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

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

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

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

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

tj1
,p2

tj2
)

m2

j

∆R2
j1,j2

> ycut, then deem j to be the

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

1

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

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

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

√
3

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

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

Jet definition σS/fb σB/fb S/
√

B · fb

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

K⊥, R = 1.0, ycut 0.19 0.74 0.22

SISCone, R = 0.8 0.49 1.33 0.42

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

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

√
B for a Higgs boson compared to mistagged

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

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

bb̄
[15]. A second novel element

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

The overall procedure is sketched in Fig. 1. We il-
lustrate its effectiveness by showing in table I (a) the
cross section for identified Higgs decays in HZ produc-
tion, with mh = 115 GeV and a reconstructed mass re-
quired to be in an moderately narrow (but experimen-
tally realistic) mass window, and (b) the cross section
for background Zbb̄ events in the same mass window.
Our results (C/A MD-F) are compared to those for the
K⊥algorithm with the same ycut and the SISCone [16]
algorithm based just on the jet mass. The K⊥algorithm
does well on background rejection, but suffers in mass
resolution, leading to a low signal; SISCone takes in less
UE so gives good resolution on the signal, however, be-
cause it ignores the underlying substructure, fares poorly
on background rejection. C/A MD-F performs well both
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Fig. 3a, b. As Fig. 2 but with the cluster parameter R set to 
0.6R~j= 0.52 

Since all three approaches are similar, we prefer to use 
the first event shape version, which we expect to have 
better theoretical properties due to its closer correspond- 
ence with the angular-ordered picture. 

The need to use the inclusive reconstruction method is 
also related to the transverse boost of the system. If we 
consider a gluon emitted in the W decay, whose transverse 
momentum is much less than the W mass, then either jet 
algorithm in the W rest frame would reconstruct two jets 
roughly corresponding to the q~ pair. However, once this 
system is boosted to the laboratory frame, it is possible 
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Fig. 4a, b. As Fig. ] but with the cluster parameter R set to 0.6Rjj 

that the local k• of the gluon emission inside one jet is 
larger than the p~ of the other jet. Thus the standard 
algorithm would call the hardest vertex the gluon emis- 
sion, rather than the W decay, even if it has an opening 
angle of less than R. On the other hand, the inclusive 
algorithm will merge the gluon, and reconstruct two jets 
roughly corresponding to the q~ pair. 

The event of Fig. 2 is shown again in Fig. 3 according 
to the modified cluster algorithm, with R =0.6Rjj=0.52. 
The reconstructed mass distributions are shown in Fig. 4, 
also with R = 0.6Rjj. Note that the underlying event cor- 
rection has improved considerably, although it is still 
larger than in the cone algorithm. The W and Higgs 
mass distributions have central values and widths of 
79 .3+3 .6GeV and 600 .7_2 .3GeV respectively in the 
cluster algorithm, and 72.7 + 5.6 GeV and 593.5 + 5.2 GeV 
in the cone algorithm. The Higgs mass is measured with 
a central value that is ten times closer to its true value than 
in the cone algorithm, and a width that is more than 
a factor of two smaller. 
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JETS IN HADRON COLLISIONS IN QCD

MICHAEL H. SEYMOUR
Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire. OX11 0QX. England.

I briefly discuss three topics related to the hadroproduction of jets: jet definitions; jet
structure; and the underlying event.

1 Introduction

Jets of hadrons are one of the most striking features of hadronic collisions. They also provide
much of the interesting physics, both directly in QCD studies, and indirectly in reconstruction
of particles that decay to jets, for example the top quark. In recent years, we have grown
increasingly optimistic that jet physics is entering a new era of ‘precision measurements’, based
on the increasing precision of perturbative calculations and parton distribution functions on
the one hand, and the experimental data on the other. In this talk, I would like to discuss
three potential flies in the ointment – areas in which soft or semi-soft physics might spoil the
connection between the hard parton-level calculations and the hadron-level data.

It has recently been realized that the jet definition in current use, the Snowmass-inspired
iterative cone algorithm, is not infrared safe. This means that we cannot calculate jet cross
sections perturbatively. In section 2 I briefly discuss why not, what this might mean, and how
we can rectify it.

Modelling the internal structure of jets well is important, because this determines the de-
pendence of jet cross sections on the jet definition and, to some extent, the systematic errors
on jet measurements. Direct measurement of the jet structure is therefore important as a cross-
check of this modelling, as well as as a test of QCD in its own right. In section 3 I discuss the
measurements that have been made to date, and prospects for improved measurements using
better observables.

One of the biggest uncertainties in jet physics is the correction due to the ‘underlying event’,
the soft collision undergone by the hadron remnants in addition to the hard parton scattering
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Fig. 6. The event of Fig. with 10 piled up events overlaid a, and the 
same thing with calorimeter cells below 1.4 GeV switched off b. The 
W momentum is calculated from all cells with transverse energy 
above 1.4 GeV inside the lines shown for the cluster-motivated 
(solid) and cone-motivated (dashed) calorimeter-level algorithms 

method (A), which is a little better than the calorimeter- 
level cone algorithm. We reiterate that our results are with 
Emin fixed at 1.4 GeV, but that a more complete analysis 
would optimize this value. The event of Figs. 2 and 3 is 
shown again in Fig. 6 in the presence of pile-up. 

We have also tried applying these methods to the tf 
reconstruction problem, and again find that the more 
sophisticated methods are no better than method (A). This 
time however, this is about the same as the standard 
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cluster algorithm, which is still better than the cone- 
motivated calorimeter-level algorithm. Thus we see no 
advantage in using a calorimeter-level algorithm for top 
quark reconstruction (at least when perfect energy resolu- 
tion is assumed). 

To conclude, we have found that pile-up reduces the 
accuracy of semileptonic Higgs boson reconstruction con- 
siderably, but that much of this reduction can be redressed 
by using a calorimeter-level algorithm. The cluster-moti- 
vated calorimeter-level algorithm that works best is the 
simplest one-recalculat ing the jet momenta  using only 
calorimeter cells with transverse energy above a fixed 
cutoff. This works slightly better than the equivalent cone- 
motivated algorithm. 

7 Summary 

We have compared the use of cone and cluster jet algo- 
rithms for the reconstruction of semileptonic Higgs boson 
decays and top quark-antiquark pairs. Our  principle re- 
sults are summarized in Figs. 4 and 5, where it can be seen 
that the cluster algorithm works much better than the 
cone algorithm for the Higgs boson reconstruction prob- 
lem, and a little better for the top quark reconstruction 
problem. We have found that these advantages are re- 
duced, but not removed, if a realistic energy resolution is 
assumed. 

We have also studied the use of calorimeter-level algo- 
rithms to reconstruct the Higgs mass in the presence of the 
piled up minimimum bias events which are expected to 
accompany it at supercollider luminosities. We found that 
the simplest cluster-motivated calorimeter-level algorithm 
works best, and is slightly better than the equivalent 
calorimeter-level cone algorithm. We have found no ad- 
vantage in using such algorithms for top quark recon- 
struction. 

The picture which emerges from this and previous 
studies is that the cluster algorithms seem to have a var- 
iety of advantages over the currently used cone algo- 
rithms. Experimental studies are clearly warranted to de- 
termine whether these advantages can be realized after 
detector effects have been incorporated more fully. 

Acknowledgements. I am grateful to Stefano Catani, Yuri Dokshit- 
zer, Steve Ellis and Bryan Webber for many inspiring discussions. 
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Fig. 6. The event of Fig. with 10 piled up events overlaid a, and the 
same thing with calorimeter cells below 1.4 GeV switched off b. The 
W momentum is calculated from all cells with transverse energy 
above 1.4 GeV inside the lines shown for the cluster-motivated 
(solid) and cone-motivated (dashed) calorimeter-level algorithms 

method (A), which is a little better than the calorimeter- 
level cone algorithm. We reiterate that our results are with 
Emin fixed at 1.4 GeV, but that a more complete analysis 
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shown again in Fig. 6 in the presence of pile-up. 
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vantage in using such algorithms for top quark recon- 
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termine whether these advantages can be realized after 
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•  “Thus	  to	  search	  events	  for	  hadronic	  W	  decays	  
we	  run	  a	  jet-‐finder	  twice,	  with	  a	  large	  cone	  
size	  ∆R1,	  and	  a	  smaller	  size	  ∆R2.”	  

History	  

Chapter 6: Heavy Higgs Boson Search at Hadron Supercolliders229

Figure 6.8: Distributions of ∆Rjj, the separation in η, φ of the two jets which
combine to give mjj ≈ mW, for the Higgs boson signal with mH =
800 GeV (solid), the QCD background (dashed), and each after a
cut on the transverse momentum of the reconstructed W (dotted).

on the W mass we attain is actually rather similar to the one attained with

that algorithm.

