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Outline
✦Introduction

✦Template Overlap Method

- LO Template for Higgs and Top

✦NLO Template: color flow

- NLO template (and planar flow) for Higgs

✦ Summary
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Why jets?  What else?

✦ QCD amplitudes have soft-collinear singularity

✦ Observable: IR safe, smooth function of E flow

✦ Jet is a very inclusive object, defined via 
direction + pT ( + mass)

✦ Even R=0.4 contains O(50) had-cells => huge 
amount of info’ is lost

Sterman & Weinberg, PRL (77)
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Jet Shapes and Jet Substructure

♦Jet shape: inclusive observables dependent on 
energy flow within individual jets, like moments

e.g. for PQCD 3 prong decays, after the pT and mass being fixed, jet shape is a 
variable in a 4D 3-body kinematical phase-space   => there are more info’

4Sunday, May 22, 2011



Jet Shapes and Jet Substructure

♦Jet shape: inclusive observables dependent on 
energy flow within individual jets, like moments

♦Can we be more systematic in our approach?

e.g. for PQCD 3 prong decays, after the pT and mass being fixed, jet shape is a 
variable in a 4D 3-body kinematical phase-space   => there are more info’

4Sunday, May 22, 2011



Jet Shapes and Jet Substructure

♦Jet shape: inclusive observables dependent on 
energy flow within individual jets, like moments

♦Can we be more systematic in our approach?

♦Energy flow is a natural language for the 
description of jet structure: 

Jet cross sections are naturally described in terms 
of correlation functions of energy flow

e.g. for PQCD 3 prong decays, after the pT and mass being fixed, jet shape is a 
variable in a 4D 3-body kinematical phase-space   => there are more info’
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t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

Need to understand the energy flow inside jet
jet shapes or jet substructure

5Sunday, May 22, 2011



t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

Need to understand the energy flow inside jet
jet shapes or jet substructure

Template Overlap Method

1) LO for Higgs and Top

2) NLO (color flow)
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Template Overlap Method
♦Template overlaps: functional measures that 
quantify how well the energy flow of a physical jet 
matches the flow of a boosted partonic decay

|j>=set of particles or calorimeter towers that make up a jet. e.g. 
|j>=|t>,|g>,etc, where:

“template”

Lunch table 
discussion with 

Juan 
Maldacena
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Template Overlap Method
♦Any region of partonic phase space for the 
boosted decays, {f}, defines a template

♦Our ansatz:  signal distribution 
itself to construct our templates

By weighting energy distribution on detector (EG),
by how close it is to our Template configuration

b

q

q
e.g.: Template Config. for top

♦ Probe template configuration in the entire phase 
space
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Example: The Golden Triangle 
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Template Overlap Method

♦Define “template overlap” as the maximum 
functional overlap of j to a state f[j]:

♦Can match arbitrary final states j to partonic 
partners f[j] at any given order.

♦ General overlap functional:
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Constructing a functional

-we may choose F to be a normalized step function around 
the directions of the template momenta pi

IR safety: F should be a sufficiently 
smooth function of the angles for any 

template state f:

♦A natural measure: weighted difference of their energy 
flows integrated over a region (simple example: Gaussian)

n-particle phase space:

♦ For a given template, with direction of particle a,  
na and its energy Ea(f) :
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Three-particle Templates and Top Decay
♦Construct template: three particle phase space for 
top decay
with

 4 d.o.f.: most straightforward method by 4 angles: 

 1)polar and azimuthal angles that define b and W 
directions in the top rest frame relative to the direction 
of the boost

 2)polar and azimuthal angles that define
q and qbar directions relative to the boost axis from the 
W rest frame
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Three-particle Templates and Top Decay
♦Construct template: three particle phase space for 
top decay
with

 4 d.o.f.: most straightforward method by 4 angles: 

 1)polar and azimuthal angles that define b and W 
directions in the top rest frame relative to the direction 
of the boost

 2)polar and azimuthal angles that define
q and qbar directions relative to the boost axis from the 
W rest frame

Lorentz transformations => 4 angles identified above determine the 
energies and directions of the three decay products of the top at LO
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Three-particle Templates and Top Decay
♦jet mass window 160 GeV  < mJ <190 GeV, cone 
size R = 0.5 (D = 0.5 for anti-kT jet),
jet energy 950 GeV < EJ <  1050 GeV.

♦Template Overlap with data discretization

for data, we encode two physical 
angles in terms of row and 
column number
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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)
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Planar flow

Thaler & Wang, JHEP (08);
Almeida, Lee, GP, Stermam, Sung & Virzi, PRD (09). 

