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♦Jet mass and other important jet shapes.
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Looking at boosted massive objects, 
generic motivations

Seymour (93); Butterworth, Cox, Forshaw (02); 
Agashe, Belyaev, Krupovnickas, Perez & Virzi (06); 
Lillie, Randall & Wang (07); Butterworth, Davison, 
Rubin & Salam (08).

♦New hard dynamics => boosted electroweak+top particles.

♦Massive particles easier to identify when boosted.
Combinatorial background is removed, less soft junk collected & 
often backgrounds fall faster than signal with energy.
For instance                  h + V, t, χ0, g̃

Observing signal => identify collimated W/Z/h/t,                         .                       ∆θij ∼ mJ/EJ
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The challenge of highly boosted Massive Jets 

 ♦ Since Mt,h ≪ MX the outgoing SM particles are 
ultra-relativistic,  their decay products are collimated

♦ Fine tuning solution => New states 
decay quickly to massive SM particles

(missinb + µ + ν̄µ

 ♦The concept of 
boosted massive 
jet emerges
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Figure 8: Results of “type 1 + 1” high mass event selection and background estimates. The
yellow histogram is the QCD estimate from the data-driven technique described in the text,
and the red histogram is the estimate from tt̄ continuum production. A data-to-Monte-Carlo
scale factor of 0.86 ± 0.24 is also applied to the tt̄ Monte Carlo to account for differences in
the jet substructure algorithms in a semileptonic tt̄ control sample. The black points are the
data. The shaded gray boxes indicate the statistical and systematic uncertainty on the total
background estimate. The errors shown are not an accurate representation of the background
uncertainty in the counting experiment, as they do not take into account events moving in and
out of the signal window.

CMS PAS EXO-11-006

(nothing interesting found by CMS in the 2+1 case)

The LHC frontier: hard/boosted tops phys.
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Figure 4: Reconstructed tt̄ mass on linear (a) and logarithmic (b) scales using the dRmin algorithm after

all cuts. The electron and muon channels have been added together and all events beyond the range of

the histogram have been added to the last bin. Only statistical uncertainties are shown.

Figure 5: Event display for a high-mass event (mtt̄ = 1602 GeV). The main panel on the top left shows

the r − φ view, the bottom panel the r − z view, and the middle right panel the calorimeter η − φ view.

The top quark boosts lead the decay products to be collimated, albeit still mostly distinguishable using

standard reconstruction algorithms.

8

ATLAS-CONF-2011-087



Higgs hunting

✦Search for Higgs boson in W/Z+H, H → bb. 
Butterworth, Davison, Rubin & Salam (08).

_
Example improvement from boosted regime[Introduction]

Search for main decay of light Higgs boson in W/Z+H, H → bb̄

ATLAS TDR
(unboosted)

(boosted)

restricting search to ptH > 200 GeV

using the method from Butterworth, Davison, Rubin & GPS ’08

Gavin Salam (CERN/Princeton/Paris) Boosted Theory LHC4TSP, 2011-08-30 4 / 19
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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



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

iii)Template Overlap Method

1) LO for Higgs and Top

     2) NLO Higgs(+color flow)

ii)Jet Shapes

i)Jet Mass



Jet Mass-Overview
✦Jet mass-sum of  “massless” momenta in h-cal              

        inside the cone: m2
J = (

�
i∈R Pi)2, P i2 = 0

✦Jet mass is non-trivial both for S & B

(naively: QCD jets are massless while top jets ~ mt)



Jet Mass-Overview
✦Jet mass-sum of  “massless” momenta in h-cal              

        inside the cone: m2
J = (

�
i∈R Pi)2, P i2 = 0

✦Jet mass is non-trivial both for S & B

(naively: QCD jets are massless while top jets ~ mt)

✦S&B distributions via 1st principles & compare 
to  Monte-Carlo & real data.

✦Allow to improve S/B & yield insights!

✦ Simple mass tagging tricky (counting in mass window)
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✦ Naively the signal is J ∝ δ(mJ −mt)

✦ In practice: 

+ detector smearing.

Non trivial top-jet mass distribution

Can understood 
perturbatively

fast & small~10GeV
Pure kinematical bW(qq) 

dist’ 
in/out cone
~0.2 GeV

(Fleming,  Hoang,  Jain, Mantry, Scimemi, Stewart)  Almeida, SL, Perez  Sung, & Virzi.

http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Fleming%2C%20Sean%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Fleming%2C%20Sean%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Hoang%2C%20Andre%20H%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Hoang%2C%20Andre%20H%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Mantry%2C%20Sonny%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Mantry%2C%20Sonny%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Stewart%2C%20Iain%20W%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Stewart%2C%20Iain%20W%2E%22


- can interpret the jet function as a probability density functions for a jet with a given pT to 
acquire a mass between mJ and mJ + δmJ

i

✦Boosted QCD Jet via factorization:

Full expression:

J i

QCD jet mass distribution



- can interpret the jet function as a probability density functions for a jet with a given pT to 
acquire a mass between mJ and mJ + δmJ

i

✦Boosted QCD Jet via factorization:

Full expression:

J i

QCD jet mass distribution

For large jet mass & small R,
no big logs =>

   can be calculated via
perturbative QCD!



Energy dist’ massive jets, splitting function

Altarelli-Parisi Equations in Clavelli-Nilles Article

December 29, 2010

1 Introduction

In their article [1], Clavelli and Nilles calculate the cross-section for producing massive jets in e+e−

collisions: dσ
dM2 , where M2

H/L
can be the mass of the heavier / lighter jet. They start by calculating

only one massive jet to first order in α(s). This results from qq̄ generation and one quark emitting
a gluon. The calculation is done diagrammatically, and later (for two massive jets) using AP
equations.

