02934]

Cluster seeding &  
expansion in 3D 

(4/2/0 |σnoise|)

Fig by Jet Goodson

cluster seeding 
& expansion in 3D 
(4/2/0 | σnoise|)

arXiv:1603.02934
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Single-Hadron Response
EPJC (2017) 77:26

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I5[EPJC (2017) 77:26]

Isolated charged hadron response 
measured in data

Topoclusters effectively 
capture shower energy for 

isolated single particles
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Particle Flow in ATLAS

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I

P A R T I C L E  F L O W  @  AT L A S

8[arXiv: 1703.10485]
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Why PFlow?

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I

W H Y  P F L O W ?  ( T H E  E M P I R I C A L  A N S W E R )

31

[arXiv: 1703.10485], [JETM-2017-006], [PLACEHOLDER]
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Jet Calibration

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I

Four-vector restored to particle-scale reference four-momentum 
using similar sequential corrections.
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[arXiv: 1703.09665]

[JINST 12 (2017) P02014], [CMS DP -2016/020]
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0 0.1 0.2 0.3

 R
es

po
ns

e
Tp

0.9

1

1.1

1.2

 < 40 GeVtruth
T
p ≤30 

 < 100 GeVtruth
T
p ≤80 

 < 400 GeVtruth
T
p ≤350 

 = 13 TeV, Pythia Dijets
| < 0.1

det
η=0.4, EM+JES     |R tkanti-

Simulation ATLAS

trkwidth
0 0.1 0.2 0.3

Fr
ac

tio
n

R
el

at
iv

e

0

0.05

0.1

Additional corrections  
(Flavour/fragmentation/shower depth)

MC-based absolute scale

In situ data/MC corrections

|η|

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

 [G
eV

]
PV

N∂/ Tp∂

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8 ATLAS    Simulation
 = 13 TeV, Pythia Dijets

 = 0.4, EM scaleR  tkanti-

Before any correction
After area-based correction
After residual corrections

Pile-up corrections

J E T  C A L I B R A T I O N  S T E P S  I L L U S T R A T E D

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I10

0 0.1 0.2 0.3

 R
es

po
ns

e
Tp

0.9

1

1.1

1.2

 < 40 GeVtruth
T
p ≤30 

 < 100 GeVtruth
T
p ≤80 

 < 400 GeVtruth
T
p ≤350 

 = 13 TeV, Pythia Dijets
| < 0.1

det
η=0.4, EM+JES     |R tkanti-

Simulation ATLAS

trkwidth
0 0.1 0.2 0.3

Fr
ac

tio
n

R
el

at
iv

e

0

0.05

0.1

Additional corrections 
(Flavour/fragmentation/shower depth)

MC-based absolute scale

In situ data/MC corrections

|η|

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
 [G

eV
]

PV
N∂/ Tp∂

0.8−

0.6−

0.4−

0.2−

0

0.2

0.4

0.6

0.8 ATLAS    Simulation
 = 13 TeV, Pythia Dijets

 = 0.4, EM scaleR  tkanti-

Before any correction
After area-based correction
After residual corrections

Pile-up corrections

J E T  C A L I B R A T I O N  S T E P S  I L L U S T R A T E D

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I34

Reconstructed

Jets

MC + RC

MC

Pileup

MC

Response (pT , ⌘)

dijets

Residuals(⌘)

�/Z+jet, MJB

Residuals(pT )

MC

Flavor

Calibrated

Jets

Applied to simulation

Applied to data

 [GeV]jet

T
p

20 30 210 210×2 310 310×2
M

C
/ 
R

D
a

ta
R

0.8

0.85

0.9

0.95

1

1.05

1.1

    = 0.4, EM+JESR

 

tanti-k

ATLAS
-1 = 13 TeV, 3.2 fbs

−jetγ

Z−jet

Multijet

Total uncertainty
Statistical component

0 0.1 0.2 0.3

 R
es

po
ns

e
Tp

0.9

1

1.1

1.2

 < 40 GeVtruth
T
p ≤30 

 < 100 GeVtruth
T
p ≤80 

 < 400 GeVtruth
T
p ≤350 

 = 13 TeV, Pythia Dijets
| < 0.1

det
η=0.4, EM+JES     |R tkanti-

Simulation ATLAS

trkwidth
0 0.1 0.2 0.3

Fr
ac

tio
n

R
el

at
iv

e

0

0.05

0.1

In situ calibration



19

Jet Uncertainty
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Jet-Level Pileup Suppression

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I

• Track associations — Identify vertex origin 

• Jet width & angular variables: 
• wider spread in PU jet constituents 

• Central-forward matching tags PU outside tracker

J E T - L E V E L  P I L E U P  S U P P R E S S I O N

13

CMS-PAS-JME-16-004 Crucial for VBF analyses

HS

HS PU

Δɸ-matched 
to central PU

z

wide jet 
(stochastic)

arXiv: 1510.03823, 1705.02211

arXiv:1510.03823Jet Vertex Tagger
identify jets with large fraction 
of track pT from PU

