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New Observables
for Jet Substructure

Multi-particle Dynamics at High-pT
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Upcoming Talks:  Amazing Experimental Progress
[see talks by Bose, Wardrope, Loch, Marchesini, Stoebe, Matera, De Lorenzi, ...]

[CMS PAS BTV-13-001]

What is Jet Substructure?
Maximizing the Physics Potential of Hadronic Final States

Boost 2013
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Multi-particle Dynamics at High-pT?

Traditionally: Jet → proxy for short-distance parton

Jet Substructure: Use multi-hadron observables
for clues about underlying physics

Ordinary Jet → u/d/s/g
Tagged Jet → b, maybe c

Angularities, Jet charge → quark vs. gluon
N-prong substructure → boosted W/Z/Top/Higgs

(and accept that jets are fundamentally ambiguous, messy)

Dependence on Jet Definition
Perturbative Fractal Structure (i.e. Parton Shower [see talk by Nagy])
Non-perturbative Hadronization Effects
Jet Contamination from UE/ISR, Pileup [see talk by Sullivan]
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New Observables for Jet Substructure

Only small sampling of jet substructure tools/techniques 
[see also talks by Roy, Krohn]

N-subjettiness

Energy Correlation Functions

(Jets Without Jets)

with Ken Van Tilburg:  1011.2268 & 1108.2701

with Andrew Larkoski & Gavin Salam:  1305.0007

with Daniele Bertolini & Tucker Chan:  forthcoming
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N-subjettiness
[JDT, Van Tilburg:  1011.2268 & 1108.2701]
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Classic Jet Substructure
High mass di-top resonances
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pT

Heavy resonance to boosted tops...looks like QCD dijets

Robust/Growing Set of Tagging Tools:
Mass Drop, Trim/Filter/Prune, Y-splitter, Planar Flow, JHU/CMS Top Tagger, HEPTopTagger,
Top Template Method, N-subjettiness, Q-Jets, Telescoping Jets, Shower Deconstruction, ...
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Jet Substructure by Eye
Coloring by exclusive kT
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N-subjettiness
Testing N-prong substructure

0τN: 1

≤ N > N# subjets:
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N-jettiness: [Stewart, Tackmann, Waalewijn]
N-subjettiness: [JDT, Van Tilburg]

Find axes by minimizing τN
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Freedom to Exploit
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N-subjettiness
Testing N-prong substructure
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 τ3/τ2:  Tops
 τ2/τ1:  W/Z/H
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Applications in Higgs Physics
High Mass h →WW

[CMS PAS HIG-13-008]
W → �ν

W → qq̄�

h →


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(boosted)

� ν

R = 0.8

Validated on quasi-boosted
semi-leptonic top sample
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Energy Correlation Functions
[Larkoski, Salam, JDT:  1305.0007]
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Quark/Gluon Discrimination
The White Whale of Jet Substructure

In soft & collinear limit:

Color Factor:
CF = 4/3 (quarks) vs. CA = 3 (gluons)

z = Energy Fraction
θ = Splitting AngleP =

2αsC

π

dz

z

dθ

θ

...Eikonal Hard Quark/Gluon

Gluon Haze Surrounding...
R

Jets, simplified:

In this limit, for most any* observable:

Gluon Mistag = x9/4

Quark Efficiency = x

White Whale:  Exploit subleading structure, evade Casimir scaling

Improves S/B but
marginal change in significance (S/√B)

[see e.g. Gallicchio, Schwartz]
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1-subjettiness for Quark vs. Gluon?
a.k.a. angularities

soft emission

Sensitive to displacement of jet axis
Dominates for β < 1 
Less effective for q vs. g

[Berger, Kucs, Sterman]

τ1 =
1

pT jet

�

k

pT,k ∆Rk,1
β

Freedom to Exploit

Jet Axis

jet axis

hard jet core
τ1 � z θβ + zβθβ

z = energy fraction
θ = splitting angle “Direct” contribution “Recoil” contribution

Sensitive to pattern of soft radiation
Dominates for β > 1 

Effective for q vs. g

Alternative:  use recoil-free axis, e.g. “broadening axis”  [Larkoski, Neill, JDT, forthcoming]
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Energy Correlation Functions
Axis-free (and recoil-free) probe for substructure

ECF(1,β) =
�

i

pTi

ECF(2,β) =
�

i<j

pTi pTj (Rij)
β

ECF(3,β) =
�

i<j<k

pTi pTj pTk (RijRjkRki)
β

ECF(N,β) =
�

sets of N

(N energies)×
��

N

2

�
angles

�β

[see Banfi, Salam, Zanderighi;
Jankowiak, Larkoski]

C(β)
N =

ECF(N + 1,β) ECF(N − 1,β)

ECF(N,β)2
Convenient 

Dimensionless Ratio:

N narrow prongs:  CN → 0

[Larkoski, Salam, JDT]
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C1 for Quarks vs. Gluons
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[CMS PAS JME-13-005]

Opportunity for Monte Carlo Calibration?