2 Word for Word from [1]

In QCD the probability for a parton j to emit a parton i with energy fraction x at angle θ is

α(s)

π
Pij(x)dx

dθ

θ

in this leading-logarithm approximation. Here Pij(x) is the Altarelli-Parisi matrix [2]

Pqq(x) =
4

3

1 + x2

1− x
= Pgq(1− x) (5.5a)

Pqg(x) =
1

2
[x2 + (1− x)2] (5.5b)

Pgg(x) = 6

�
x

1− x
+

1− x

x
+ x(1− x)

�
(5.5c)

Thus the probability for a parton j to dissociate into two partons with invariant mass M is

pj(M
2)dM2 =

α(s)

2π

dM2

M2

�

i

� 1

M2/s

Pij(x)dx (5.6)

One finds

pq(M
2) =

8α(s)

3π

1

M2
(ln s/M2 − 3

4
) (5.7)

and

pg(M
2) =

6α(s)

πM2
(ln s/M2 − 8

9
) (5.8)
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Main idea: calculating mass due to 
two-body QCD bremsstrahlung:

QCD jet mass distribution, Q+G
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Figure 19: Feynman rules associated with the F+ν operator at the end of a Wilson line.
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Figure 20: Feynman rules associated with eikonal lines, from the expansion of the Wilson
lines.
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Figure 21: Real contributions to the quark jet function at order αS.

38



Main idea: calculating mass due to 
two-body QCD bremsstrahlung:

QCD jet mass distribution, Q+G

(a) (b) (c)

(f)(e)(d)

p
p

−g fabc ( g +  g −g +  g  )

c

i(p+  g  − p  g + ) ac

c

p

Figure 19: Feynman rules associated with the F+ν operator at the end of a Wilson line.

k

ij −i g ta,ij

−1

Figure 20: Feynman rules associated with eikonal lines, from the expansion of the Wilson
lines.

(a) (b) (c)

Figure 21: Real contributions to the quark jet function at order αS.

38



Main idea: calculating mass due to 
two-body QCD bremsstrahlung:

QCD jet mass distribution, Q+G

(a) (b) (c)

(f)(e)(d)

p
p

−g fabc ( g +  g −g +  g  )

c

i(p+  g  − p  g + ) ac

c

p

Figure 19: Feynman rules associated with the F+ν operator at the end of a Wilson line.

k

ij −i g ta,ij

−1

Figure 20: Feynman rules associated with eikonal lines, from the expansion of the Wilson
lines.

(a) (b) (c)

Figure 21: Real contributions to the quark jet function at order αS.

38



QCD jet mass distribution, Q+G

Data is admixture of the two, should be bounded by them:



Jet mass distribution theory vs. MC 
Sherpa, jet function convolved above pmin
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Jet mass distribution theory vs. MC 
Sherpa, jet function convolved above pmin

T
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Jet Mass is under theoretical 
control!



Jet mass distribution @ CDF 
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Data nicely interpolates between 
quark and gluon jet functions 

consistent with mostly quark case!
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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)



Beyond mass, higher moments, angularity (2 body)

♦Given jet mass & momenta, only one additional independent, 
variable to describe energy flow:

Berger, Kucs, Sterman, PRD (03);
Almeida, SL, Perez, Stermam, Sung & Virzi, PRD (09). 
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−2 Almeida, SL, Perez, Sterman & Sung.

after fixing mass - 
signal & backgroun 
dist’ are similar in 

shape !
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♦If mass is due to 2-body => sharp prediction (kinematics):
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Angularity for jets with mass ∈ (90, 120) GeV/c2, pT > 400 GeV/c, 0.1 < |η| < 0.7, cone R=0.7. 
Black crosses are the data, red dashed is QCD MC, τmin and τmax predictions are also shown. 
The inset plot compares the results with Midpoint/SC and Anti-kT
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♦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-
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. We also find that in gen-
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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].
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To define planar flow, Pf [12–14], we first construct
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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
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we shall return to this point in the following. Given Iw,

we define Pf for that jet as

Pf = 4
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tr(IE)2
=
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(λ1 + λ2)
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, (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
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with p2
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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
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In order to obtain the value of p0 in terms of observables

we use Eq. (11)
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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
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We thus obtained our final and simple result for the pla-
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Let us estimate what is the expected size of δp0,i, since
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where using the CDF data we find, say for mJ ∼ 100 GeV

∆Pf <∼ 7% .
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δτa
τa

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

�
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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
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that it satisfies the ”null energy” condition of a massless
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2 − (p1
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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
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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)
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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
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δp2

0 + δp2
0 ∼

√
2
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, (20)

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

∆Pf <∼ 7% .
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(i) “moment of inertia”:

(ii) Planar flow:

leading order QCD, Pf=0 top jet, Pf=1Almeida, Lee, GP,  Sung, & Virzi (09)

LHC14

5

of boosted massive jets [15, 16]. This analysis looks for
two massive jets, with mass of 130−210 GeV and a pT in
the range of 400-500 GeV. An excess of 3.44σ relative to
a simple (yet naive) data driven estimation of the QCD
prediction is observed. If one is to interpret this excess as
coming from new physics, a new source of hadronic tops is
required with a cross section of roughly 11± 3.2 fb [36].
We find that our model yields a contribution to the tt̄
hadronic cross of ∼5 fb, on top of the SM prediction of
2 fb [15, 37]. This is about 1.8σ below the observed ex-
cess. A possible tension with the reported measurement
is that no excess was found in hadronic-leptonic top pair
events. However, the corresponding search relies on a
large missing energy cut, which tends to be noisy, with
somewhat smaller signal to background ratio [15]. In the
case of our prediction above, this tension is only at the
level of 1σ (see [36]).
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FIG. 2: Planar flow distribution at the Tevatron, assum-

ing the following cuts for any given jet: pT > 400 GeV,

130 < mjet < 210 GeV, |η| < 0.7, missing ET significance

smaller than 10 and a cone size of 1.0 (anti-kt). The solid red

(dotted blue) line denotes the QCD (QCD+tops) SM pre-

diction, the black circles with error bars describe the CDF

data and the dashed-dotted green line is the flavor triviality

prediction (including the SM).