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I

• Track associations — Identify vertex origin 

• Jet width & angular variables: 
• wider spread in PU jet constituents 

• Central-forward matching tags PU outside tracker

J E T - L E V E L  P I L E U P  S U P P R E S S I O N

13

CMS-PAS-JME-16-004 Crucial for VBF analyses

HS

HS PU

Δɸ-matched 
to central PU

z

wide jet 
(stochastic)

arXiv: 1510.03823, 1705.02211

Forward JVT
• Jet width & angular variables (wider spread 

in PU jets) 
• Central-Coward matching

arXiv:1705.02211

T J   K H O O ,  L H C P  2 0 1 7 ,  S H A N G H A I

J E T - L E V E L  P I L E U P  S U P P R E S S I O N

Jet Vertex Tagger [arXiv: 1510.03823]: 

• Identify jets with large fraction of 
track pT from pileup vertices 

• Additional discrimination from 
track-calorimeter pT correlation 

forward JVT [arXiv:1705.02211]: 

• Jet shape (width) discriminates 
stochastic & QCD-like jets 

• Central pileup jets used to tag 
forward dijet partners
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•Introduction
•Jet reconstruction
•Jet substructure
•Advanced W/Z/H tagging
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The spectrum of BOOST
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Object Tagging

Color Quark 
vs 

Gluon

N-body decay

W/Z/H/Top 
vs 

Quark/Gluon

Constituent multiplicity 
Jet angular opening 
Jet fragmentation distribution

Jet mass 
N-subjetiness 
Energy correlation functions 
… 

Machine Learning and Jet Physics 

•  Can we use in internal structure of  a jet (i.e. the individual 
energy depositions) to classify different kinds of  jets? 

41"
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
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Boson!jet! QCD!jet!

•  Subfield of  jet-substructure tries to answer this question using 
physics motivated features 

•  Can we learn the important information for discrimination 
directly from the data?  And understand what we learned? 

Boson:!
h,!W,!Z!

q!

q!
QCD:!
q,!g!
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Boson!jet! QCD!jet!

•  Subfield of  jet-substructure tries to answer this question using 
physics motivated features 

•  Can we learn the important information for discrimination 
directly from the data?  And understand what we learned? 

Boson:!
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QCD:!
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Large-R Jet Optimization
• R=1.0 calorimeter jets trimmed 

with kT R=0.2 subjects and 
fcut=0.05 to measure kinematics 
and substructure

• Trimming in a nutshell

arXiv:1510.05821Boosted Boson Jets

Especially interesting in high pT regime:
! larger signal over background ratio

For resonance masses above O(1 TeV) the
vector-boson decay products are boosted
! reconstruction as one single large-radius jet
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Need to distinguish between large-R jets from boosted bosons and quarks/gluons
1 Grooming techniques

Clean the large-R jet from soft gluon radiation and pile-up e↵ects that
diminish jet mass resolution
Techniques: BDRS* (mass-drop/filtering), trimming, pruning

2 Substructure information (tagging)
Use hard substructure of jet (not present in e.g. gluon jet) to
improve signal e�ciency and background rejection

* Butterworth, Davison, Rubin, Salam

August 11, 2015 Searches for diboson resonances using boson tagging in ATLAS 6

August  11
th
 2015 – BOOST 2015                                                                           Julien Caudron 5/27

Grooming 2/4

Three grooming techniques have been studied → >500 jet collections
 

1) Trimming
 

→ 2 x 4 x 3 x 10 = 240

2) Pruning
 

 

→ 2 x 3 x 1 x 5 x 6 = 180

3) Split-Filtering

 

 

→ 1 x 3 x 2 x 4 x 11 = 264

• A dedicated scan for optimization

Jets at ATLAS 

•  Jets are key observables in collisions 
–  Identify quarks and gluons emitted in high-energy interactions 
–  Cluster together energy depositions in the calorimeter using dedicated 

jet clustering algorithms 

–  Combinations of  jets are used to identify unstable massive particles 
such as the top quark, the W, Z, and Higgs bosons  

 

•  Heavy states (W, Z, H, top quark) can be produced with large 
Lorentz boosts and reconstructed as single (merged) jets 

22"

Single'large7R'jet'

W'

q'

q' q,g'

Large-R Jets : Trimming	
•  Gold Standard : LCTopo + Anti-kT(R=1.0) + Trimming 

o  LCTopo : calibratable blobs of energy in the calorimeter 
o  Trimming : throw away soft subjets (baby and bathwater?) 

13 December 2016 S. Meehan 23 h^ps://arxiv.org/abs/0912.1342 	

http://arxiv.org/abs/1510.05821
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Mass optimization
Identify 68% mass window for 3 truth-jet pT (200, 350, 500 
~1000GeV) 
Optimization figure of merit:

• mass peak is relative symmetric
• minimal QCD jet efficiency
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Figure 2: Uncalibrated mass distributions for various selected grooming configurations: (a) trimmed with Rsub =
0.2, (b) trimmed with Rsub = 0.3, (c) pruned, and (d) split-filtered. The transverse momentum range pTruth

T =
[200, 350] GeV is shown for W signal (solid blue line) and multijet background (dashed red line). The (black)
Gaussian fit uses an initial-condition mass set to 80.4 GeV. The dotted vertical lines indicate the 1� fit interval. The
dashed lines contain 68% of the signal and define the mass window. These are examples of grooming algorithms
leading to satisfactory mass distributions. Uncertainty bands are statistical only.

• The larger values of fcut can lead to significantly lower background e�ciency.

• The dependence of the performance on Rsub is less significant, but the background e�ciency does
decrease somewhat for smaller Rsub values.

Based on the performance of these algorithms, the trimming implementations considered for further in-
vestigation are given in Table 2. Although promising, configurations with Rsub = 0.1 are not pursued
further in these studies, as this size is approaching the limiting granularity of the hadronic tile calori-
meter, requiring further studies for a proper control of the systematic uncertainties.