Since the W jets fragment from a scale Q2 ∼ m2
W, and have a large boost,

γ ∼ mH/2
mW

∼ 5 they are contained within cones of size ∼ 0.25, so we use this

value for ∆R2. We have optimized the value of ∆R1 with respect to εs/
√

εb,

the improvement in statistical significance of the signal, where εs,b are the

fraction of signal and background events which are reconstructible with given

∆R1, ∆mW, and m′
W values. The optimum values for all the parameters of the

algorithm are given in table 6.2. Note that these ∆R1 values are somewhat

smaller than those used in [118] which were calculated on kinematic grounds

from the average distributions of longitudinal and transverse decays.

In figure 6.8 we show the distribution of jet-pair separations, ∆Rjj from the

VBF signal, and QCD background. These are very similar to the gg signal and

tt̄ background respectively. Both are also shown after a cut on the transverse

momentum of the jet-pair, where the effectiveness of our cut ∆Rjj < ∆R1 can

be seen; the pT cut is weaker than the ∆Rjj cut, and has almost no effect after

the latter. Thus we do not need a cut on pT, unlike previous studies which did

not exploit the angular distribution of the jets.

In figure 6.9 we show the distribution of reconstructed jet-pair masses from
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•  MHS,	  Tagging	  a	  heavy	  Higgs	  boson,	  Jan	  1991,	  
CAVENDISH-‐HEP-‐90-‐25,	  talk	  given	  at	  ECFA	  LHC	  
Workshop,	  Aachen,	  Germany,	  Oct	  4-‐9,	  1990.	  	  
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•  Disclaimer:	  The	  next	  slide	  is	  for	  fun	  
–  I	  am	  really	  not	  a	  cita@on	  chaser!	  

History	  



B
oo

st
 2

01
1	  

	  B
oo

st
	  2
01
1	  
Th
eo

ry
	  S
um

m
ar
y	  
	   Cita@ons	  

0	  

20	  

40	  

60	  

80	  

100	  

120	  

140	  

20
11
	  

20
09
	  

20
07
	  

20
05
	  

20
03
	  

20
01
	  

19
99
	  

19
97
	  

19
95
	  

19
93
	  

19
91
	  

BDRS	  

BER	  

BCF	  

MHS(ZPC)	  
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filtering	  

•  Seriously…	  
–  credit	  should	  go	  to	  those	  who	  see	  the	  importance	  
of	  their	  idea,	  and	  do	  the	  work	  to	  make	  the	  case	  

History	  

BDRS	  2008	  

2009	  

JH	  top	  
tagger	  

2010	  

pruning	  HEPtop
tagger	  

trimming	  

2011	  
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•  44	  talks	  over	  4	  days	  
–  25	  theory	  
–  19	  experiment	  

•  Discussion	  sessions	  and	  report-‐backs	  
•  and	  a	  double-‐act	  ager-‐dinner	  speech!	  

Boost	  2011	  
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•  History	  
•  Tools	  
•  Observables	  
•  Calcula@ons	  
•  Applica@ons	  
•  Summary/outlook	  

Boost	  2011	  Theory	  Summary	  
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•  PLEHN:	  Status	  of	  Higgs	  and	  Top	  taggers	  
•  SALAM:	  Fastjet	  
•  VERMILION:	  SpartyJet	  

Tools	  
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Status of taggers

Tilman Plehn

Higgs

Hadronic tops

Leptonic tops

W/Z bosons

No trees

To do

Standard Model Higgs

Starting frenzy: VH, H → bb̄ [Butterworth, Davison, Rubin, Salam]

– boost mass reconstruction, QCD rejection

– S: large mbb, boost-dependent Rbb

B: large mbb only for large Rbb

S/B: go for large mbb and small Rbb , so boost Higgs

– qq̄ → V�Hb sizeable in boosted regime [p
T

� 300 GeV, few % of total rate]

– Z peak as sanity check

subjet b tag excellent [70%/1%]

– QCD rejection with two b tags ∼ 10−5
[used by Graham et al]

Improving the Higgs tagger

– combine e.g. with QCD pre-jet observables, jet shapes

multivariate analysis [Black, Gallicchio, Huth, Kagan, Schwartz, Tweedie]

1– which new observables have power?

2– do they survive detectors?

3– do they survive pileup?

4– then, combine them again

– no changes in basic idea

– testable in Z → bb̄?

Status	  of	  Higgs	  and	  top	  taggers	  
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	   Status	  of	  Higgs	  and	  top	  taggers	  

Status of taggers

Tilman Plehn

Higgs

Hadronic tops

Leptonic tops

W/Z bosons

No trees

To do

To do: jet algorithms and pileup

Filtering [BDRS, also used in HEPTopTagger]

– designed for C/A algorithm

– reduce effective fat-jet area

zoom in on relevant final subjets

– number of jets and size negotiable

Pruning [Ellis, Vermillion, Walsh]

– designed for kT algorithm

– extract relevant collinear splittings in splitting history

– soft/collinearity condition negotiable

Trimming [Krohn, Thaler, Wang]

– designed for anti-kT algorithm

– remove soft fat jet regions [inverse to filtering]

slightly different interpretation for kT algo

– filtering + pruning useful [Spannowsky & Soper]

– should we use more/less of the clustering history?

– and can we do this with pileup?
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Towards FastJet 3

Gavin Salam

CERN, Princeton & LPTHE/CNRS (Paris)

Work in progress with Matteo Cacciari and Gregory Soyez
alpha releases at http://fastjet.fr/

Boost 2011
PCTS, Princeton, May 2011

FastJet	  
Where	  would	  we	  be	  
without	  FastJet???	  
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Exploring Jet Tools with SpartyJet

Christopher Vermilion
BOOST 2011

5/24/11
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Wednesday, May 25, 2011

SpartyJet	  
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	   SpartyJet	  

SLIDE OF SHAME

• N(Sub)jettiness  (partial credit)

• Template overlap

• Jet dipolarity

• “Substructure without trees”

• Shower deconstruction

• Quark vs. gluon suite (but see http://jets.physics.harvard.edu/qvg/index.html)

• HEP Top tagger (pseudo-public)

• Surely some I’ve missed...

An incomplete list of methods that do not, to my knowledge, have public, certified code

If you build it, I will put it in SpartyJet!

(I would be very happy to be 
corrected!!)

Wednesday, May 25, 2011
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•  Both	  are	  in	  danger	  of	  mission	  creep	  
•  Serious	  danger	  of	  

–  duplica@on	  of	  effort?	  
–  confusion	  of	  roles	  and	  responsibili@es?	  

FastJet	  vs	  SpartyJet	  
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•  S	  LEE:	  Template	  method	  and	  color	  flow	  for	  top	  
•  LARKOSKI:	  Jet	  substructure	  without	  trees	  
•  KROHN:	  ISR	  tagging	  
•  SPANNOWSKY:	  Shower	  deconstruc@on	  
•  THALER:	  N-‐subje@ness	  
•  GALLICCHIO:	  Gluon	  tagging	  at	  the	  LHC	  
•  JANKOWIAK:	  Dipolarity	  
•  TWEEDIE:	  Top	  polariza@on	  
•  SCHWARTZ:	  Mul@-‐variate	  overview	  

Observables	  
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Template overlap combined with jet shape

t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

QCD massive jet

t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

top jet

!Top-jet is 3 body vs. massive QCD jet <=> 2-body (our result)

14Sunday, May 22, 2011

Template	  method	  
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Three-particle Templates and Top Decay

�Combined with “Planar flow”-
distinguishes between many three-jet events with 
large template overlaps. 

�In general, QCD events with large Ov will have 
significantly smaller planar flow than top decay 
events; for the QCD jets a large overlap would be a 
result of a kinematic “accident”.

16Sunday, May 22, 2011

Template	  method	  

Nice	  result,	  but	  
worrying	  
amount	  of	  
model	  

dependence	  
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Angular Correlations

• For any IRC safe set of particles {i}:

• R is not measured wrt jet center

• Distinct from angular profile

• Quantifies jet scaling in an IRC safe way

3

be used to decompose a jet into subjets. This unclustering procedure has seen a wide

variety of phenomenological applications, especially in the context of tagging jets that

result from boosted heavy particle decays, e.g . filtering in boosted Higgs searches [11].

A closely related procedure, referred to as pruning [27], vetoes on QCD-like branches

with the goal of sharpening jet mass resolution. This family of procedures offers a

number of tunable parameters, allowing the user to control how much and what kind

of substructure is identified. A disadvantage of these procedures is that, in order for

them to be most effective, the clustering tree must accurately reconstruct the parton

shower history of the jet. In practice the CA and kT algorithms reconstruct the most

probable shower history, which need not coincide with the actual shower history. In

addition, the parameters which define the unclustering typically impose a hard line

between QCD-like behavior and non-QCD-like behavior that can fail to accommodate

jets that deviate too much from “most probable” jets.