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

✦Planar flow,  Pf, measures the energy ratio between two 
primary axes of cone surface:

where on the RHS we have used that we expect θi ∼ R
for the important contributions (and also since the con-

tributions from the MIs are independent of the actual

hard process that we are interested thus generically we

expect θ = O(R)). The interesting angularity distri-

butions, relevant to highly boosted massive jets are for

a < 0 [6, 12] which emphasize the radiation towards

the cone edge and the leading log approximation where

mJ/pJR � 1 [13]. Consequently, we find that over the

interesting range of parameters we expect the constant

term to dominate with some subdominant linear contri-

bution towards τJ
a ∼

�
τJ
a

�max
. We also find that in gen-

eral the relative correction to angularity is small

δτa

τa
∼

�

i∈R90o

δm2
i

2m2
J

(R12)i
<∼

�

i∈R90o

δm2
i

m2
J

∼ 2δmJ

mJ
� 1 ,

(9)

for example the recent CDF analysis shows that for

pT ≥ 400 GeV, R = 0.7 and mJ ∼ 100 GeV then
δτa
τa

<∼ 2× 4 GeV/100 GeV = O(8%) which is in a good

agreement with the data [6].

Subtraction method for planar flow.
To define planar flow, Pf [12–14], we first construct

for a given jet a 2× 2 matrix IE

Ikl
E =

1

mJ

�

i∈R

Ei
pi,k

Ei

pi,l

Ei
, (10)

where pi,k is the kth
component of its transverse momen-

tum relative to the jet momentum axis. We point that

at small angles Iw actually corresponds to a straightfor-

ward generalization of τ0 promote it to a two dimensional

tensor

τxy
0 ≡ 1

2mJ

�

i∈jet

Ei θx
i θy

=
Iw

2
, (11)

we shall return to this point in the following. Given Iw,

we define Pf for that jet as

Pf = 4
det(IE)

tr(IE)2
=

4λ1λ2

(λ1 + λ2)
2
, (12)

where λ1,2 are the eigenvalues of IE .

IE is a real symmetric matrix thus, without loss of gen-

erality it can be expanded as sum of three basis matrices

IE = p0 σ0 + px σx + pz σz , (13)

where σ0 ≡ 12/
√

2, σx,z are the corresponding Pauli ma-

trices and we use the normalization tr (σiσj) = δij such

that the σis form an orthonormal basis; finally, the pis

are real numbers and the i usefulness of the analogy with

a two+one dimensional Lorentz group become clear in

the following. Pf is given by

Pf =
p2
0 − p2

i

p2
0

≡
m2

IE

p2
0

≡ 1

γ2
IE

≡ 1− β2
IE

(14)

with p2
i ≡ p2

x + p2
z Let us first consider the contribution

to Pf from a single calorimeter cell. It is easy to see

that it satisfies the ”null energy” condition of a massless

particle (p1
0)

2 − (p1
i )

2
= 0 where this is independent of

the chosen frame to calculate Iw. Note that this is the

first point where our result deviates from a generic trivial

description of symmetric real matrices. Thus Pf actually

corresponds to the one over the boost factor for a system

consist of set of massless particles in three dimensions,

or to the ratio of the invariant mass of set of ”massless

particles” to their square of sum of energies.

Let us find the leading order correction from MIs

∆Pf =
∂Pf

∂p0
δp0 +

∂Pf

∂pi
δpi =

2

p0

�
β2

IE
δp0 − βIE δpi

�

=
2

p0

�
(1− Pf)δp0 −

�
1− Pf δpi

�
(15)

In order to obtain the value of p0 in terms of observables

we use Eq. (11)

p0 =

√
2 τ0 . (16)

While τ0 is a simple function of the jet mass and mo-

menta (see e.g) [] as explicitly obtained when evaluating

the jet mass from its four momenta (assuming mJ � PJ

and R� 1)

m2
J �

�
PJ +

�

i∈R

δp2
i

2Ei
, PJ ,�0

�2

≈ PJ

�

i

δp2
i

2Ei

≈ PJ

�

i

Eiθ
2
i = 2PJmJ τ0 ⇒ p0 �

mJ√
2 PJ

.(17)

We thus obtained our final and simple result for the pla-

nar flow correction,

∆Pf =

√
2 PJ

mJ

�
(1− Pf)δp0 ⊕

�
1− Pf δpi

�
. (18)

Let us estimate what is the expected size of δp0,i, since

the correction from the MI is random we genetically ex-

pect δpi ∼ δp0, using Eq. (3) and (17) we find

δp0 �
δmJ√
2 PJ

. (19)

The largest correction is expected for Pf ∼ 0 which is

roughly given by

∆Pfmax ∼
√

2 PJ

mJ

�
δp2

0 + δp2
0 ∼

√
2

δmJ

mJ
, (20)

where using the CDF data we find, say for mJ ∼ 100 GeV

∆Pf <∼ 7% .
Acknowledgments:

[1] G. P. Salam, Eur. Phys. J. C 67, 637 (2010)
[arXiv:0906.1833 [hep-ph]].
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(i) “moment of inertia”:

(ii) Planar flow:

leading order QCD, Pf=0 top jet, Pf=1
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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”.
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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”.