Pruning:

15

Initial algorithm R p
ymin µmax Rsub

C/A 1.2 0% 100% 0.3
C/A 1.2 4% 100% 0.3
C/A 1.2 9% 100% 0.3
C/A 1.2 12% 100% 0.3
C/A 1.2 15% 100% 0.3

C/A 0.8 0% 100% 0.3
C/A 0.8 4% 100% 0.3
C/A 0.8 9% 100% 0.3

C/A 0.6 0% 100% 0.3
C/A 0.6 4% 100% 0.3
C/A 0.6 9% 100% 0.3

Table 4: The best split-filtering configurations for W-tagging with each R based on the first stage of the MC-based
optimisation studies.
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Figure 4: Mass windows and background e�ciencies for various configurations of trimming (R=1.0 shown). The
baseline systematic uncertainty on the background e�ciency for the pT bin in question (the range 350 < pT <
500 GeV is shown here) is calculated by varying the jet mass scale (JMS) and jet energy scale (JES) by ±1� for a
representative jet collection. For trimming, this representative configuration is Rsub = 0.2 and fcut = 5%. The stars
indicate the favoured trimming configurations for W-tagging, as detailed in Sect. 6.4.
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Comparison to other groomers
Optimal groomer in each algorithm can achieve 
equivalent bkg rejection.
best grooming: low bkgd eff. + good pileup stability  
→ anti-kt R=1.0 trimmed fcut=5%, Rsub=0.2 
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Figure 8: The average jet mass hMi as a function of the number of reconstructed primary vertices for W-jet signal
and multijet background, before and after grooming using anti-kt, R = 1.0 trimmed with fcut = 0.05 and Rsub = 0.2.
The slopes of straight line fits are provided in each case: for ungroomed jets this is ⇠ 2 GeV per vertex, while for
trimmed jets it is flat.

as the mass, will have a distribution for a given jet. The Q-jets configuration optimised in Ref. [26]
is adopted in this study. The high mass in W-jets tends to persist during the re-clustering while the
mass of QCD jets fluctuates. A sensitive observable to this trend is the coe�cient of variation of
the mass distribution for a single jet, called the volatility [25, 26], ⌫↵Q. The superscript ↵ denotes the
rigidity, which controls the sensitivity of the pair selection to the random number generation used
in the clustering.

For all 27 jet collections and grooming algorithms described in Sect. 6.1, the full list of substructure
variables described above are computed. The distributions of the three variables ⌧wta

21 , C(�=1)
2 and D(�=1)

2 are
shown in Figs. 10–12 for anti-kt, R = 1.0 jets trimmed with fcut = 0.05 and Rsub = 0.2, after applying the
68% signal e�ciency mass window requirement. This grooming algorithm is referred to in the remainder
of this paper as ‘R2-trimming’. At this stage no jet mass calibrations have been applied for any of
the grooming configurations. Also shown are the correlations between the jet mass and each of these
variables, shown separately for the W-jet signal and multijet background, in both cases before applying
the 68% signal e�ciency mass window requirement. No truth-matching between the subjets and the
quarks from the W decay is required, such that the signal sample contains both full W-jets and jets made
of fragments of the W-decay, generally because the W-decay is not completely captured in the R = 1.0 jet.
The background jets within the signal sample are particularly visible in the low-mass region of Fig. 10(b),
where the distributions echo those seen in the background sample.
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Figure 9: A summary of the pileup dependence � hMi /�NPV for the 27 jet configurations selected for further study.
The top panel shows the dependence for signal W-jets, the bottom panel for background multijets, and from left to
right shows decreasing values of the initial jet radius parameter, R. Each value of � hMi /�NPV is the slope of a
straight line fit of hMi versus NPV, an example of which is shown in Fig. 8.

The background rejection power (1 / background e�ciency) is shown in Fig. 13 for the ✏G&T
W = 50% e�-

ciency working point for each substructure variable inside the mass window determined by the grooming,
and for each of the 27 grooming configurations, for the range 350 < pT < 500 GeV.

In addition to calculating the background rejection power at a particular signal e�ciency working point,
full rejection versus e�ciency curves (so-called Receiver Operating Characteristic ‘ROC’ curves) are
produced for each combination. An example showing the relationship between the W-jet signal e�ciency
and the multijet background rejection for the range 350 < pT < 500 GeV is shown in Fig. 14. The
maximal e�ciency value for each algorithm is by definition 68%, since the tagging criteria are applied
after requiring the jet mass to be within the mass window defined by the grooming.