The goal of this paper is to explore an alternative procedure for identifying and

characterizing substructure within jets. The discussion is organized as follows. In

Section 2, we introduce the “angular correlation function” G(R) and discuss how

structure in G(R) can be used to construct IRC safe jet observables. In particular

we use G(R) to extract angular scales R∗ and mass scales m∗ directly from the con-

stituents of a jet without use of a clustering tree. These angular and mass scales

correspond to the angular separations and invariant masses of pairs of hard substruc-

ture in the jet. In Section 3, we present an application of these ideas to the tagging of

boosted top quarks. We find that the resulting top tagging algorithm is competitive

with other methods in the literature. Given the straightforward approach we take in

applying G(R) to top tagging, this good performance ‘out of the box’ is encouraging.

In Section 4 we discuss other possible applications of the methods introduced in this

paper.

2 Angular Correlation Function

To characterize substructure in a jet J we define the angular correlation function

G(R) as

G(R) ≡

�

i �=j
pT ipTj∆R2

ijΘ(R−∆Rij)

�

i �=j
pT ipTj∆R2

ij

≈

�

i �=j
pi ·pjΘ(R−∆Rij)

�

i �=j
pi ·pj

(1)

where the sum runs over all pairs of constituents of J and Θ(x) is the Heaviside step
function. Here pT i is the transverse momentum of constituent i, and ∆Rij is the

Euclidean distance between i and j in the pseudorapidity (η) and azimuthal angle

2

Jet	  substructure	  without	  trees	  
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• Ledges in         = separation of hard subjets

•         for a top quark jet

10
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Figure 1: The angular correlation function G(R) for a sample top jet.

(φ) plane: ∆R2
ij = (ηi − ηj)2 + (φi − φj)2. On the LHS of Eq. (1) the dependence

on transverse momenta is fixed by collinear safety. Provided that ∆Rij is raised to a
positive power, the entire expression is IRC safe. We choose ∆R2

ij in Eq. (1) so that
G(R) has a clear physical interpretation: G(R) is the (fractional) mass contribution
from constituents separated by an angular distance of R or less. An important point
here is that R does not mark the distance with respect to any fixed center.

For a jet with no substructure, G(R) is featureless. In contrast, if a jet has
significant substructure at an angular scale R = R∗, G(R) exhibits a discontinuous
ledge at R = R∗, see Fig. 1. Such a ledge corresponds to two or more hard subjets
separated by a distance R∗ from one another, with the ledge drop determined by the
invariant mass of the subjets. Notice that these ledges are closely related to mass
drops as exploited in a variety of jet substructure studies [8–12]. We expect that a
typical QCD jet will have an angular correlation function that is more or less smoothly
varying without any sharp ledges, while for a jet with significant substructure G(R)
will have one or more sharp ledges at angular scales R = R∗ corresponding to distinct
separations between hard subjets in the jet. This suggests several jet observables
that can be defined from G(R). Given a procedure for finding ledges in G(R), we can
consider: (i) the total number of ledges; (ii) the angular scales R = R∗ at which ledges
are found; and (iii) the ledge drops at each R = R∗. We will see that, once suitably
defined, each of the resulting observables proves useful in characterizing substructure
within jets.

In effect, G(R) defines a continuous family of jet shape observables. Each G(R0)
for a given R0 differs from most jet shape observables in that: (i) it does not contain
any preferred or reference four-vectors (e.g. the energy center of the jet); and (ii)
it involves a sum over two-particle correlations. For example, the radial jet energy

3

Angular Correlations

Jet	  substructure	  without	  trees	  
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• How to find ledges

• Find peaks in the derivative!

• Problem: really want ratio of masses

• Take derivative of 

• QCD is ~scale invariant

• Take derivative wrt log R 

• Reduces noise at small R

13
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Figure 2: pT plot and angular structure function ∆G(R) for the top jet whose G(R) is
illustrated in Fig. 1. (a) The pT plot depicts the transverse energy deposited in calorimeter
cells of size 0.1 × 0.1 in (η,φ) with the area of each red square proportional to the pT .
This top has pT ∼ 300 GeV and a clean three-pronged substructure. (b) For a minimum
prominence of 4.0, ∆G(R) has three peaks with R1∗ = 0.66, R2∗ = 0.91, and R3∗ = 1.48.
The red arrows illustrate the prominence of the two peaks at R2∗ and R3∗.

profile ψ(R) as in [28, 29] quantifies the fraction of a jet’s energy that is contained
within an angular distance R of the center of the jet. Although ψ(R) for a top jet will
exhibit discontinuous ledges at particular angular scales, these scales are not useful
for characterizing the substructure of the jet. This is because the resulting angular
scales, which are defined with respect to the jet center, cannot be used to reconstruct
the separations between the three top subjets. In addition, the invariant masses of
pairs of subjets are not accessible from ψ(R). The angular correlation function G(R)
is closer in spirit to factorial moments as in [30], which were introduced to quantify
scaling behavior in multi-particle production.

In order for the observables derived from G(R) to be useful, care must be taken
in defining them. We find that, instead of directly finding ledges in G(R), it is prefer-
able to find peaks in a suitably chosen derivative of G(R). In particular, because
we are interested in ratios of mass scales, we should look for structure in log G(R)‡.
Because QCD is approximately scale invariant, structure in log G(R) should be iden-
tified by calculating derivatives with respect to logR. Since d/d logR = R d/dR,

‡ The normalization in G(R) has been chosen with this logarithm in mind: G(R) increases mono-
tonically from 0 to 1 as R increases from R = 0 to R = max∆Rij .

4

Angular Structure

Jet	  substructure	  without	  trees	  

cliffs	  
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27

• Constructed a top tagging algorithm 
competitive with others in the literature

Current/Future Directions
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(d) 500–600 GeV

Fig. 3. Mistag rate versus efficiency after optimisation for the studied top-taggers in linear scale (a) and logarithmic scale (b).
Tag rates were computed averaging over all pT subsamples (a,b) and for the subsample containing jet with pT range 300–400
GeV (c) and 500–600 GeV (d)

We finally consider a top-tagger that employs pruning
to groom the jets (described in detail in Section 3.3). For
the purposes of this study, we included an additional step:
To identify the W boson subjet, the final jet is unclustered
to three subjets (by undoing the last merging) and the
minimum-mass pairing is chosen to be the W boson, as in
the CMS tagger.

To generate the pruning tagger efficiency curves in
Fig. 3, the parameters zcut and Dcut are scanned over the
ranges 0.01–0.2 and (0.1–0.85)×(2m/pT )jet. We then scan
the cuts on the jet and W boson subjet masses, with the
only constraint being that the top jet mass is always re-
quired to be greater than 120 GeV. We define two working
points, that yield an average efficiency of 20% and 50%.
The tagger parameters of both working points are given
in Table 1. The tagging rates for signal and background
as functions of anti-kT jet pT are shown in Fig. 4. The tag
rates are relatively flat for pT ! 400 GeV, after a turn-on
for lower pT .

In general all grooming-based taggers that we tested
have a flatter efficiency above pT of 400 GeV than the

ungroomed approaches. This reflects the relative stabil-
ity of the groomed variables as a function of pT . Splitting
scales, in particular, are sensitive to the pT of the initial
jets, however groomed masses correspond closely to phys-
ical quantities and hence are Lorentz-boost invariant.