The excess of top pairs implied above can be detected
using jet substructure analysis techniques. One such
example is the jet shape variable named planar flow
(PF) [38] (see also [39]). High-pT QCD jets tend to give
low PF values, while top jets lead to higher PF values.
In Fig. 2 we present a comparison of the PF distribution
between the SM, our model and the latest CDF data [16],
for jets with mass of 130-210 GeV and pT of 400-500 GeV.
We use Madgraph/MadEvent [40] with the Pythia pack-
age [41] and modified MLM matching [42], and the re-
sults are interfaced to FASTJET [43] for jet clustering.
For the SM QCD + top jet PF distribution, we find a

ratio for the SM tt̄: QCD contributions of 1:13.7 This is
just to illustrate the method since the QCD differential
cross section has a sizable uncertainty. It is evident that
the RS contribution is somewhat closer to the data than
the pure SM distribution.

Higgs Mass Dependence. It is known that the
goodness-of-fit of the SM to EW precision observables
strongly depends on the Higgs mass, and rapidly deteri-
orates when the latter is raised above the LEP bound.
Interestingly, our model’s fit depends only mildly on the
Higgs mass, as can be seen in Fig. 3. Thus, large Higgs
mass values are still compatible with the model, without
spoiling the EW fit (see also [2, 44] for similar results in
RS based on effectively oblique analyses). This is due to
additional contributions to the gauge boson self-energies,
which can be tuned to compensate the SM ones from a
heavier Higgs. In this context, it should be mentioned
that we found another χ2 minimum for mKK ∼9 TeV,
which is slightly lower than the one reported in [10]. How-
ever, we choose to cutoff anything above 4 TeV, hence
vetoing excessively fine-tuned models.
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FIG. 3: Comparison of ∆χ2
of the SM and the flavor triviality

model as a function of the Higgs mass.
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7 For QCD, we use MG/ME with a modified MLM matching

scheme, while for tt̄ events, we rescale the LO MG/ME cross

section (without matching) to the NLO cross section [15, 37].



Background rejection, basic approaches

(naively: QCD jets are massless while top jets ~ mt)♦Moments. (easy to get LO PQCD, weak jet finder dependence, etc ) 
Recently: Almeida, SL, Perez, Sterman, Sung & Virzi; 
Thaler & Wang (08), etc. 

♦Filtering, pruning, trimming.(simple to implement, very successful) 
Seymour (93); Butterworth, Cox, Forshaw (02); Butterworth, 
Davison, Rubin & Salam (08); Krohn, Thaler & Wang (10); 
Ellis, Vermilion & Walsh (09). 

h g

Almeida, SL, Perez, Sterman & Sung (10);                                                             
Almeida, Erdogan, Juknevich, SL, Perez, Sterman, in preparation;                                                                   

 ♦Template Overlap. 
(easy to get LO PQCD, weak jet finder dep’&  beyond, 

  fits the spiky nature of signals)



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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that represent a boosted decay, found by the same algo-
rithm. We will introduce a functional measure F ðj; fÞ #
hjjfi that quantifies how well the energy flow of jjimatches
jfi. Any region of partonic phase space for the boosted
decays, ffg, defines a template. We will often define the
template overlap of observed jet j as Ovðj; f½j%Þ ¼
maxffgF ðj; fÞ, the maximum functional overlap of j to a
state f½j% within the template region. Template overlaps
provide us with a tool to match unequivocally arbitrary final
states j to partonic partners f½j% at any given order. We use
the notation f½j% for the state of maximum overlap to
emphasize that the value of the overlap functional depends
not only on the physical state jji, but also on the choice for
the set of template functions f. Once a ‘‘peak template’’
f½j% is found, we can use it to characterize the energy flow
of the state, which gives additional information on the
likelihood that it is signal or background.

To make the matching between physical and template
possible, each event is characterized by some set of particle
or calorimeter energies, Eð!i;"jÞi;j2R, where E is the

energy and ! and " represent coordinates internal to a
jet with cone or related parameter R. In a typical experi-
mental setup the energy is discretized according to the
detector resolution, and each pair i, j corresponds to a
specific cell in the calorimeter. At the LHC experiments
[32], for instance, electromagnetic calorimeter cell size (in
# and ") is of Oð0:025' 0:025Þ and of Oð0:1' 0:1Þ for
hadronic calorimeter cells. For each event, the overlap with
the template states is calculated.

In general, for each state j, the template state f½j% with
maximal overlap with j will be used to characterize the
event j. We therefore adopt the ansatz that a good (if not
the best) rejection power is obtained when we use the
signal distribution itself to construct our templates (see
e.g. [31]). At lowest order, all the information encoded in
the events is matched uniquely to the lowest-order template
with maximum overlap. After showering and hadroniza-
tion, this correspondence is diluted, but as we shall see,
very meaningful correlations remain.