6.4 Summary of grooming and substructure in MC

Four grooming configurations, given in Table 5, show consistently high performance in all pT bins. The
jet ⌘, mass and energy calibrations are derived for these four using a simulation-based calibration scheme,
used as the standard one by ATLAS in previous studies [10]. The mass window sizes for calibrated jets,
the background e�ciencies for ✏GW = 68% and the � hMi /�NPV in the range 200 < pT < 350 GeV are
also given in Table 5.
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Jet substructure
Substructure Handles	

•  Many other substructure observables exist 

o  Q-Jets volatility 
o  T-Jets volatility 

o  Dipolarity(1,2) Excl. 
o  Planar Flow 
o  Angularity 
o  Width 
o  Energy Correlation Fncs. 

o  Subjet Pull Angle 
o  Pull Magnitude 
o  Pull C00 , C10 , C11 

o  N-subjettiness 
o  Split(1,2) 
o  Zcut(1,2) 
o  �(1,2)  
o  √yfilter 

o  Aplanarity 
o  Sphericity 
o  Thrust Minor 
o  Thrust Major 
o  FoxWolfram20 

Prong Based	
Soft Substructure	

Pull Variables	

Center of Mass	

Jet Ensembles	
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(W/top) Tagging : Prongs	
•  JSS @ 1st Order : Count prongs 
•  Nsubjettiness Idea : 

o  Choose (1,2,3) axes à minimize intuitive f(pT,dRij) 
o  Exploit correlations by taking simple ratios 
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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Figure 2: Distributions of (a) τ1 and (b) τ2 for boosted W and QCD jets. For these plots, we
impose an invariant mass window of 65 GeV < mjet < 95 GeV on jets of R = 0.6, pT > 300 GeV,
and |η| < 1.3. By themselves, the τN do not offer that much discriminating power for boosted
objects beyond the invariant mass cut.
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Figure 3: (a): Distribution of τ2/τ1 for boosted W and QCD jets. The selection criteria are the
same as in Fig. 2. One sees that the τ2/τ1 ratio gives considerable separation between W jets and
QCD jets beyond the invariant mass cut. (b): Density plot in the τ1–τ2 plane. Marker sizes are
proportional to the number of jets in a given bin. In principle, a multivariate cut in the τ1–τ2 plane
would give further distinguishing power.

to have large τ1, QCD jets with a diffuse spray of large angle radiation can also have large

τ1, as shown in Fig. 2(a). However, those QCD jets with large τ1 typically have large values

of τ2 as well, so it is in fact the ratio τ2/τ1 which is the preferred discriminating variable.

As seen in Fig. 3(a), W jets have smaller τ2/τ1 values than QCD jets. Of course, one can

also use the full set of τN values in a multivariate analysis, as suggested by Fig. 3(b), and

we will briefly explore this possibility in Sec. 3.4.

As mentioned in the introduction, N -subjettiness is adapted from the similar quantity

N -jettiness introduced in Ref. [28]. There are three important differences: the sum over

k only runs over the hadrons in a particular jet and not over the entire event, we do not

have candidate (sub)jets corresponding to the beam directions, and our distance measure
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calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely

– 4 –
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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Figure 2: Distributions of (a) τ1 and (b) τ2 for boosted W and QCD jets. For these plots, we
impose an invariant mass window of 65 GeV < mjet < 95 GeV on jets of R = 0.6, pT > 300 GeV,
and |η| < 1.3. By themselves, the τN do not offer that much discriminating power for boosted
objects beyond the invariant mass cut.
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Figure 3: (a): Distribution of τ2/τ1 for boosted W and QCD jets. The selection criteria are the
same as in Fig. 2. One sees that the τ2/τ1 ratio gives considerable separation between W jets and
QCD jets beyond the invariant mass cut. (b): Density plot in the τ1–τ2 plane. Marker sizes are
proportional to the number of jets in a given bin. In principle, a multivariate cut in the τ1–τ2 plane
would give further distinguishing power.

to have large τ1, QCD jets with a diffuse spray of large angle radiation can also have large

τ1, as shown in Fig. 2(a). However, those QCD jets with large τ1 typically have large values

of τ2 as well, so it is in fact the ratio τ2/τ1 which is the preferred discriminating variable.

As seen in Fig. 3(a), W jets have smaller τ2/τ1 values than QCD jets. Of course, one can

also use the full set of τN values in a multivariate analysis, as suggested by Fig. 3(b), and

we will briefly explore this possibility in Sec. 3.4.

As mentioned in the introduction, N -subjettiness is adapted from the similar quantity

N -jettiness introduced in Ref. [28]. There are three important differences: the sum over

k only runs over the hadrons in a particular jet and not over the entire event, we do not

have candidate (sub)jets corresponding to the beam directions, and our distance measure
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calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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Jet substructure: N-subjetiness

Jet tagging using jet substructure 23"

•  Typical approach: 
Use physics inspired variables to 
provide signal / background 
discrimination 

•  Typical physics inspired variables 
exploit differences in: 

•  Jet mass  
•  N-prong structure:  

o  1-prong (QCD)  
o  2-prong (W,Z,H) 
o  3-prong (top) 

•  Radiation pattern: 
o  Soft gluon emission 
o  Color flow 
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.
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distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely

– 4 –

(a)

−0.2 0 0.2 0.4 0.6 0.8 1

1

1.2

1.4

1.6

1.8

2

2.2
Boosted W Jet, R = 0.6

η

φ
(b)

(c)

−1.2 −1 −0.8 −0.6 −0.4 −0.2

4.6

4.8

5

5.2

5.4

5.6

5.8
Boosted QCD Jet, R = 0.6

η

φ

(d)
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events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
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subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
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using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
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distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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Figure 2: Distributions of (a) τ1 and (b) τ2 for boosted W and QCD jets. For these plots, we
impose an invariant mass window of 65 GeV < mjet < 95 GeV on jets of R = 0.6, pT > 300 GeV,
and |η| < 1.3. By themselves, the τN do not offer that much discriminating power for boosted
objects beyond the invariant mass cut.
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Figure 3: (a): Distribution of τ2/τ1 for boosted W and QCD jets. The selection criteria are the
same as in Fig. 2. One sees that the τ2/τ1 ratio gives considerable separation between W jets and
QCD jets beyond the invariant mass cut. (b): Density plot in the τ1–τ2 plane. Marker sizes are
proportional to the number of jets in a given bin. In principle, a multivariate cut in the τ1–τ2 plane
would give further distinguishing power.

to have large τ1, QCD jets with a diffuse spray of large angle radiation can also have large

τ1, as shown in Fig. 2(a). However, those QCD jets with large τ1 typically have large values

of τ2 as well, so it is in fact the ratio τ2/τ1 which is the preferred discriminating variable.