The overall mistag rates for the different taggers at
the different working points are summarised in Table 2.
For the 20% working point it is clear that the groom-
ing based taggers perform strongly, suppressing the back-
ground by a factor of 20–100. For the samples we chose,
the pruning approach performs best. The ungroomed tag-
ging approaches are more competitive at the 50% work-
ing point, which is often at the limit of the applicable
range for the grooming-based approaches. It can be seen
that the pruning-based approach actually performs worst
at this working point. This seems to be the reflection of
the fact that grooming approaches produce a narrow top
mass peak, typically containing around 60% of the signal
for top jets. To produce an overall efficiency of around
50% , in combination with the mjet > 120GeV require-
ment, we must then choose a large mass window. This

Our Tagger

(a)

300 400 500 600 700

0.5

1.0

2.0

5.0

pT �GeV�

Ε B
���

(b)

Figure 11: The performance of the top tagger as given by the HERWIG event samples.
The background efficiency vs. signal efficiency for our top tagger is compared to other
algorithms in the literature in (a). This figure is reproduced from [36] with the results
from our tagger added. Here the candidate jets have transverse momenta 500 GeV ≤ pT ≤
600 GeV. For Fig. (a) only, candidate jets have been clustered with the anti-kT algorithm
with R = 1.0, as was done in the BOOST study. As a consequence the performance in
(a) is better than in (b), where the large jet radius degrades top mass resolution. In (b)
the background efficiency is plotted as a function of pT for signal efficiencies of �S = 50%
(black), 40% (blue), 30% (green) and 20% (red). Efficiencies at a given pT0 are calculated
from a pT window of 100 GeV centered at pT0. Note that, as a consequence, each point is
not statistically independent. Error bands are statistical.

np = 1 mt min mt max Rmax
1∗ mmin

1∗ �S(%) �B(%)
300− 400 GeV 177 GeV 300 GeV 0.96 78 GeV 23.8 1.9
500− 600 GeV 175 GeV 300 GeV 0.57 74 GeV 27.0 2.6

np = 2 mt min Rmax
1∗ Rmax

2∗ mmin
1∗ mmin

2∗ �S(%) �B(%)
300− 400 GeV 157 GeV 0.85 1.59 30 GeV 77 GeV 57.2 11.4
500− 600 GeV 159 GeV 0.57 1.00 36 GeV 55 GeV 59.6 9.8

np = 3 mt min Rmax
1∗ Rmax

2∗ Rmax
3∗ mmin

2∗ mmin
3∗ �S(%) �B(%)

300− 400 GeV 102 GeV 0.81 1.03 2.11 26 GeV 79 GeV 82.9 15.9
500− 600 GeV 155 GeV 0.62 0.66 1.35 46 GeV 73 GeV 73.6 7.9

Table 1: Sample optimized cut parameters at a (total) signal efficiency of �S = 50% for two
different pT bins. In the rightmost column we show the signal and background efficiencies
obtained within each np bin taken separately; i.e. these numbers do not take into account
what fraction of candidate jets end up in each np bin. Signal efficiency increases substantially
with np.

15

anti-kT, R=1.0, 500 GeV < pT < 600 GeV

Jet	  substructure	  without	  trees	  
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! We see ISR emissions as additional 
states in the detector.

! Basically, they can do two things

1. Some emissions will spatially overlap 
with `signal’ jets (motivation for jet 
topiary).

2. Others will be assigned their own 
jets.

Effects of ISR

ISR	  tagging	  
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	   ISR	  tagging	  

! Just to emphasize what happened 

! On the previous page, for a 1 TeV gluino with a 900 
GeV LSP we were able to infer the presence of 2.5 
TeV physics from four dinky (pT ~50 GeV) FSR jets 
and ISR.  Not bad!

•  Is	  ISR	  extrac@on	  event	  by	  event	  really	  well	  defined?	  
•  But	  concept	  of	  event	  reconstruc@on	  from	  

accompanying	  radia@on	  very	  interes@ng.	  
•  Can	  validate	  on	  SM	  processes?	  
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Figure 5: A shower history for a background event in which a high pT “any” parton, treated as a
gluon, splits to a b + b̄ pair. The QCD shower splitting of a b-quark is to a b-quark plus a gluon.
The b and b̄ quarks radiate gluons and one of the gluons splits into two “any” partons, treated as
gluons.

that this is a g → g + g splitting. Let the label of the daughter that carries the 3 color of

the mother parton J be A. We draw this daughter parton on the left in our diagrams. Let

the label of the daughter parton that carries the 3 color of parton J be B. We draw this

daughter parton on the right in our diagrams. We track the angle variables of two color

connected partner partons to parton J . Parton k(J)L carries the 3 color that is connected

to the 3 color line of parton J . Parton k(J)R carries the 3 color that is connected to the

3 color line of parton J . The labels k(J)L and k(J)R specify lines in the shower history

diagram, not necessarily final microjets. Given the labels of the color connected partners

to the mother parton J , we assign the color connected partons of the daughter partons.

The two daughter partons are color connected partners of each other and each inherits one

of the color connected partners of the mother. That is

k(A)L = k(J)L, k(A)R = B , (3.1)

and

k(B)L = A, k(B)R = k(J)R . (3.2)

If parton J is a b-quark, then it has a color connected partner k(J)R that carries the

3 color connected to the quark’s 3 color. There is no k(J)L partner. The b-quark can split

into daughter b-quark A and a daughter gluon B, which we draw on the right because it

carries the 3 color of the mother b-quark. The color connected partners of the daughter

partons are then

k(A)R = B , (3.3)

and

k(B)L = A, k(B)R = k(J)R . (3.4)

Similarly, if parton J is a b̄-quark, then it has a color connected partner k(J)L that carries

the 3 color connected to the b̄-quark’s 3 color. There is no k(J)R partner. The b̄-quark can

– 12 –

Fat jet: R=1.2, anti-kT

microjets 
R=0.15, kT

Build all possible shower histories

signal vs background hypothesis 
based on:

‣ Emission probabilities
‣ Color connection
‣ Kinematic requirements
‣ b-tag information

bb-
g

gg

ISR

g
ISR

UE

UE

ISR/UE hard interaction

9BOOST 2011                Princeton      Michael Spannowsky             05/23/2011                   

Shower	  deconstruc@on	  
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Figure 5: A shower history for a background event in which a high pT “any” parton, treated as a
gluon, splits to a b + b̄ pair. The QCD shower splitting of a b-quark is to a b-quark plus a gluon.
The b and b̄ quarks radiate gluons and one of the gluons splits into two “any” partons, treated as
gluons.

that this is a g → g + g splitting. Let the label of the daughter that carries the 3 color of

the mother parton J be A. We draw this daughter parton on the left in our diagrams. Let

the label of the daughter parton that carries the 3 color of parton J be B. We draw this

daughter parton on the right in our diagrams. We track the angle variables of two color

connected partner partons to parton J . Parton k(J)L carries the 3 color that is connected

to the 3 color line of parton J . Parton k(J)R carries the 3 color that is connected to the

3 color line of parton J . The labels k(J)L and k(J)R specify lines in the shower history

diagram, not necessarily final microjets. Given the labels of the color connected partners

to the mother parton J , we assign the color connected partons of the daughter partons.

The two daughter partons are color connected partners of each other and each inherits one

of the color connected partners of the mother. That is

k(A)L = k(J)L, k(A)R = B , (3.1)

and

k(B)L = A, k(B)R = k(J)R . (3.2)

If parton J is a b-quark, then it has a color connected partner k(J)R that carries the

3 color connected to the quark’s 3 color. There is no k(J)L partner. The b-quark can split

into daughter b-quark A and a daughter gluon B, which we draw on the right because it

carries the 3 color of the mother b-quark. The color connected partners of the daughter

partons are then

k(A)R = B , (3.3)

and

k(B)L = A, k(B)R = k(J)R . (3.4)

Similarly, if parton J is a b̄-quark, then it has a color connected partner k(J)L that carries

the 3 color connected to the b̄-quark’s 3 color. There is no k(J)R partner. The b̄-quark can

– 12 –

Fat jet: R=1.2, anti-kT

microjets 
R=0.15, kT

Build all possible shower histories

signal vs background hypothesis 
based on:

‣ Emission probabilities
‣ Color connection
‣ Kinematic requirements
‣ b-tag information

bb-

ISR

ISR

g
g

UE
UE

UE

ISR/UE hard interaction
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perfect b-tagging 2 b-tagged microjets

shower deconstruction 
with Pythia

BDRS

‣ Profits more from information than BDRS, e.g. b-tagging

the corresponding shower algorithm is not so practical as an event generator. For instance,

an implementation of the simplified shower algorithm as an event generator might generate

weighted events in a way that makes unweighting the events costly in computer time.

Additionally, probability conservation might be only approximate, so that the generated

weights for different outcomes do not sum exactly to one. No matter: we are not going

to use the simplified shower algorithm to generate events anyway. Additionally, we can

ignore any factors in P ({p, t}N |S) and P ({p, t}N |B) that are common between them for

each {p, t}N since such factors cancel in χ.

Our construction will be far from perfect, and it can be useful even if it is not perfect.

We will use Pythia to measure the cross section dσMC(S)/d logχ to have signal events with

a given value of χ and the corresponding cross section dσMC(B)/d logχ to have background

events with this value of χ. In figure 1, we show these two functions for the simplified shower

as defined in the following sections but with perfect b-tagging. In this illustration, we see

that increasing χ favors signal compared to background.

Figure 1: dσMC(B)/d logχ for background events (upper curve) and dσMC(S)/d logχ for signal

events (lower curve) for samples of signal and background events generated by Pythia. We use

the cuts described in sec. 2.1. In this illustration, we do not account for experimental errors: we

take perfect b-tagging: P (T |b) = 1, P (T |∼b) = 0, and ptagT = 0, applied to all microjets rather than

the leading three, in section 2.2.