The application of these ideas is particularly straightfor-
ward for top jets. Much of the QCD background is char-
acterized by two subjets, with very different energy flow
from the three-parton templates in general. Indeed, for a
lowest-order partonic QCD jet consisting of the original
parton plus one soft gluon, there is no template state from
top decay that matches the energy flow. This gives a
fundamental discrimination, to which we can add addi-
tional information from event shapes.

Having given a rationale for the template method, in the
following section we provide a general formalism to de-
scribe it. In Sec. III we apply the method to templates
tailored to a boosted top search. In this case, as noted
above, the three-particle structure of the lowest-order tem-
plates gives a clear distinction between signal and back-
ground, which we amplify further by the use of other

infrared safe event shapes. Comparisons are carried out
using anti-kT jet finders [33] using FASTJET [34,35] for
events found from several Monte Carlo (MC) generators.
In each case, we find large background rejection powers
based on this analysis, with substantial efficiencies.
Highly-boosted Higgs decays are discussed in Sec. IV.

In this case, the signal and background are both two-parton
states at lowest-order (LO). Their template overlap distri-
butions are slightly different, but here we use another
feature of the template method: the uniqueness of the
template state with maximum overlap. This information
provides us with an additional, infrared safe tool, which
will enable us to attain significant rejection power even in
this case. We conclude in Sec. V.

II. OVERLAP FORMALISM

We want our template overlaps to be functionals of
energy flow of any specific event (usually involving jets),
which we label j, and a model, or template, for the energy
flow in a signal, referred to as f. Our templates will be a set
of partonic momenta f ¼ p1 . . .pn, with

Xn

i¼1

pi ¼ P; P2 ¼ M2; (1)

which we take to represent the decay products of a signal of
massM. For example, the lowest-order template for Higgs
decay would have n ¼ 2 and for top decay, n ¼ 3. Of
course, templates with more than the minimum number
of particles are possible. To represent the sum over this
n-particle phase space, we introduce the notation

$ðRÞn #
Z Yn

i¼1

d3 ~pi

ð2%Þ32!i
&4

!
P(

Xn

i¼1

pi

"
!ðfpig; RÞ; (2)

where the function !ðfpig; RÞ limits the phase space inte-
gral to some region,R, which may represent a specific cone
size, for example.
We would like to measure how well the energy flow of

any given event j matches that of the signal on the unit
sphere, denoted by ". We represent the template energy
flow as dEðf ¼ p1 . . .pnÞ=d". This function is taken at
fixed (to start with, lowest) order. Similarly, we will rep-
resent the energy flow of event j as dEðjÞ=d". This
quantity is observed, either in experiment or the output
of an event generator. Schematically, a general overlap
functional Ovðj; f½j%Þ is represented as

Ovðj; f½j%Þ ¼ hjjfi ¼ F
#
dEðjÞ
d"

;
dEðfÞ
d"

$
: (3)

In principle, the choice of the functional F is arbitrary.
A natural measure of the matching between state j and

the template is the weighted difference of their energy
flows integrated over some specific region that includes
the template momenta pi. To quantify this difference,
we construct the functional F using the template states.

ALMEIDA et al. PHYSICAL REVIEW D 82, 054034 (2010)
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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:



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) :



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

after mass 
cut



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”.



Three-particle Templates and Top Decay

♦Combined with “Planar flow”-
distinguishes between many three-jet events with 
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♦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”.



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

(❨Including Jet mass cuts)❩
without optimization



Two-particle Templates and Higgs Decay

♦Construct template: two particle phase space for 
Higgs decay (easy)

♦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



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

♦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



Two-particle Templates and Higgs Decay

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



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)



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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♦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)



Two-particle Templates and Higgs Decay

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



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-body template states, which already provides 
useful information on physical states, as well as a 
clear picture of their energy flow.



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.



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)

after mass cut,
without optimization



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)
A. Hook, M. Jankowiak, J. Wacker (11)

♦NLO template:

I. Sung 

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

♦Construct template from the rest frame:  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)
A. Hook, M. Jankowiak, J. Wacker (11)

♦NLO template:

I. Sung 

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

♦Construct template from the rest frame:  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.



NLO Templates and Higgs Decay

♦ Differential cross section at NLO:

Jade with δ=0.05 
separate 2 vs 3-jet 

case 

Drees & Hikasa, PLB (90)

ycut = m2
ij

m2
H

= 0.05

virtual gluon exchange diagrams. We choose to regulate these divergences by defining the
two- and three-jet cross sections using the JADE algorithm (See Appendix B for a summary
of JADE algorithm). The resulting phase space for three-parton templates is illustrated
schematically in Fig. 1.
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#

)*++, -./0 !"!"!1

Figure 1: A scatter plot of x1 and x2 for NLO parton-level MC output for Higgs decay, with
P0 = 1000 GeV, mhiggs = 120 GeV. The cross section is defined using the JADE algorithm
with δ = 0.05.

For this investigation, the number of 3-particle templates generated by the above Monte
Carlo method is very large, of order one million. By a analogous Lorentz transformations
of particle momenta to the two-particle case, the two energy fractions and the three angles
identified above determine the energies and directions of the three decay products of the
Higgs at NLO. As for the discretization of the data, we encode two physical angles in terms
of row and column number corresponding to the data discretization scheme. A given three-
particle template consists of a list (rowa, columna, Ea, a=1,2,3) for each of three daughter
particles of NLO Higgs (b, b̄ and g). We also exclude those templates having particles whose
polar angles, θ relative to the jet axis, are larger than the cone size R.