As seen in Fig. 3(a), W jets have smaller τ2/τ1 values than QCD jets. Of course, one can

also use the full set of τN values in a multivariate analysis, as suggested by Fig. 3(b), and

we will briefly explore this possibility in Sec. 3.4.

As mentioned in the introduction, N -subjettiness is adapted from the similar quantity

N -jettiness introduced in Ref. [28]. There are three important differences: the sum over

k only runs over the hadrons in a particular jet and not over the entire event, we do not

have candidate (sub)jets corresponding to the beam directions, and our distance measure
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calculations and resummation techniques (see, e.g. recent work in Ref. [29, 30]) compared

to algorithmic methods for studying substructure. Finally, N -subjettiness gives favorable

efficiency/rejection curves compared to other jet substructure methods. While a detailed

comparison to other methods is beyond the scope of this work, we are encouraged by these

preliminary results.

The remainder of this paper is organized as follows. In Sec. 2, we define N -subjettiness

and discuss some of its properties. We present tagging efficiency studies in Sec. 3, where we

use N -subjettiness to identify individual hadronic W bosons and top quarks, and compare

our method against the YSplitter technique [2, 3, 4] and the Johns Hopkins Top Tagger [6].

We then apply N -subjettiness in Sec. 4 to reconstruct hypothetical heavy resonances de-

caying to pairs of boosted objects. Our conclusions follow in Sec. 5, and further information

appears in the appendices.

2. Boosted Objects and N-subjettiness

Boosted hadronic objects have a fundamentally different energy pattern than QCD jets

of comparable invariant mass. For concreteness, we will consider the case of a boosted

W boson as shown in Fig. 1, though a similar discussion holds for boosted top quarks or

new physics objects. Since the W decays to two quarks, a single jet containing a boosted

W boson should be composed of two distinct—but not necessarily easily resolved—hard

subjets with a combined invariant mass of around 80 GeV. A boosted QCD jet with an

invariant mass of 80 GeV usually originates from a single hard parton and acquires mass

through large angle soft splittings. We want to exploit this difference in expected energy

flow to differentiate between these two types of jets by “counting” the number of hard lobes

of energy within a jet.

2.1 Introducing N-subjettiness

We start by defining an inclusive jet shape called “N -subjettiness” and denoted by τN .

First, one reconstructs a candidate W jet using some jet algorithm. Then, one identifies

N candidate subjets using a procedure to be specified in Sec. 2.2. With these candidate

subjets in hand, τN is calculated via

τN =
1

d0

∑

k

pT,k min {∆R1,k,∆R2,k, · · · ,∆RN,k} . (2.1)

Here, k runs over the constituent particles in a given jet, pT,k are their transverse momenta,

and ∆RJ,k =
√

(∆η)2 + (∆φ)2 is the distance in the rapidity-azimuth plane between a

candidate subjet J and a constituent particle k. The normalization factor d0 is taken as

d0 =
∑

k

pT,kR0, (2.2)

where R0 is the characteristic jet radius used in the original jet clustering algorithm.

It is straightforward to see that τN quantifies how N -subjetty a particular jet is, or

in other words, to what degree it can be regarded as a jet composed of N subjets. Jets
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Figure 1: Left: Schematic of the fully hadronic decay sequences in (a) W+W− and (c) dijet QCD
events. Whereas a W jet is typically composed of two distinct lobes of energy, a QCD jet acquires
invariant mass through multiple splittings. Right: Typical event displays for (b) W jets and (d)
QCD jets with invariant mass near mW . The jets are clustered with the anti-kT jet algorithm [31]
using R = 0.6, with the dashed line giving the approximate boundary of the jet. The marker size
for each calorimeter cell is proportional to the logarithm of the particle energies in the cell. The
cells are colored according to how the exclusive kT algorithm divides the cells into two candidate
subjets. The open square indicates the total jet direction and the open circles indicate the two
subjet directions. The discriminating variable τ2/τ1 measures the relative alignment of the jet
energy along the open circles compared to the open square.

with τN ≈ 0 have all their radiation aligned with the candidate subjet directions and

therefore have N (or fewer) subjets. Jets with τN ≫ 0 have a large fraction of their energy

distributed away from the candidate subjet directions and therefore have at least N + 1

subjets. Plots of τ1 and τ2 comparing W jets and QCD jets are shown in Fig. 2.

Less obvious is how best to use τN for identifying boosted W bosons. While one might

naively expect that an event with small τ2 would be more likely to be a W jet, observe that

QCD jet can also have small τ2, as shown in Fig. 2(b). Similarly, though W jets are likely
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Boosted objects, large-R jets, and jet grooming

The two-body decay of a particle occurs back-to-back in

its own rest frame.  At low pT, the decay products A and B

are resolved, and can be independently reconstructed.

At high pT, the Lorentz boost back to the lab

frame results in collimated decay products A and B.