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.65

0.70

0.75

0.80

0.85

0.90

0.95

Β

G
lu
on
Re
je
ct
io
n

50� Quark Eff. �Pythia8�
pT � �400,500� GeV

R0 � 0.6

C1
Τ1 �Broadening Axis�
Τ1 �Jet Axis�
LL Approx.

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.65

0.70

0.75

0.80

0.85

0.90

0.95

Β

G
lu
on
Re
je
ct
io
n

50� Quark Eff. �Herwig���
pT � �400,500� GeV

R0 � 0.6

C1
Τ1 �Broadening Axis�
Τ1 �Jet Axis�
LL Approx.

≈ Thrust/
Jet Mass

≈ Broadening/
Girth/Width

pTD

Parton shower:
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β ⇒ z θβ



Jesse Thaler — New Observables for Jet Substructure 16

Observables calculable in perturbative QCD

e.g. Infrared/Collinear Safe or “Sudakov Safe”
[see Larkoski, JDT]

e.g. pTD from CMS
Jet Charge
Track-based Observables

⇒ Essentially multi-parton dynamics

⇒ Interplay of multi-hadron/parton dynamics

Looking to the Future

This Talk:

ISMD 2014: Fundamentally non-perturbative observables?

Still (some) perturbative control!
[see Krohn, Lin, Schwartz, Waalewijn;
Chang, Procura, JDT,  Waalewijn]







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(Jets Without Jets)
[Bertolini, Chan, JDT:  forthcoming]
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Jet Substructure

Jet Algorithms

Subjet Finding Jet Shapes

Event Shapes

Jets

Algorithms
Closed-Form
Observables

18

✩ This talk so far ✩
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Jet Substructure

Jet Algorithms

Subjet Finding Jet Shapes

Event Shapes

Jets

Algorithms
Closed-Form
Observables

What lives 
here?

18

✩ This talk so far ✩
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Jet-like Event Shapes
or subjet-like jet shapes

�Njet =
�

i∈event

pTi

pTi,R
Θ(pTi,R > pT cut)

pTi,R =
�

j∈event

pTj Θ(Rij < R)

Dijets @ LHC8,  R = 0.6,  pTcut = 25 GeV
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A Hammer in Search of a Nail
Reproducing standard jet observables

Improved triggering?  Pileup mitigation?  Overlapping jets?
Smoother interpolation of jet (sub)structure?  Calculational tractability?

HT = ∑ pT pT of hardest jet
(without identifying that jet)

Jet Trimming
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[Krohn, JDT, Wang]
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Bottom Line:  Can define observables sensitive to desired physics 

Interplay:  Measurable ↔ Useful ↔ Calculable

New Observables for Jet Substructure

N-subjettiness

Energy Correlation Functions

(Jets Without Jets)

Effective test for N-prong substructure

Importance of recoil-free observables for quarks vs. gluons

Characterize (sub)jet-like structure without jet finding
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Backup Slides
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Boosted Regime is Inevitable
Di-tops in the standard model

18 BOOST2012 participants

Table 1: The top pair production rate at past, present and future colliders, calculated with the MCFM code [79].
The inclusive production rate is given in the first row. The expected number of events with boosted top quarks
(Mtt̄ > 1 TeV) and highly boosted top quarks (Mtt̄ > 2 TeV) is given in the second and third row, respectively.

Expected number Tevatron run II LHC 2012 LHC design VLHC
of events 10 at 1.96 TeV 20 at 8 TeV 300 at 13 TeV 300 at 33 TeV
Inclusive tt̄ production 6 × 104 4 × 106 2 × 108 1.4 × 109