3.3 Two- and three-particle template overlap

We are now ready to implement Eq. (5) for the Higgs, by defining an overlap between
templates, |f�, and jet states |j�, Ov = �j|f�. Defined as above, our two-parton templates
each have two cells corresponding to two daughter partons (q and q̄) with their row and
column numbers determined by the data discretization scheme. In addition, we have three-
parton templates each having three cells corresponding to three daughter partons (q, q̄ and
g) with their row and column numbers determined by the same discretization scheme.
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Higgs NLO template, cont’

3.4 Jet consideration

The JADE algorithm requires the invariant mass M2
ik of every pair of final-state partons i

and k be calculated. If any are less than a fraction, y, of the total center of mass energy
squared, Q2, then the momenta of the pair with the smallest invariant mass are combined
into a single jet. To order αs, the non–two-jet events must have a gluon in the final state.
It is actually easier to calculate the non-two-jet events. One finds the three-jet rate with
a restricted phase space to eliminate those QQ̄g events which are actually JADE two-jet
events. The result is

σNLO = σ(2 jet) + σ(3 jet) (43)

where σ(n jet) = fn σ and

f3 =
CFαs

4π

[

−4Li2

(

2 +
1

y − 1

)

+ 6y log

(

1

y2
−

3

y
+ 2

)

+

log(y)
(

−4 log
(

2y2 − 3y + 1
)

+ 4 log(y) + 3
)

+ (2y − 1)(5y − 7)+

log(1− 2y)(4 log(1− y)− 3)− 6 tanh−1(1− 2y)
]

, (44)

f2 = 1− f3. (45)
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Figure 6: The values of f3 and f2 from Eq. (44)-(45).
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 ♦ Finally: Boost it to the lab frame (now depends on all 5 

variables).                            
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Figure 9: The values of f3 and f2 from Eq. (48)-(49).

C An analytical computation of jet shapes

We now turn to the evaluation of the distribution of event shapes in perturbation theory up

to order O(αs). We will consider first of all planar flow which is defined in terms of the 2×2

tensor,

I
ij
=

�

a

p
i
a p

j
a

Ea
(50)

where the sum on a runs over all the particles in the jet; Ea is the energy of particle a in the

jet, and p
i
a is the i

th
component of its transverse momentum relative to the axis of the jet’s

momentum. Given I
ij
, the planar flow for that jet is defined as

Pf = 4
Det I

(Tr I)2
. (51)

Pf vanishes in the two-body limit and approaches unity for isotropic distributions. Although

Pf is invariant under the boost magnitude, it transforms non-trivially under the boost axis.

As we mentioned, in the H rest frame, the decay H → qq̄g defines a plane. If the boost axis

is perpendicular to this plane then q, q̄, and g look well-separated, but if the boost axis is

parallel to the plane, then q, q̄, and g overlap.

Later we will calculate the differential cross section for Higgs-boson production in associ-

ation with a vector boson, pp → WH, ZH, followed by the next-to-leading order light Higgs

boson decay, to two b-tagged jets plus a gluon jet. Representing this as σNLO
we obtain the

29

!"!! !"!# !"$! !"$# !"%!
!"!

!"%

!"&

!"'

!"(

$"!

!
"
!

Figure 9: The values of f3 and f2 from Eq. (48)-(49).

C An analytical computation of jet shapes

We now turn to the evaluation of the distribution of event shapes in perturbation theory up

to order O(αs). We will consider first of all planar flow which is defined in terms of the 2×2

tensor,

I
ij
=

�

a

p
i
a p

j
a

Ea
(50)

where the sum on a runs over all the particles in the jet; Ea is the energy of particle a in the

jet, and p
i
a is the i

th
component of its transverse momentum relative to the axis of the jet’s

momentum. Given I
ij
, the planar flow for that jet is defined as

Pf = 4
Det I

(Tr I)2
. (51)

Pf vanishes in the two-body limit and approaches unity for isotropic distributions. Although

Pf is invariant under the boost magnitude, it transforms non-trivially under the boost axis.

As we mentioned, in the H rest frame, the decay H → qq̄g defines a plane. If the boost axis

is perpendicular to this plane then q, q̄, and g look well-separated, but if the boost axis is

parallel to the plane, then q, q̄, and g overlap.

Later we will calculate the differential cross section for Higgs-boson production in associ-

ation with a vector boson, pp → WH, ZH, followed by the next-to-leading order light Higgs

boson decay, to two b-tagged jets plus a gluon jet. Representing this as σNLO
we obtain the

29

θij =

�
(xi + xj − 1)M2

J

EiEj

(43)

θi =

�
z xi MJ

Ei

(44)

B Jet consideration

As jet clustering algorithm we have adopted the JADE scheme. The two main advantages

are its simplicity and the fact that it is manifestly Lorentz invariant. The algorithm requires

the following expression

yij =
2EiEj(1− cos θij)

s
(45)

to be calculated. In (45), Ei and Ej represent the energies of any pair of partons i and

j, whereas θij is their relative angle. A three-parton sample is selected by imposing the

condition yij > y on all 3 possible parton combinations ij. If yij < y for some ij, then the

momenta of the pair ij are combined into a single jet.

We define the n-jet fraction by means of the relation

fn(y) =
σn(y)

σ
(46)

where σn(y), n = 2, 3 is the actual n-parton cross section and σ identifies the total hadronic

cross section. To order αs, the non–two-jet events must have a gluon in the final state.