They overlap, and are best reconstructed together.

Before trimming, jet mass depends

strongly on pileup.  After trimming,

this pileup dependence is removed

The angular separation between the

pair of quarks from a W boson decay.

Rule of thumb: 

Large-R jets contain both A and B,

but their large size also increases

pileup susceptibility.  Jet grooming
is a set of techniques to remove

pileup contributions from large-R

jets. ATLAS uses trimming as its

default jet grooming algorithm.

Jet mass optimization

Jet mass is the most important

large-R jet property. A jet containing

the decay a massive particle should

have a mass comparable to the

parent particle. This is a powerful

hadronic decay tagging discriminant.

    Track-Assisted (TA) mass
Mass calculated from calorimeter

energy mcalo is limited by granularity.

At high pT, TA mass is superior.

The calo and TA masses can be

linearly combined, giving improved

mass resolution for the full pT range.

         Variable-R (VR) jets
Grooming reduces pileup effects, but

light quark+gluon jets still have a

large high-mass tail. VR jets reduce

this tail by decreasing the jet size as

a function of pT, just like real decays.

Performance of W/Z qq, H bb, and Top b(W qq) tagging

Requiring a W/Z boson tag with 50%

(25%) signal efficiency results in a

QCD rejection of roughly 40 (160).

Requiring a top quark tag with 50%

(80%) signal efficiency results in a

QCD rejection of roughly 8-16 (5).

W/Z tagging  [mjet,D2] H tagging  [b-tag, mjet, D2]
Requiring a H boson tag with ~50%

signal efficiency results in a light (bb)

jet rejection of roughly 105 (6).

Applying the W tagger (mass + D2)

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a W peak.

Data/MC agree within uncertanties.

Applying the top tagger (mass + )

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a top peak.

Data/MC agree within uncertainties.

Top tagging [mjet,      ]

Large-R jet systematic uncertainties

The pT, mcalo , and mTA scale uncertainties are ~3-4% for most of the

kinematic range, except where the in situ procedure is statistically limited.

Scale uncertainties are derived using

the in situ Rtrk procedure:

In the above, X = {pT, mjet, ...}, the 

variable of interest. This is split in

terms: baseline data/MC, modelling,

tracking, and statistical sources.
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Boosted objects, large-R jets, and jet grooming

The two-body decay of a particle occurs back-to-back in

its own rest frame.  At low pT, the decay products A and B

are resolved, and can be independently reconstructed.

At high pT, the Lorentz boost back to the lab

frame results in collimated decay products A and B.

They overlap, and are best reconstructed together.

Before trimming, jet mass depends

strongly on pileup.  After trimming,

this pileup dependence is removed

The angular separation between the

pair of quarks from a W boson decay.

Rule of thumb: 

Large-R jets contain both A and B,

but their large size also increases

pileup susceptibility.  Jet grooming
is a set of techniques to remove

pileup contributions from large-R

jets. ATLAS uses trimming as its

default jet grooming algorithm.

Jet mass optimization

Jet mass is the most important

large-R jet property. A jet containing

the decay a massive particle should

have a mass comparable to the

parent particle. This is a powerful

hadronic decay tagging discriminant.

    Track-Assisted (TA) mass
Mass calculated from calorimeter

energy mcalo is limited by granularity.

At high pT, TA mass is superior.

The calo and TA masses can be

linearly combined, giving improved

mass resolution for the full pT range.

         Variable-R (VR) jets
Grooming reduces pileup effects, but

light quark+gluon jets still have a

large high-mass tail. VR jets reduce

this tail by decreasing the jet size as

a function of pT, just like real decays.

Performance of W/Z qq, H bb, and Top b(W qq) tagging

Requiring a W/Z boson tag with 50%

(25%) signal efficiency results in a

QCD rejection of roughly 40 (160).

Requiring a top quark tag with 50%

(80%) signal efficiency results in a

QCD rejection of roughly 8-16 (5).

W/Z tagging  [mjet,D2] H tagging  [b-tag, mjet, D2]
Requiring a H boson tag with ~50%

signal efficiency results in a light (bb)

jet rejection of roughly 105 (6).

Applying the W tagger (mass + D2)

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a W peak.

Data/MC agree within uncertanties.

Applying the top tagger (mass + )

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a top peak.

Data/MC agree within uncertainties.

Top tagging [mjet,      ]

Large-R jet systematic uncertainties

The pT, mcalo , and mTA scale uncertainties are ~3-4% for most of the

kinematic range, except where the in situ procedure is statistically limited.

Scale uncertainties are derived using

the in situ Rtrk procedure:

In the above, X = {pT, mjet, ...}, the 

variable of interest. This is split in

terms: baseline data/MC, modelling,

tracking, and statistical sources.
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Boosted objects, large-R jets, and jet grooming

The two-body decay of a particle occurs back-to-back in

its own rest frame.  At low pT, the decay products A and B

are resolved, and can be independently reconstructed.

At high pT, the Lorentz boost back to the lab

frame results in collimated decay products A and B.

They overlap, and are best reconstructed together.

Before trimming, jet mass depends

strongly on pileup.  After trimming,

this pileup dependence is removed

The angular separation between the

pair of quarks from a W boson decay.

Rule of thumb: 

Large-R jets contain both A and B,

but their large size also increases

pileup susceptibility.  Jet grooming
is a set of techniques to remove

pileup contributions from large-R

jets. ATLAS uses trimming as its

default jet grooming algorithm.