Boosted production 23 6 × 104 5.2 × 106 7.1 × 107

Highly boosted 0 500 1.1 × 105 3.9 × 106

reconstructed in the same final state object. For inter-1019

mediate boosts (200 < pT <400 GeV), the daughters1020

of the W boson from a fully-hadronic top decay will1021

be close enough to be clustered into the same jet. At1022

this point, the use of jet substructure techniques be-1023

comes important to efficiently identify these decay sig-1024

natures. At even larger pT top quarks become truly1025

boosted objects: all decay products of the top will be1026

strongly collinear, with the ∆R ∼ 2mtop/pT . Hadronic1027

top quarks can be reconstructed in a single jet, and1028

top quarks with leptonic decays generally contain non-1029

isolated leptons due to the overlap with the b-quark jet.1030

Table 1 presents the expected numbers of boosted1031

top quark pairs according to the Standard Model at1032

past, present and future colliders. The numbers show1033

clearly how the study of boosted top quarks becomes1034

viable only with the start of the LHC. The first phase of1035

operation yields a sample of several tens of thousands1036

of boosted top quark pairs. The next-to-last column1037

indicates the size of the sample expected in a 13 or1038

14 TeV run of the LHC, that is to start by the end1039

of 2014. The factor of nearly two in the center-of-mass1040

energy and the larger integrated luminosity each bring1041

an increase of an order of magnitude in the production1042

of boosted top quarks.1043

We expect, therefore, that boosted topologies will1044

gain considerable importance as the LHC program de-1045

velops. To exploit the LHC data to their full potential1046

it is critical that existing experimental strategies are1047

adapted to this challenging kinematical regime. Before1048

we turn to the results of analyses of boosted object pro-1049

duction, we discuss a number of new tools, that have1050

allowed to identify and reconstruct boosted top quarks1051

efficiently.1052

5.2 Top Tagging.1053

Excellent reviews of top tagging algorithms exist [80].1054

Previous BOOST reports have compared their perfor-1055

mance for simulated events (at the particle level). In1056

this Section we present a very brief review for com-1057

pleteness.1058

The Johns Hopkins (JHU) tagger [81] identifies sub-1059

structure by reversing through the iterative clustering1060

process used to form jets. Subjets are found using sev-1061

eral criteria – the ratio of their individual pT to the1062

original jet pT must be above a given threshold, and the1063

subjets must be spatially separated from each other to1064

give a valid decomposition. In this way, a jet can be de-1065

constructed into up to four subjets, and jets with three1066

or more subjets are analyzed further, requiring the in-1067

variant mass of the identified subjets to be in the range1068

[145, 205] GeV, and two of the subjets to be consistent1069

with mW , in the range [65, 95] GeV. There is an addi-1070

tional cut on the W boson helicity angle, cos θh < 0.7.1071

The variant of the JHU tagger used by CMS[82]1072

uses a similar jet decomposition, with slight differences1073

in the selections of top quark and W boson masses from1074

the subjets. Additionally, the CMS top tagger does not1075

apply theW boson helicity angle requirement. The JHU1076

and CMS top tagging algorithms have been developed1077

with jet distance parameters up to R = 0.8, and there-1078

fore are only efficient for top quarks with pT above ap-1079

proximately 400 GeV/c.1080

The HEP top tagger [83], is designed to use jets1081

with distance parameter R = 1.5, thereby extending1082

the reach of the tagging algorithm to lower jet pT val-1083

ues. The algorithm uses a mass drop criterion to iden-1084

tify substructure within the jet, but also uses a filtering1085

algorithm to remove soft and large-angle constituents1086

from the individual subjets. The three subjets with a1087

combined mass closest to mt are then chosen for further1088

consideration. Cuts are then applied to masses of sub-1089

jet combinations to ensure consistency with mW and1090

mt. Specifically, for the three subjets sorted in order1091

of subjet pT , having masses m1,m2,m3, the quantities1092

m23/m123 and arctanm13/m12 are computed. Geomet-1093

rical cuts can be applied in the phase space defined by1094

these two quantities to select top jets and reject quark1095

or gluon jets.1096

The HEP top tagger obtains tagging efficiencies of1097

up to 37% for lower pT top quarks (pT > 200 GeV/c),1098

with an acceptable mistag rate. It has been used by the1099

ATLAS tt resonance search in the fully hadronic chan-1100

nel [84], where no resolved analysis has been performed.1101

R ≈ 0.8

R ≈ 0.4

Merged Jet Radius

[CMS PAS B2G-12-006]

Roman Kogler Search for heavy resonances decaying to top quarks

Candidate Event

14

[CMS PAS B2G-12-006]

[h/t Marcel Vos;
Boost 2012 Report

 (forthcoming)]

Semi-leptonic t-tbar:
Not so extreme

at 13/14 TeV
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Validating 2-subjettiness
Calculations & Measurements

[Fiege, Schwartz, Stewart, JDT]

[ATLAS: CERN-PH-EP-2012-031]