It is actually easier to calculate the non-two-jet events. One finds the three-jet rate with

a restricted phase space to eliminate those QQ̄g events which are actually JADE two-jet

events. The result is

σNLO
= σ(2 jet) + σ(3 jet) (47)

where σ(n jet) = fn σ and

f3 =
CFαs

4π

�
−4Li2

�
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+ 6y log
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1

y2
− 3

y
+ 2
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+
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−4 log
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2y2 − 3y + 1
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−1
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�
, (48)

f2 = 1− f3. (49)
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Results

♦Can now calculate semi-analytically various shapes:
Pf, x1-x2 etc...; focus on rejection.
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Figure 2: A scatter plot of template overlap and Pf for LO parton-level MC output for higgs
decay, with P0 = 1 TeV, mhiggs = 120 GeV.

In Fig. 3 we demonstrate typical overlap distributions for showered Higgs jets and QCD
jets (for the same z = mJ/P0) for event generators Pythia (version 8) for 2 → 2 process
without matching, and Sherpa 1.2.1 (with CKKW matching). In the plot on the left panels
of Fig. 3, we compare the template overlap distribution from Eq. (15) for Higgs and QCD
jets, which was obtained using the two-particle templates. The corresponding plot on the
right panels of Fig. 3 show similar distributions when three-particle templates are used. It is
clear that the showering smears the Higgs distributions significantly, although Higgs events
tend to yield somewhat larger peak overlaps. Note also the variations between the two- and
three-parton template overlap distributions.

Probably more telling are the scatter plots, shown in Fig. 4, of Ov2 and Ov3 for Higgs
signal (Left panel) and dijet production (Right panel): while the signal events cluster around
the upper right corner of the plot, most QCD jet events are localized diametrically opposite it.
It follows immediately that making tight cuts on each observable, by drawing a rectangular
window in the upper right corner of the scatter plot, makes a good discriminator to separate
signal from background.

Having discussed the overlap distributions, we can now attempt to find strong discrimi-
nants. First, we asses the additional discriminating power offered by the template variables
discussed in section 4.1. Since our focus is on the difference in the shapes of various ob-
servables, all of the kinematic distributions are normalized to 1. The simplest variables to
understand are the energy fractions x1 and x2. In Fig. 5, we show two-dimensional distribu-
tions for {x1, x2} for Higgs and QCD jets. The soft and collinear singularities near x1, x2 → 1
are visible in both the Higgs and QCD samples. Moreover the QCD events appear somewhat
more dispersed in the central region of the Dalitz scatter plot. While one might be able to
improve signal to background by drawing a contour around the collinear regions, the x1, x2
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2body & 3body S vs. B max(Ov) dist’

extends outside the jet cone, we set the corresponding energies E(k, l) to zero. We fix σa

(for the ath parton) by that parton’s energy, σa = E(ia, ja)(f)/2.

The corresponding overlap of a three-body (NLO) template function with the energy
distribution of the data is defined to be

Ov(j, f) = max
τ
(R)
n

exp



−
3

∑

a=1

1

2σ2
a

(

ia+1
∑

k=ia−1

ja+1
∑

l=ja−1

E(k, l)− E(ia, ja)
(f)

)2


 , (15)

where again E(ia, ja)(f) is the energy for the template particle a, and σa = E(ia, ja)(f)/2.

We now apply the peak template function method discussed above to study energetic
Higgs jet events in relation to QCD jets. We use data for QCD jet and hadronic Higgs
jet events after showering and hadronization, for R = 0.4, 950 GeV < EJ < 1050 GeV,
110 GeV < mJ < 130 GeV and mH = 120GeV as obtained from MG/ME via anti-kt jet
clustering algorithm.

Our aim is to understand how the template overlap formalism is capable of systematic
improvement by using information from higher order perturbative corrections into the space
of template states. In the plot on the left of Fig. 3, we compare the template overlap
Ov(j, f) distribution from Eq. (15) for Higgs and QCD jets, which was obtained using
the three particle templates. The corresponding plot on the right of Fig. 3 shows similar
distributions when both two and three particle templates are combined. We see that Higgs
jet events are peaked toward larger values of template overlap, Ov, than QCD jets.

Figure 3: Histograms of template overlap Ov with Higgs jets and QCD jets from Pythia 8, for
R = 0.5, 950 GeV≤ P0 ≤1050 GeV, 110 GeV≤ mJ ≤130 GeV and mhiggs = 120 GeV using 2-body
templates (Left) and 3-body templates (Right).

The templates can also be systematically improved by using jet shapes. Actually, the
effects of higher-order corrections can be partly captured by using planar flow, which we
defined in Eq. (27). We expect soft radiation from the boosted color singlet Higgs to be
concentrated between the b and b̄ decay products, as opposed to a jet initiated by a light

14



Can do better than that ...

♦Max template Ov => access to partonic information.



Can do better than that ...

♦Max template Ov => access to partonic information.

However, templates are purely 3-prong kinematics
 => If S & B were genuinely only 3body then both would 
always yield large overlaps => no separation.☹
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Distributions of some of 5 variables differ!
♦Can use angular ordering:

• R = min{θ13/θ12, θ23/θ12},

R = min

�
(1− x2)E2

(1− x3)E3
,
(1− x1)E1

(1− x3)E3

�
(26)

• The three-body “impact parameter” b =
�

θi,

b =
�

i

θi =
�

i

�
z MJ xi

Ei

(27)

The parametrization of the variables above is valid for highly-collimated jets, working at

leading order in the small cone size θi < R � 1 at fixed z = mH/P0 � 1. We further assumed

that all particles that make up the templates are massless. Under these assumptions, the

energy of particle i is given by

E1 =
1

2
(1 + n1)P0x1 (28)

E2 =
1

2
(1 + n1 cos θ12 −

2n2

√
S

x1x2
)P0x2 (29)

E3 =
1

2
(1 + n1 cos θ13 +

2n2

√
S

x1x3
)P0x3 (30)

where n̂ = (n1, n2, n3) = (cosφ sin θ, sinφ sin θ, cos θ) is a unit vector transverse to the decay

plane in the rest frame of the decaying particle.