Jet mass optimization

Jet mass is the most important

large-R jet property. A jet containing

the decay a massive particle should

have a mass comparable to the

parent particle. This is a powerful

hadronic decay tagging discriminant.

    Track-Assisted (TA) mass
Mass calculated from calorimeter

energy mcalo is limited by granularity.

At high pT, TA mass is superior.

The calo and TA masses can be

linearly combined, giving improved

mass resolution for the full pT range.

         Variable-R (VR) jets
Grooming reduces pileup effects, but

light quark+gluon jets still have a

large high-mass tail. VR jets reduce

this tail by decreasing the jet size as

a function of pT, just like real decays.

Performance of W/Z qq, H bb, and Top b(W qq) tagging

Requiring a W/Z boson tag with 50%

(25%) signal efficiency results in a

QCD rejection of roughly 40 (160).

Requiring a top quark tag with 50%

(80%) signal efficiency results in a

QCD rejection of roughly 8-16 (5).

W/Z tagging  [mjet,D2] H tagging  [b-tag, mjet, D2]
Requiring a H boson tag with ~50%

signal efficiency results in a light (bb)

jet rejection of roughly 105 (6).

Applying the W tagger (mass + D2)

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a W peak.

Data/MC agree within uncertanties.

Applying the top tagger (mass + )

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a top peak.

Data/MC agree within uncertainties.

Top tagging [mjet,      ]

Large-R jet systematic uncertainties

The pT, mcalo , and mTA scale uncertainties are ~3-4% for most of the

kinematic range, except where the in situ procedure is statistically limited.

Scale uncertainties are derived using

the in situ Rtrk procedure:

In the above, X = {pT, mjet, ...}, the 

variable of interest. This is split in

terms: baseline data/MC, modelling,

tracking, and statistical sources.
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Boosted objects, large-R jets, and jet grooming

The two-body decay of a particle occurs back-to-back in

its own rest frame.  At low pT, the decay products A and B

are resolved, and can be independently reconstructed.

At high pT, the Lorentz boost back to the lab

frame results in collimated decay products A and B.

They overlap, and are best reconstructed together.

Before trimming, jet mass depends

strongly on pileup.  After trimming,

this pileup dependence is removed

The angular separation between the

pair of quarks from a W boson decay.

Rule of thumb: 

Large-R jets contain both A and B,

but their large size also increases

pileup susceptibility.  Jet grooming
is a set of techniques to remove

pileup contributions from large-R

jets. ATLAS uses trimming as its

default jet grooming algorithm.

Jet mass optimization

Jet mass is the most important

large-R jet property. A jet containing

the decay a massive particle should

have a mass comparable to the

parent particle. This is a powerful

hadronic decay tagging discriminant.

    Track-Assisted (TA) mass
Mass calculated from calorimeter

energy mcalo is limited by granularity.

At high pT, TA mass is superior.

The calo and TA masses can be

linearly combined, giving improved

mass resolution for the full pT range.

         Variable-R (VR) jets
Grooming reduces pileup effects, but

light quark+gluon jets still have a

large high-mass tail. VR jets reduce

this tail by decreasing the jet size as

a function of pT, just like real decays.

Performance of W/Z qq, H bb, and Top b(W qq) tagging

Requiring a W/Z boson tag with 50%

(25%) signal efficiency results in a

QCD rejection of roughly 40 (160).

Requiring a top quark tag with 50%

(80%) signal efficiency results in a

QCD rejection of roughly 8-16 (5).

W/Z tagging  [mjet,D2] H tagging  [b-tag, mjet, D2]
Requiring a H boson tag with ~50%

signal efficiency results in a light (bb)

jet rejection of roughly 105 (6).

Applying the W tagger (mass + D2)

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a W peak.

Data/MC agree within uncertanties.

Applying the top tagger (mass + )

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a top peak.

Data/MC agree within uncertainties.

Top tagging [mjet,      ]

Large-R jet systematic uncertainties

The pT, mcalo , and mTA scale uncertainties are ~3-4% for most of the

kinematic range, except where the in situ procedure is statistically limited.

Scale uncertainties are derived using

the in situ Rtrk procedure:

In the above, X = {pT, mjet, ...}, the 

variable of interest. This is split in

terms: baseline data/MC, modelling,

tracking, and statistical sources.
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>1 TeV boson 
candidate jets!
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2015 Review
● 2 TeV excess is dead

2015 Excitement was at 2 TeV
2016 Excitement is at …..

Robin Erbacher
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•Introduction
•Jet reconstruction
•Jet substructure
•Advanced W/Z/H tagging

Performance of Boosted Object
and Jet Substructure Techniques 

Steven Schramm (University of Geneva), for the ATLAS Collaboration
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Boosted objects, large-R jets, and jet grooming

The two-body decay of a particle occurs back-to-back in

its own rest frame.  At low pT, the decay products A and B

are resolved, and can be independently reconstructed.

At high pT, the Lorentz boost back to the lab

frame results in collimated decay products A and B.

They overlap, and are best reconstructed together.

Before trimming, jet mass depends

strongly on pileup.  After trimming,

this pileup dependence is removed

The angular separation between the

pair of quarks from a W boson decay.

Rule of thumb: 

Large-R jets contain both A and B,

but their large size also increases

pileup susceptibility.  Jet grooming
is a set of techniques to remove

pileup contributions from large-R

jets. ATLAS uses trimming as its

default jet grooming algorithm.