There is another way to present the results in figure 1 that is more informative. Let

us define integrated signal and background cross sections (according to our Monte Carlo

program) according to

s(χ) =

� ∞

χ
dχ̄

dσMC(S)

dχ̄
,

b(χ) =

� ∞

χ
dχ̄

dσMC(B)

dχ̄
.

(2.10)

– 8 –
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Jesse Thaler — N-subjettiness

N-subjettiness

Minimization & Boost2010

(Thoughts on Jet Algorithms)

4

[Thaler, Van Tilburg:  1011.2268;  See also J.-H. Kim:  1011.1493]

A New Substructure Measure
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Combining Variables: Girth vs Charged Count
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Likelihood: q/(q + g)

Jason Gallicchio (Harvard) Gluon Tagging and Quark & Gluon Samples 24 May 2011 18 / 54

Gluon	  tagging	  at	  the	  LHC	  
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Best Variables in Each Category for 200GeV Jets
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Dipolarity
 consider the entire radiation pattern of the W at onceColor flow and pull

Within the context of top tagging, several jet observ-
ables have been defined that go beyond the kinematics
of hard partons. These include a number of jet shape
observables such as spherocity [18], planar flow [20, 21],
N -subjettiness [22], and template overlap [23]. The jet
observable defined in the next section draws from the
complimentary information offered by color flow. In a
QCD event, radiation is controlled by the kinematics of
the hard partons as well as by how color indices are con-
tracted together (color flow). Partons whose color indices
are contracted together are color-connected, with a color
string stretching between the two color sources. For ex-
ample, the two quarks in the hadronic decay of a color
singlet like the Higgs form a color dipole whose radia-
tion pattern is contained primarily within a pair of cones
around the two quarks, with a tendency for more radia-
tion to occur in the region between the two quarks [24].

Color flow arguments of this sort have motivated at-
tempts to use QCD radiation patterns for event dis-
crimination, e.g. mini-jet vetoes in Higgs searches [25].
More recently, the authors of [26] introduced a jet ob-
servable dubbed pull, which is a pT -weighted vector in
rapidity-phi space that is constructed so as to point from
a given jet to its color-connected partner(s). Although
pull has been shown to offer some discrimination in par-
ticle searches [27], it does not seem well-suited to tagging
boosted hadronic tops. The most straightforward way to
incorporate pull into a top tagging algorithm is to mea-
sure the pull of two subjets that reconstruct the W± and
check whether each subjet’s pull vector points towards
the other subjet. A problem with this approach is that
the pull vectors are sensitive to how the W± jet is broken
down into two subjets. For a lopsided distribution of the
W± into two subjets, one of the subjets will consist of
only a small handful of calorimeter cells, and as a conse-
quence its pull will be sensitive to statistical fluctuations
and contamination. Even for a W± broken down into two
subjets more symmetrically, the pull vectors can depend
sensitively on the precise boundary drawn between the
two subjets, which itself is a noisy function of the partic-
ular jet clustering algorithm being used. A way around
these difficulties is to consider the entire radiation pat-
tern of the W± simultaneously. This simple idea leads
us to jet dipolarity, which we now define.

Dipolarity

Consider a jet, J , with two subjets, j1 and j2, whose
centers are located at pseudorapidities η1 and η2 and
azimuthal angles φ1 and φ2, respectively. For each
calorimeter cell (ηi, φi) with transverse momentum pTi

let Ri be the euclidean distance in the η-φ plane between
(ηi, φi) and the line segment that runs from (η1, φ1) to

(η2, φ2). Dipolarity is defined as the pT -weighted sum

D ≡ 1
R2

12

�

i∈J

pTi

pTJ

R2
i (1)

where R2
12 ≡ (η1 − η2)2 + (φ1 − φ2)2. Dipolarity is an

infrared and collinear (IRC) safe observable so long as
the algorithm used to identify J , j1 and j2 is IRC safe.
Notice that dipolarity, which is essentially a two-subjet
observable, requires the centers of j1 and j2 as input,
although it does not require that the constituents of J be
partitioned between j1 and j2. The centers of j1 and j2
can be determined by whatever procedure is convenient
for the particular application. For example one could
choose the centers of j1 and j2 so as to minimize the sum
in (1).

Dipolarity will be small when most of the radiation
within the jet J occurs in the region between the two
subjets j1 and j2 and will be large whenever a substantial
amount of radiation is found elsewhere. As a consequence
of the weighting with respect to R2

i in (1), D receives
large contributions from semisoft radiation away from the
cores of j1 and j2. It is this semisoft radiation away
from the cores of j1 and j2 that is expected to reflect the
color configuration of J . The weighting in (1) does not
know about the exact radiation pattern of a color singlet;
nevertheless, we expect that color singlets that decay into
two jets will have small D, while radiation emitted by
colored objects will tend to yield larger values of D.

This expectation can be fleshed out more explicitly by
considering the emission pattern of a third parton with
energy ω from a pair of partons in a particular color
configuration, see e.g. [24]. In the eikonal approximation
(ω → 0) one finds that for a color singlet

Ws(η,φ) ∼ dω

ω

dydφ

χ(η, φ; η1, φ1)χ(η, φ; η2, φ2)
(2)

while for two partons color-connected to the beam

Wns(η, φ) ∼ dω
ω

dηdφ

χ(η,φ; η1, φ1)χ(η, φ; ηbeam)
+ (3)

dω
ω

dηdφ

χ(η,φ; η2, φ2)χ(η, φ; ηbeam)

where

χ(η, φ; ηi, φi) ≡ cosh(η − ηi)− cos(φ− φi) (4)

The resulting radiation patterns are depicted in FIG.2.
One sees explicitly that the color singlet has its radiation
clustered in the region between the two partons, whereas
for partons color-connected to the beam, a substantial
amount of radiation is emitted towards the beam. Using
the expressions in (2) and (3) to calculate D gives the pre-
diction Dns ∼ 2Ds; although this is approximately what
is found from Monte Carlo calculations, expressions (2)
and (3) do not yield dipolarity distributions in quantita-
tive agreement with the Monte Carlo. Given the crude-
ness of the approximations that went into these expres-
sions, this discrepancy is not surprising; a more accurate

2

�1.2 �1.0 �0.8 �0.6 �0.4 �0.2 0.04.4

4.6

4.8

5.0

5.2

5.4

5.6

Η

Φ

R12

Ri

R12 is the separation between 
the two W subjets

pTi is the transverse 
momentum of cell i

pTJ is the transverse 
momentum of the W 

Ri is the distance between 
cell i and the line segment 
that spans the W subjets 

Ri

9

Dipolarity	  
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discovery	  
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	   Mul@-‐variate	  overview	  
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•  SKANDS:	  Vincia	  
•  ALTHEIMER:	  Jet	  merging	  
•  DASGUPTA:	  Jet	  masses	  at	  the	  LHC	  

•  STEWART:	  N-‐jeoness	  &	  jet	  masses	  at	  NNLL	  
•  C	  LEE:	  Non-‐global	  logs	  etc	  in	  SCET	  
•  WALSH:	  Controlling	  jets	  with	  SCET	  

Calcula@ons	  
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	   Vincia	  
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Figure 17: Thrust. Comparison of VINCIA’s automatic uncertainty variations around a default parameter
set (left) with running the generator for each variation separately (right), for variation of the renormal-
ization scale. L3 data from ref. [55]. Unmatched.

the result of the variations, all matching is switched off, and hence the uncertainty bands are rather
larger than would be the case for default VINCIA settings. The L3 data (black points) [55] are included
mostly to provide a constant reference across the plots; we postpone discussion of them to the section on
LEP comparisons (Section 8). The top panels of each the plots shows MC compared to data, with both
normalized to unity. The bottom panels show the ratio MC/data, with the uncertainties on the data shown
as yellow bands, the inner (lighter) one corresponding to the statistical component only and the outer
(darker) shade corresponding to statistical plus systematic errors (added linearly, to be conservative).

Comparing Figs. 17 and 18, one observes that the two different variations lead to qualitatively dif-
ferent shapes on the uncertainty predictions. The renormalization scale uncertainty, Fig. 17, produces
an uncertainty band of relatively constant size over the whole range of Thrust, whereas the finite terms,
Fig. 18, only contribute to the uncertainty for large values of τ = 1− T , as expected. Comparing left to
right in both figures, we conclude that both the features and the magnitude of the full uncertainty bands
on the right are well reproduced by the weight variations on the left.

Available Variations: So far, five types of automatic variations have been included in the VINCIA
code, starting from version 1.025, via a simple on/off switch. These uncertainty variations are:

• VINCIA’s default settings. This is obviously not a true uncertainty variation, but is provided as a
useful comparison reference when the user has changed one or more parameters.