The angular variable R and the three-body impact parameter b offer the promise of very

strong discriminating power, because they are directly tied to physical features of the signal.

ADD DIPOLE RADIATION HERE?

4.2 Jet shapes

We have described a number of variables constructed out of the template momenta. These

are what we call template variables. They are effective in capturing the differences between
a QCD jet and a boosted Higgs jet which are significant during the early story of the parton

shower. Another way to characterize jet substructure is to consider jet shape observables.

Just as template overlaps, jet shape observables offer a measure of how energy is distributed

within a jet. The energy distribution of a jet is determined by a variety of factors, including

heavy particle decays, color flow, and the dynamics of the parton shower. Different jet shape
observables have been constructed to quantify these and other aspects of jet substructure.

The common feature of all jet shapes is that they involve moments of the energy of the

observed particles (also known as energy correlations) so they are smooth functionals of

the energy flow within a jet. In this way, they are almost entirely complementary to the

15

Figure 6: A selection of various template variable distributions for Higgs jets (blue) and QCD

background (purple) at the LHC. Events satisfy selection cuts and the Higgs mass window

cut, 110 GeV < mJ < 130 GeV. Horizontal axes are in radians or dimensionless units as

appropriate, and vertical axes are in arbitrary units with signal and background normalized

to the same area.
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• The angles between the jet axis and the template momenta,

θi =

�
z xi MJ

Ei

(18)

• The angular separations: θ12, θ13, θ23,

θij =

�
(xi + xj − 1)M2

J

EiEj

(19)

• The angle between the jet axis and the softer of the partons: θs,

θNLO

s
=

�
mJx3z

E3

. (20)

• R = min{θ13/θ12, θ23/θ12},

R = min

�
(1− x2)E2

(1− x3)E3

,
(1− x1)E1

(1− x3)E3

�
(21)

• The three-body “impact parameter” b =
�

θi,

b =
�

i

θi =
�

i

�
z MJ xi

Ei

(22)

The parametrization of the variables above is valid for highly-collimated jets, working at
leading order in the small cone size θi < R � 1 at fixed z = mH/P0 � 1. We further assumed
that all particles that make up the templates are massless. Under these assumptions, the
energy of particle i is given by

E1 =
1

2
(1 + β n1)P0x1 (23)

E2 =
1

2
(1 + β n1 cos θ12 − β

2n2

√
S

x1x2

)P0x2 (24)

E3 =
1

2
(1 + β n1 cos θ13 + β

2n2

√
S

x1x3

)P0x3 (25)

where n̂ = (n1, n2, n3) = (cosφ sin θ, sinφ sin θ, cos θ) is a unit vector transverse to the decay
plane in the rest frame of the decaying particle.

The angular variable R and the three-body impact parameter b offer the promise of very
strong discriminating power, because they are directly tied to physical features of the signal.

14

To understand the pattern of radiation from a color singlet object, such as the Higgs or
other electroweak bosons, and how it contrasts to radiation emitted off a colored objects such
as a hard gluon or quark, we need only to understand how a dipole radiate. Radiation from
a colour dipole prefers to radiate among the color connected partners. Therefore a singlet
state decaying into coloured objects will tend to have more radiation closer to the dipole
created by its initial decay into a qq̄ pair. On the other hand, radiation from a coloured
object will be color connected to other parts of the event leading to additional radiation
in-between jets or a jet and beam.

Wide angle soft gluon radiation factorizes from the kinematics of the event, however it’s
still sensitive and dependent on the color of the event. They will not be able to distinguish
individual colors in the jet which will coherently act as single color source. As such, such
gluons will be sensitive to the color of the hard jets and the QCD potential generated by
it. Wide angle radiation from a singlet jet, will feel a dipole potential from the qq̄ pair,
Vdip ≈ R/r2. where R is typical opening angle between the qq̄ pair. On the other hand,
wide angle radiation off a coloured jet will feel a smaller dipole potential V ≈ log(1/r)/r.
Therefore wide angle radiation tend to be found further away from a coloured jet’s axis (i.e.
the source of colour) than compared to a single jet. Such an observable that is sensitive to
this is defined (or will be define) It also naturally explains the improvement for larger jets
due to its larger dipole moments.

R will probably be associated with the virtuality of the higgs much like diffrac-
tive Deep Inelastic physics, where the higgs is replaced by an offshell photon,
but since we have a predefined size of this dipole object it will probably be some-
thing like RpT/mJ where R here is the actual cone size. It also nice because it
naturally gives a stronger potential the bigger the jet you have, i.e. the bigger
the separation between the quarks will lead to larger jets and thus larger dipole
potential for these soft gluons. and it naturally explains why we get a better
result for larger jets

4.2 Jet shapes

We have described a number of variables constructed out of the template momenta. These
are what we call template variables. They are effective in capturing the differences between
a QCD jet and a boosted Higgs jet which are significant during the early story of the parton
shower. Another way to characterize jet substructure is to consider jet shape observables.
Just as template overlaps, jet shape observables offer a measure of how energy is distributed
within a jet. The energy distribution of a jet is determined by a variety of factors, including
heavy particle decays, color flow, and the dynamics of the parton shower. Different jet shape
observables have been constructed to quantify these and other aspects of jet substructure.
The common feature of all jet shapes is that they involve moments of the energy of the
observed particles (also known as energy correlations) so they are smooth functionals of the

15



Distributions of some of 5 variables differ!
♦Can use angular ordering:

• R = min{θ13/θ12, θ23/θ12},

R = min
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,
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�
(26)

• The three-body “impact parameter” b =
�

θi,

b =
�

i

θi =
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i
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z MJ xi

Ei

(27)

The parametrization of the variables above is valid for highly-collimated jets, working at

leading order in the small cone size θi < R � 1 at fixed z = mH/P0 � 1. We further assumed

that all particles that make up the templates are massless. Under these assumptions, the

energy of particle i is given by
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where n̂ = (n1, n2, n3) = (cosφ sin θ, sinφ sin θ, cos θ) is a unit vector transverse to the decay

plane in the rest frame of the decaying particle.