Jet mass optimization

Jet mass is the most important

large-R jet property. A jet containing

the decay a massive particle should

have a mass comparable to the

parent particle. This is a powerful

hadronic decay tagging discriminant.

    Track-Assisted (TA) mass
Mass calculated from calorimeter

energy mcalo is limited by granularity.

At high pT, TA mass is superior.

The calo and TA masses can be

linearly combined, giving improved

mass resolution for the full pT range.

         Variable-R (VR) jets
Grooming reduces pileup effects, but

light quark+gluon jets still have a

large high-mass tail. VR jets reduce

this tail by decreasing the jet size as

a function of pT, just like real decays.

Performance of W/Z qq, H bb, and Top b(W qq) tagging

Requiring a W/Z boson tag with 50%

(25%) signal efficiency results in a

QCD rejection of roughly 40 (160).

Requiring a top quark tag with 50%

(80%) signal efficiency results in a

QCD rejection of roughly 8-16 (5).

W/Z tagging  [mjet,D2] H tagging  [b-tag, mjet, D2]
Requiring a H boson tag with ~50%

signal efficiency results in a light (bb)

jet rejection of roughly 105 (6).

Applying the W tagger (mass + D2)

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a W peak.

Data/MC agree within uncertanties.

Applying the top tagger (mass + )

at the 50% efficiency working point

in semi-leptonic ttbar events shows

the clear presence of a top peak.

Data/MC agree within uncertainties.

Top tagging [mjet,      ]

Large-R jet systematic uncertainties

The pT, mcalo , and mTA scale uncertainties are ~3-4% for most of the

kinematic range, except where the in situ procedure is statistically limited.

Scale uncertainties are derived using

the in situ Rtrk procedure:

In the above, X = {pT, mjet, ...}, the 

variable of interest. This is split in

terms: baseline data/MC, modelling,

tracking, and statistical sources.
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Jet Mass Calibration

Tracks in SubJets beast calo

Tracks in Jets beats Calo

Bringing the tracks into
mass 

Roland Jansky
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Jet Mass Calibration
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• Detector response shapes jet mass as well as energy. 

• At high pT, cluster merging obscures substructure, but can still be 
resolved with tracks but response suffers from lack of neutral information. 

• Correct track-jet mass as mtrk*pTtrk/pTcalo [ATLAS-CONF-2016-035], 
combine with calo mass using resolution-weighted average.

[JETM-2017-002]

ATLAS-CONF-2016-035
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Variable R cones in V and Tops
● ATLAS : 

At high p
T
 shrinking the R

helps

Aparajita Dattagupta/Christoph
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Machine Learning Tagger
Classification 

•  Learn a function to separate 
different classes of  data 

•  Avoid over-fitting: 
– Learning too fined details about 

your training sample that will not 
generalize to unseen data 
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Neural Networks 

•  “Typical” neural network circa 2005 

•  Typical questions of  optimization 
–  Which variables to choose as inputs?  How correlated are they? 
–  How many nodes in the hidden layer? 

11"

x = input vector 
Ac+va+on"
Func+on""

Sum"

Neural Networks 

•  “Typical” neural network circa 2005 

•  Typical questions of  optimization 
–  Which variables to choose as inputs?  How correlated are they? 
–  How many nodes in the hidden layer? 
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Machine Learning Tagger
ATL-PHYS-PUB-2017-004
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BDT
DNN

Optimised minimal input ensemble 
performing well for each ML alg. 
Calo substructure only. 
Implicit pt/mass dependence.
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Higgs tagging

Chris Pollard Glasgow ATLAS BOOST 2016

Boosted H→bb tagging:
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5

Small-R Track Jet b-Tagging

• Use small radius (R=0.2) track jets to resolve close-by b-hadrons 

• Ghost association of track jets to ungroomed large-R jets to provide b-tagging

Large R=1.0 jet 

R=0.2 track jets 
h

Advantage of track jets 
‣ Better estimate b-hadron flight direction 
‣ Pile-up resistant 
‣ b-tagging independent of calorimeter jets

ATL-PHYS-PUB-2014-013
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6

Small-R Track Jet b-Tagging

• Large improvement in efficiency to find boosted Higgs jet from small radius 
• Flexible in track jet b-tagging 

‣ Independent of calorimeter jets 
‣ Single / double / one-tight-one-loose schemes

4b
 e

ffi
ci

en
cy

4b efficiency in 
RSG->hh->4b

ATL-PHYS-PUB-2014-013
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Higgs tagging + JSS
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7

Large-R Jet Mass and Substructure

• Improve large-R jet mass resolution by: 
‣ Trimming with  
‣ Muon-in-b-jet correction correcting for semi-leptonic b hadron decays 
‣ Variable-R jets(ATL-PHYS-PUB-2016-013): More details in talks from A. Dattagupta and C. Anders 

• Substructure information considered in addition to mass cut and b-tagging: 
‣ Similar performance across 
‣           is chosen due to better modeling in data

fcut = 0.05, Rsub = 0.2

D�=1
2 , C�=1

2 and ⌧wta
21

D�=1
2
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Summary

• Jets a powerful tool to reorganize events for physics 
• LHC Physics is Jet Frontier Physics 

• Jet substructure and advanced calibrations are 
developed in ATLAS to improve analysis 

• Advanced reconstruction and identification 
techniques for hadronic W/Z/Higgs are developed