• MAX and MIN variations of the renormalization scale. The default variation is by a factor of 2
around p⊥.

• MAX and MIN variations of the antenna function finite terms. The default variation corresponds
to an integrated ±2 gluons for gluon emission antennae, and an integrated 1

2 splitting, for gluon
splitting, uniformly distributed over the antenna phase space.

50

Automatic Uncertainties
Vincia:uncertaintyBands = on

Traditional
Variaton

(two separate runs)

Automatic
Variation

(one run)

Renormalization Scale Uncertainty
~ constant relative size

Variation of renormalization scale (no matching)

Vincia	  
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Jet	  merging	  
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Jet	  merging	   Really	  should	  be	  
under	  perturba@ve	  

control	  ?	  
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LHC jet
masses and
resummation

Mrinal
Dasgupta

Soft wide-angle emissions beyond one-loop

k1
k2

p1

p2

The fun starts at two-loop level. Looking in the interior of jet
corresponds to non-globalness. Can do explicit calculation
with 2 soft energy ordered gluons ω1 ! ω2.
Configuration would cancel to our accuracy in global
observables.

MD and Salam, 2001, 2002

Mrinal Dasgupta LHC jet masses and resummation

Jet	  masses	  at	  the	  LHC	  
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LHC jet
masses and
resummation

Mrinal
Dasgupta

Resummation

!

Only in leading Nc limit. Can use the hemisphere result
computed numerically via dipole evolution.

S(t) = exp
(

−CFCA
π2

3

(1+ (at)2

1+ (bt)c

)

t2
)

,

where a = 0.85CA, b = 0.86CA, c = 1.33 and t ∼ αsL.

Mrinal Dasgupta LHC jet masses and resummation
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N-Jettiness Event Shape

TN = TN (qa, qb, q1, . . . , qN )

W/Z

qbqa

q1

q2

T a
N

T b
N

T 1
N

T 2
N

TN → 0 for N -jets

TN = T a
N + T b

N + T 1
N + . . . + T N

N

Factorization Friendly

dσ

dT a
N · · · dT N

N

Want to calculate N-jet exclusive cross-sections.

eg. differential jet masses

Why? • sum logs beyond the parton shower (up to NNLL)
• realistic estimates for theory errors

•
• reweight Monte Carlo (eg. Higgs Search)

test and tune Monte Carlo

IS, Tackmann, Waalewijn
arXiv: 1004.2489

Jouttenus, IS, Tackmann, Waalewijn
arXiv: 1102.4344

2Wednesday, May 25, 2011

N-‐jeoness	  &	  jet	  masses	  at	  NNLL	  

How	  sensi@ve	  is	  N-‐jeoness	  to	  underlying	  event?	  
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Jet veto restricts ISR, gives double logs Fixed Order to 
NNLO

Introduction Counting Jets at Fixed Order Resummation at NNLL+NNLO More Jets Summary

Counting Jets at Fixed Order

Fully differential NNLO known numerically
[Anastasiou, Melnikov, Petriello; Grazzini]

FO expansion gets unstable at small pcut
T

and eventually breaks down
Naively, jet veto appears to improve
convergence

Current recipe being used by experiments [Anastasiou et al., arXiv:0905.3529]

Common scale variation for jet bins, e.g. for the Tevatron
∆σ

σ
= 66.5% ×

�
+5%
−9%

�

� �� �
+ 28.6% ×

�
+24%
−22%

�

� �� �
+ 4.9% ×

�
+78%
−41%

�

� �� �
=

�
+14%
−14%

�

0 jets 1 jet ≥ 2 jets

Smaller uncertainty in 0-jet bin than in inclusive cross section

Frank Tackmann (MIT) Theory Unc. in Higgs Searches Using Jet Bins 2011-05-07 6 / 20

Proposed Fixed Order Solution [ Tackmann, ... ]

Perturbative Uncertainties in Jet Bins

There is general agreement among theorists that one should hence treat the
fixed-order perturbative series for σtotal, σ≥1, σ≥2 as independent with
uncorrelated perturbative uncertainties, i.e.

The inclusive jet cross sections are considered uncorrelated

σtotal, σ≥1, σ≥2 ⇒ C =




∆2

total 0 0
0 ∆2

≥1 0
0 0 ∆2

≥2





The covariance matrix for the exclusive jet cross sections follows from

σ0 = σtotal − σ≥1 , σ1 = σ≥1 − σ≥2 , σ≥2

⇒ C =




∆2

total + ∆2
≥1 −∆2

≥1 0
−∆2

≥1 ∆2
≥1 + ∆2

≥2 −∆2
≥2

0 −∆2
≥2 ∆2

≥2
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for scale variation
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Jet veto restricts ISR, gives double logs Fixed Order to 
NNLO

Introduction Counting Jets at Fixed Order Resummation at NNLL+NNLO More Jets Summary

Counting Jets at Fixed Order

Fully differential NNLO known numerically
[Anastasiou, Melnikov, Petriello; Grazzini]

FO expansion gets unstable at small pcut
T

and eventually breaks down
Naively, jet veto appears to improve
convergence

Current recipe being used by experiments [Anastasiou et al., arXiv:0905.3529]

Common scale variation for jet bins, e.g. for the Tevatron
∆σ

σ
= 66.5% ×

�
+5%
−9%

�

� �� �
+ 28.6% ×

�
+24%
−22%

�

� �� �
+ 4.9% ×

�
+78%
−41%

�

� �� �
=

�
+14%
−14%

�

0 jets 1 jet ≥ 2 jets

Smaller uncertainty in 0-jet bin than in inclusive cross section

Frank Tackmann (MIT) Theory Unc. in Higgs Searches Using Jet Bins 2011-05-07 6 / 20

Proposed Fixed Order Solution [ Tackmann, ... ]Fixed-Order Scale Uncertainties

Using naive scale variation for σ0

0
0

2

4

6

8

10

10 20 30 40 50 60 70 80 90 100

NLO

Ecm=7 TeV

p
cut

T
[GeV]

σ
(
p

c
u
t

T
)

[p
b
]

mH =165 GeV

NNLO

⇒

Using above procedure for σ0

0
0

2

4

6

8

10

10 20 30 40 50 60 70 80 90 100

NLO

Ecm=7 TeV

p
cut

T
[GeV]

σ
(
p

c
u
t

T
)

[p
b
]

mH =165 GeV

NNLO

New procedure

Uncertainties reproduce naive scale variation at large cut values

Larger uncertainties at small cut values

→ Now explicitly take into account large logarithmic corrections

Frank Tackmann (MIT) Perturbative Uncertainties in Jet Bins 2011-05-10 11 / 12

34Wednesday, May 25, 2011

Good	  
proposal:	  
worth	  

looking	  at	  
consequenc
es	  for	  other	  

cross	  
sec@ons/	  

observables	  
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Double NGL

Single NGL

1

2
tc2(�

c
1 , �

c
2 , µ) = θ(�c1)θ(�

c
2)

�
− π2

3
CFCA ln2

�� c1
� c2

�

+ ln

�
� c1/�

c
2 + � c2/�

c
1

2

��
CFCA

11π2 − 3− 18ζ3
9

+ CFTRnf
6− 4π2

9

�

+ CFCA

�
fN

�� c1
� c2

�
+ fN

�� c2
� c1

�
− 2fN (1)

�
+ CFTRnf

�
fQ

�� c1
� c2

�
+ fQ

�� c2
� c1

�
−2fQ(1)

�

+ C2
F
π4

8
+

1

2
CFCAs

[CFCA]
2ρ +

1

2
CFTRnfs

[nf ]
2ρ

�

Hornig, CL, Stewart, 
Walsh, Zuberi [1105.4628]Momentum Space Result

Non-Global Non-Logs:

fQ(a) ≡
�
2π2

9
− 2

3(a+ 1)

�
ln a− 4

3
ln aLi2(−a) + 4Li3(−a)− 1

9
(3− 2π2) ln

�
a+

1

a

�
,

fN (a) ≡− 4Li4
� 1

a+ 1

�
− 11Li3(−a) + 2Li3

� 1

a+ 1

�
ln

� a

(a+ 1)2

�

+ Li2
� 1

a+ 1

��
π2 − ln2(a+ 1)− 1

2
ln a ln

� a

(a+ 1)2

�
+

11

3
ln a

�

+
1

24

�
22 ln

� a

(a+ 1)2

�
− 6 ln

�
1 +

1

a

�
ln(1 + a) + π2

�
ln2 a− (a− 1) ln a

6(a+ 1)

+
5π2

12
ln

�
1 +

1

a

�
ln(1 + a)− 11π4

180

a ≡ � c1/�
c
2

Sc(�
c
1 , �

c
2 ;µ) =

� � c
1

d�1

� � c
2

d�2 S(�1, �2;µ)For the double cumulant

agrees exactly numerically with 
Kelley, Schabinger, Schwartz, Zhu 

[1105.3676]

Logs,	  Non-‐Global	  Logs,	  and	  Non-‐
Global	  Non-‐Logs	  in	  Dijet	  Observables	  
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	   Logs,	  Non-‐Global	  Logs,	  and	  Non-‐

Global	  Non-‐Logs	  in	  Dijet	  Observables	  

New Opportunities

• Understanding origin of fixed order NGLs in effective field 
theory opens door to RGE-based method to resum them

• cf. nonlinear evolution equation, solution currently 
only known numerically in large-NC limit.