can achieve a sizable rejection power:
Pythia: 1 in 1000
MadGraph: 1 in 600

without optimization!
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Two-particle Templates and Higgs Decay

♦Construct template: two particle phase space for 
Higgs decay

♦Higgs: at fixed z = mJ/P0 ≪1, ϴs  distribution is 
peaked around ϴs  in its minimum value
=> decays “democratic” (❨sharing energy evenly)❩

♦Lowest-order QCD events is also peaked, but 
much less so
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Two-particle Templates and Higgs Decay

♦jet mass window 110 GeV  < mJ <130 GeV, cone 
size R = 0.4 (D = 0.4 for anti-kT jet),
jet energy 950 GeV < EJ <  1050 GeV.

♦Template Overlap with data discretization
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Two-particle Templates and Higgs Decay

♦The templates can be systematically improved by 
including the effects of gluon emissions, which 
contain color flow information
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Two-particle Templates and Higgs Decay

♦The templates can be systematically improved by 
including the effects of gluon emissions, which 
contain color flow information

♦The effects of higher-order effects can be partly 
captured by using Planar flow

(expect soft radiation from the boosted color singlet 
Higgs to be concentrated between the b and bbar 
decay products, in contrast to QCD light jet)
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Two-particle Templates and Higgs Decay

♦Combined with angularity or ϴs : can improved 
rejection power (ϴs and angularities are related)❩

20Sunday, May 22, 2011



Two-particle Templates and Higgs Decay

♦Combined with angularity or ϴs : can improved 
rejection power (ϴs and angularities are related)❩

♦Compared to angularities, ϴs is a parameter for 
two-body template states, which already provides 
useful information on physical states, as well as a 
clear picture of their energy flow.
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Two-particle Templates and Higgs Decay

♦Combined with angularity or ϴs : can improved 
rejection power (ϴs and angularities are related)❩

♦Compared to angularities, ϴs is a parameter for 
two-body template states, which already provides 
useful information on physical states, as well as a 
clear picture of their energy flow.

Rejection Power:
combining jet mass

cut (fake rate: 4.5%, efficiency: 79%) 
efficiency of 9.3%, a fake rate of 0.084%

 
(rejection power 1: 110)

without optimization!
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NLO Templates and Higgs Decay

♦NLO => Soft radiation (color flow)
I. Sung (09)
J. Gallicchio and M. Schwartz (10), 
K. Black, J. Gallicchio, J. Huith, M. Kagan, M. Schwartz, B. Tweedie (10)

♦NLO template:

I. Sung 

L. Almeida, O. Erdogan, J. Juknevich, SL, G. Perez, & G. Sterman (in preparation)

♦Construct template: three Euler angles + x1 & x2

Diagrams by MadGraph  g g -> b b~ g  
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NLO Templates and Higgs Decay

♦NLO => Soft radiation (color flow)
I. Sung (09)
J. Gallicchio and M. Schwartz (10), 
K. Black, J. Gallicchio, J. Huith, M. Kagan, M. Schwartz, B. Tweedie (10)

♦NLO template:

I. Sung 

L. Almeida, O. Erdogan, J. Juknevich, SL, G. Perez, & G. Sterman (in preparation)

♦Construct template: three Euler angles + x1 & x2

Diagrams by MadGraph  g g -> b b~ g  
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since Higgs is a color 
singlet we can provide a 
precise NLO calculation 

in the rest frame.
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NLO Templates and Higgs Decay
2 s

oft 2 & 3 collinear
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 3 collinear
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♦ Differential branching ratio:

Jade with δ=0.01 
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NLO Templates and Higgs Decay
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♦Template Overlap from LO to NLO:
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NLO Templates and Higgs Decay
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♦Template Overlap from LO to NLO:
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NLO Planar Flow for Higgs Decay

♦NLO Planar flow for Higgs:

♦θ≈0 approximaiton: 
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NLO Planar Flow for Higgs Decay

♦NLO Planar flow for Higgs:

♦θ≈0 approximaiton: 
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NLO Planar Flow for Higgs Decay

♦NLO Planar flow for Higgs:

♦θ≈0 approximaiton: 

resummation needed.
But, tail region is already 

well described
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Summary

♦ Template overlaps:  new class of infrared safe jet observables, 
based on functional comparison of the energy flow in data with 
the flow in selected templates of partonic states.

♦Allows for systematic improvement 
e.g.  by incorporating the effect of gluon emission,
 by weighting according to the lowest order matrix elements.

♦Can use our knowledge of the signal to design a custom 
analysis for each resonance.

♦Many applications.

♦Can have a large effect when combined with jet shapes 
or other jet substructure.
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Backups
26Sunday, May 22, 2011



2-body jet’s kinematics, Z/W/h  

✦Angularities distinguish between Higgs and QCD 
jets:

v.s.

a ≤2 for IR safety
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