• When NGLs are not large, our new results allow analytic 
resummation of global logs in dijet observables to NNNLL 
accuracy.

• Dijet soft function directly applicable to beam thrust or
0-jettiness in hadron collisions

• NGLs will appear in multijet/subjet observables, jet cross 
sections with jet energy vetoes, etc.

• Calculation and resummation of global and non-global logs 
bring us into the realm of precision jet physics.

cf. Banfi, Dasgupta, Khelifa-Kerfa, Marzani (2010)
Rubin (2010): NGLs in Filtered Jet Algorithms 
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LHC jet
masses and
resummation

Mrinal
Dasgupta

Resummation

!

Only in leading Nc limit. Can use the hemisphere result
computed numerically via dipole evolution.

S(t) = exp
(

−CFCA
π2

3

(1+ (at)2

1+ (bt)c

)

t2
)

,

where a = 0.85CA, b = 0.86CA, c = 1.33 and t ∼ αsL.

Mrinal Dasgupta LHC jet masses and resummation
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Modes with Nearby Jets:
Collinear and Soft Modes

Tj(p) = nj · p

pc ∼ EJ(1,λ
2,λ)p2c ∼ E2

Jλ
2Tj(pc) = nj · pc ∼ EJλ

2 ⇒

Tj(ps) = nj · ps ∼ EJλ
2 p2s ∼ E2

Jλ
4 ps ∼ EJ(λ

2,λ2,λ2)⇒

collinear: pc ∼ EJ(1,λ
2,λ)

csoft: pcs ∼ EJ
λ2

λ2
t

(1,λ2
t ,λt)

soft: ps ∼ EJ(λ
2,λ2,λ2)

Tj(pcs) = nj · pcs ∼ EJλ
2 p+cs

p−cs
∼ λ2

t& pcs ∼ EJ
λ2

λ2
t

(1,λ2
t ,λt)⇒

&

&

λ =
m2

J

Q2

λt =
t

Q2

Controlling	  jets	  with	  SCET	  
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•  TAKEUCHI:	  stop	  with	  HEPTopTagger	  
•  SHELTON:	  top	  FB	  asymmetry	  with	  HEPTT	  
•  FAN:	  SUSY	  with	  unconven@onal	  signals	  
•  YAVIN:	  Lepton	  jets	  
•  KRIBS:	  Boosted	  Higgs	  from	  new	  physics	  

Applica@ons	  
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	   stop	  with	  HEPTopTagger	  

j

j1
j2 j3

j4
j5

HEPTopTagger in color

fat jet

↓

mass drop

↓

filter

↓

recluster

HEPTopTagger:  T. Plehn, G.P. Salam, M. Spannowsky, M. Takeuchi and D. Zerwas 
hep-ph/0910.5472     hep-ph/1006.2833

11
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Stop reconstruction

with the

HEPTopTagger

Michihisa Takeuchi

(Uni Heidelberg)

introduction

HEPTopTagger

stop pairs

hadronic channel

semi-leptonic channel

Leptonic top tagger

Summary

modestly boosted tops at LHC

top partner expected from naturalness

– cancellation expected via top partner in Higgs sector (ex. SUSY, Little Higgs)

– mt̃ ∼ 500 GeV favored to avoid little hierarchy problem (log Λ)

top pT distribution at the LHC

– boosted top can avoid combinatorics background

– several top taggers available, looking into substructure

[Kaplan, Rehermann, Schwartz, Tweedie] [Thaler, Wang]

[Almeida, Lee, Perez, Sterman, Sung]

designed for pT > 500 GeV, not expected in SM

– t̄t at LHC 7 TeV

pT > 500 GeV: 150 fb

200 < pT < 500 GeV: 8970 fb

– our target: modest pT range (200 < pT < 500 GeV),

· testable in SM

· expected in top-partner decay

[GeV]
T

p
0 200 400 600

N
um

be
r o

f t
op

s

310

410

510

hadronic top

0 100 200 300 400 500 6000

0.05

0.1

0.15

0.2

0.25

0.3

stop mt̃ = 540GeV

stop	  with	  HEPTopTagger	  
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A few words about leptons

• Charged lepton rapidities are
also measuring polarization:

• lepton rapidity depends on
parent top βt , cos θt , and lepton
angle cos θ�

• can be important for
understanding acceptance

• Relation between top asymmetry and lepton asymmetry
A�

FB depends on model and is a powerful tool for
discriminating between models

top	  FB	  asymmetry	  with	  HEPTopTagger	  

bias	  new	  physics	  reach	  by	  using	  too	  many	  features	  
of	  top	  decay	  to	  tag	  it?	  
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B̃ q̃

!"#$%&'($)#**+,-'&.$+/'#$#/&$

!"#$%&"'%"&()'*"+,)-(+./)

SUSY	  with	  unconven@onal	  signals	  
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!"#$#%&'($)
!"#$%&'()*+,-.&#%$/)*,-.*0,1'2%3)*2%45426777897:*4$"4"&%.*;<//&*1"*42"1"-&*,&*,-*
<-1%$%&1<-/*&</-,1($%=*0"$%*/%-%$<',>>?*></21*,@<"-5><A%*4,$1<'>%*B<>>*?<%>.*C,-?*42"1"-&=*

D,A%-*E$"C*2%45426777897:*

F"(4>%&*1"*/>("-&*,-.*42"1"-&=*

;,3%*1"*B"$$?*,*><11>%*#<1*,#"(1*12%*
.%',?*>%-/12*=*=*=

Lepton	  jets	  
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Top partner production & decay:

400 600 800 1000 1200
0.0
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0.8
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MT �GeV�

B
R
�T�

X
�

FIG. 1. Branching fraction of T to t + h, mh = 120 GeV

(solid), b + W (dotted) and t + Z (dashed) as a function of

mT . An η value of 0.5 has been chosen, though the branching

ratios are essentially independent of η.

400 1000 1500 200010�4
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FIG. 2. Comparison of the production cross sections σ(pp →
T T̄ ) (solid) and σ(pp → T+j, T̄+j) (dotted) with at least one

T → th at a 14 TeV LHC. The η parameter, which enters into

single production, has been set to 1/2. Smaller η decreases

the cross section slightly.

depends on the b-quark pdf of proton, proportional to
the electroweak coupling, and additionally suppressed
because of W exchange in the T−channel. As long as
mT � 1.1 TeV, single production is always subdominant
with respect to the QCD pair production of T [20, 37].
The dominance of the pair production below 1.1 TeV is
demonstrated in Fig. 2.

Single production, while subdominant, does neverthe-
less create a cleaner final state compared to pair produc-
tion, for example pp → T+q. Cleaner states are certainly
easier to reconstruct, however one T resonance in the
event obviously provides fewer handles for distinguishing
signal and background compared to T pair production.
We find the cleaner final state does not compensate suffi-
ciently for the lack of handles, so single production is al-
ways inferior to pair production, at least for the purpose
of Higgs discovery. Therefore, in this work we concen-
trate on the following set of topologies: pair production
of T followed by the decay of one T to t+h and the other

FIG. 3. A sample Feynman diagram for T T̄ pair production

followed by decays to a Higgs boson and a W or Z.

T to b+W or t+ Z.

B. Search Strategy

In order to come up with a successful search strategy,
we first need to understand the standard model back-
grounds as well as new physics backgrounds that we must
overcome. Every interesting signal event contains multi-
ple resonances, meaning Higgs bosons, W , Z, or tops.
More specifically, in addition to the Higgs boson, there
is always at least one top quark, one gauge boson and
one b quark. Signal W bosons and b quarks can either
come directly from the decay of the top-partner, or they
can come from the decay of the top. The dominant SM
backgrounds are t̄t+jets, t̄t+ b̄b and W/Z+jets – all pro-
cesses with large cross section containing gauge bosons
and multiple hard jets. We will restrict our search to fi-
nal states which contain at least one lepton to avoid an
overwhelming QCD multi-jet background. The specifics
of the backgrounds, including cross sections and genera-
tor details, will be given in Sec. IV.
The success of our search for a boosted Higgs boson

relies crucially on combinations of conventional handles
(such as existence of isolated leptons and large HT i.e.
scalar sum of visible energies in an event) and slightly
unconventional tools (boosted object taggers). Each of
these handles is described in more detail in the following
subsection.

• isolated lepton: In our simulation leptons
are considered as isolated they have pT >

15 GeV, |η| < 2.5 and if the energy deposited by
hadrons within a cone of size R = 0.4 surrounding
the lepton is less than 20% of the energy deposited
by the lepton. Our simple implementation tags lep-
tons with a 90% efficiency.

• HT: HT is defined as the scalar sum of all visible
energy in the detector with |η| < 4.0. We calculate
it by summing up the energies of all particles except
neutrinos. Also note that after the hadrons are
granularized into calorimeter cells, we disregard all

3
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FIG. 7. Resonance jet mass distribution. We assume an integrated luminosity of 10 fb
−1

at a 14 TeV center of mass LHC.

The search strategy is described in Sec. III B and in Fig. 6. An additional cut on HT > 1, 1.3 TeV is imposed for top-partner

masses of 800, 1000 GeV.

ories. In particular, we map our parameter space onto

two specific examples of these models: the simplest lit-

tle Higgs model [13] and the top quark seesaw theory of

electroweak symmetry breaking [78].

A. The Simplest Little Higgs

In the simplest little Higgs model, the Higgs boson

is naturally light because it is a Nambu-Goldstone bo-

son of a spontaneously broken symmetry (SU(3)W ×
U(1)X)/(SU(2)W ×U(1)Y ). Nonzero vevs of two scalars

(say, φ1 and φ2) in the triplet representation of SU(3)W

break the full symmetry down to SU(2)W ×U(1)Y at the

scale f > v. Interactions of SM Higgs doublet can easily

be calculated in the following parametrization of the φi

fields:

φ1 = exp

�
i

�
H

†

H

���

f

�
(9)

φ2 = exp

�
−i

�
H

†

H

���

f

�
(10)

The quadratic divergences associated with the top

Yukawa is cancelled by extending the SU(3) symmetry

to the Yukawa couplings. First, the quark doublets are

enlarged into SU(3) triplets: Ψ ≡ (Q3, T ), transforming

under the SU(3)W gauge symmetry. Second, two color-

triplet, SU(3)W -singlets T
c
1 and T

c
2 are introduced. The

U(1)X charges of T
c
1 and T

c
2 are chosen to be equal and

identical to the U(1)X charge of t
c
.

LYukawa = λ1φ
†
1ΨT

c
1 + λ2φ

†
2ΨT

c
2 . (11)

Expanding φ1 and φ2 around their vevs (as in Eq. (9))

7

10 fb-1 @ 14 TeV 

KMR 1012.2866

Boosted	  Higgs	  from	  new	  physics	  
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•  SOPER:	  Introductory	  theory	  talk	  
•  VOS:	  Overview	  of	  Boost	  2010	  

Miscellaneous	  



B
oo

st
 2

01
1	  

	  B
oo

st
	  2
01
1	  
Th
eo

ry
	  S
um

m
ar
y	  
	  

Where does the radiation go?

Introductory	  theory	  talk	  

Maybe	  the	  radia@on	  
zero	  in	  the	  W	  direc@on	  
is	  interes@ng/useful?	  



B
oo

st
 2

01
1	  

	  B
oo

st
	  2
01
1	  
Th
eo

ry
	  S
um

m
ar
y	  
	  

!"##$%&'(()!*+,-./01-)!234!&'((

!""#$%&%!'()*+,-'$.%/'*()0123%4105#'$

!Many groups, many great ideas, many promising results, but … not easy to compare performance in 

a meaningful way

!Benchmark: created events for QCD inclusive jets and SM tt production

!Pythia and Herwig, several tunes for UE, several options for parton shower*. Their use here does not imply we 

claim that these samples are any more “true” than others. Recent LHC work has rendered them obsolete, as expected.  

!Samples provided on two “mirror” sites:

" !""#$%%&&&'(#"!)'*+,,-)+'./%),0(01%#/2*)3",%422,"56768)9):",%

" !""#$%%")9;'#!<,'&0,!-:="2:')>+%?)/0@30()%422,"5676%

!"#$#%&'()*+,*-.),/*)0*-1/2&"3)%*,(

A8A-:32/#2/0")A12/)A+#8"28>0")A"+:),AB321#0/-:=AC?DC@A0:>AEF@GA.092/-"),A"+:),A.2/A,)9)/0(A
=):)/0"2/,HI

A8A-:3(+>)AFJ8K@A10"3!)>A,01#(),ABCDKLJMHI

A8A#/29->)A1-:-1+184-0,A)9):",NA):04(-:=A#-()8+#A,"+>-),

A8A#/29->)A4):3!10/OA>)")3"2/AB3.AK)")/AD23!G,A"+"2/-0(I

BPIAQJRSTLA-,A+,)>A-:A32:*+:3"-2:A&-"!AUTFFVA"!0"A"0O),A30/)A2.A"!)A+:>)/(<-:=A)9):"A=):)/0"-2:'AW2/A"!-,A,"+><A&)A/)(<A2:A0A"+:)A./21AC?DC@AXC?DKQV@8KYZ856768665[AAAKV?QTCA\';NA&-"!A0A:+14)/A2.A
"+:),A.2/A"!)AYJA>),3/-#"-2:$A]SNA]S?A0:>AK)/+=-06'A?!)A#0/"2:A,!2&)/A12>)(A2.A"!)A]SA0:>A]S?A,01#(),A-,A^582/>)/)>'AZ2"!A<-)(>A->):"-30(A/),+(",A.2/A"!)A+:>)/(<-:=A)9):"A0"A"!)A?)90"/2:'AQ2&)9)/NA

"!)A"&2A"+:),A)_"/0#2(0")A>-..)/):"(<A"2A"!)ADQENA&!)/)A]S?A()0>,A"2A0A12/)A03"-9)A+:>)/(<-:=A)9):"'A?!)AK)/+=-0A"+:)AXK)")/A`)-()/A@O0:>,'A?+:-:=AF2:")AE0/(2AL):)/0"2/,$A?!)AK)/+=-0A?+:),'A5676'[A
+,),A0A#?A82/>)/)>A#0/"2:A,!2&)/'A?2A>-,):"0:=()A"!)A-1#03"A2.A"!)A#0/"2:A,!2&)/A0:>A"!0"A2.A"!)A+:>)/(<-:=A)9):"NA&)A=):)/0")>A0:A0>>-"-2:0(A,)"A2.A,01#(),A&-"!A"!)AYJA=):)/0"-2:A,&-"3!)>A2..'A

Overview	  of	  Boost2010	  
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	   Overview	  of	  Boost2010	  

!"##$%&'(()!*+,-./01-)!234!&'((

!"#$%&'(")*"+*,%-&")'.*/"$0/%11')1*$2&+"&#%).23**ε
4!5*

6(*ε
/"$
*

! 7%./"&*8*9*:;<*

! 7%./"&*=;*9*=;*< 7"&*>;;*?*$
@
*?*A;;*B2C

! 7%./"&*D;;*9*D;*<*

" B&""#2-*/%112&(*EF"$G')(H!IJHK&L)')1M*$&"6'-2*N2(/*$2&+"&#%).2*+"&*ε*?*=;*<

" O)1&""#2-*/%112&(*E@,%P2&*Q*R%)1HS@TSJM*$&"6'-2*N2//2&*$2&+"&#%).2*+"&*ε*U*:;*<

" !,"'.2*-2$2)-(*")*%)%PV('(W*')*$%&/'.LP%&*P2$/")*X*Y2/(*+')%P*(/%/2*6(Z*+LPPV*,%-&")'.*262)/

!"#$%&''()'*+++*
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•  The	  study	  of	  boosted	  objects	  is	  moving	  
incredibly	  fast:	  some	  ideas	  1990-‐2007	  but	  
truly	  revolu@onised	  in	  2008	  and	  already	  a	  
maturing	  field	  with	  its	  own	  conference	  series	  

•  Much	  progress	  and	  understanding	  s@ll	  needed	  
•  But	  one	  important	  new	  feature	  this	  year…	  

Summary/outlook	  
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Boosted top candidate 
! Handful of such events in ttbar resonance selection (~ x-sec selection) on 2010 data: 

see ATL-COM-PHYS-2011-259 

AntiKt 0.4 jets 

AntiKt 1.0 jets 

Data!	  

World’s	  first	  
boosted	  
hadronic	  
object	  