The angular variable R and the three-body impact parameter b offer the promise of very

strong discriminating power, because they are directly tied to physical features of the signal.

ADD DIPOLE RADIATION HERE?

4.2 Jet shapes

We have described a number of variables constructed out of the template momenta. These

are what we call template variables. They are effective in capturing the differences between
a QCD jet and a boosted Higgs jet which are significant during the early story of the parton

shower. Another way to characterize jet substructure is to consider jet shape observables.

Just as template overlaps, jet shape observables offer a measure of how energy is distributed

within a jet. The energy distribution of a jet is determined by a variety of factors, including

heavy particle decays, color flow, and the dynamics of the parton shower. Different jet shape
observables have been constructed to quantify these and other aspects of jet substructure.

The common feature of all jet shapes is that they involve moments of the energy of the

observed particles (also known as energy correlations) so they are smooth functionals of

the energy flow within a jet. In this way, they are almost entirely complementary to the
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Figure 6: A selection of various template variable distributions for Higgs jets (blue) and QCD

background (purple) at the LHC. Events satisfy selection cuts and the Higgs mass window

cut, 110 GeV < mJ < 130 GeV. Horizontal axes are in radians or dimensionless units as

appropriate, and vertical axes are in arbitrary units with signal and background normalized

to the same area.
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Figure 6: A selection of various template variable distributions for Higgs jets (blue) and QCD

background (purple) at the LHC. Events satisfy selection cuts and the Higgs mass window

cut, 110 GeV < mJ < 130 GeV. Horizontal axes are in radians or dimensionless units as

appropriate, and vertical axes are in arbitrary units with signal and background normalized

to the same area.
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• The angles between the jet axis and the template momenta,

θi =

�
z xi MJ

Ei

(18)

• The angular separations: θ12, θ13, θ23,

θij =

�
(xi + xj − 1)M2

J

EiEj

(19)

• The angle between the jet axis and the softer of the partons: θs,

θNLO

s
=

�
mJx3z

E3

. (20)

• R = min{θ13/θ12, θ23/θ12},

R = min

�
(1− x2)E2

(1− x3)E3

,
(1− x1)E1

(1− x3)E3

�
(21)

• The three-body “impact parameter” b =
�

θi,

b =
�

i

θi =
�

i

�
z MJ xi

Ei

(22)

The parametrization of the variables above is valid for highly-collimated jets, working at
leading order in the small cone size θi < R � 1 at fixed z = mH/P0 � 1. We further assumed
that all particles that make up the templates are massless. Under these assumptions, the
energy of particle i is given by

E1 =
1

2
(1 + β n1)P0x1 (23)

E2 =
1

2
(1 + β n1 cos θ12 − β

2n2

√
S

x1x2

)P0x2 (24)

E3 =
1

2
(1 + β n1 cos θ13 + β

2n2

√
S

x1x3

)P0x3 (25)

where n̂ = (n1, n2, n3) = (cosφ sin θ, sinφ sin θ, cos θ) is a unit vector transverse to the decay
plane in the rest frame of the decaying particle.

The angular variable R and the three-body impact parameter b offer the promise of very
strong discriminating power, because they are directly tied to physical features of the signal.
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To understand the pattern of radiation from a color singlet object, such as the Higgs or
other electroweak bosons, and how it contrasts to radiation emitted off a colored objects such
as a hard gluon or quark, we need only to understand how a dipole radiate. Radiation from
a colour dipole prefers to radiate among the color connected partners. Therefore a singlet
state decaying into coloured objects will tend to have more radiation closer to the dipole
created by its initial decay into a qq̄ pair. On the other hand, radiation from a coloured
object will be color connected to other parts of the event leading to additional radiation
in-between jets or a jet and beam.

Wide angle soft gluon radiation factorizes from the kinematics of the event, however it’s
still sensitive and dependent on the color of the event. They will not be able to distinguish
individual colors in the jet which will coherently act as single color source. As such, such
gluons will be sensitive to the color of the hard jets and the QCD potential generated by
it. Wide angle radiation from a singlet jet, will feel a dipole potential from the qq̄ pair,
Vdip ≈ R/r2. where R is typical opening angle between the qq̄ pair. On the other hand,
wide angle radiation off a coloured jet will feel a smaller dipole potential V ≈ log(1/r)/r.
Therefore wide angle radiation tend to be found further away from a coloured jet’s axis (i.e.
the source of colour) than compared to a single jet. Such an observable that is sensitive to
this is defined (or will be define) It also naturally explains the improvement for larger jets
due to its larger dipole moments.

R will probably be associated with the virtuality of the higgs much like diffrac-
tive Deep Inelastic physics, where the higgs is replaced by an offshell photon,
but since we have a predefined size of this dipole object it will probably be some-
thing like RpT/mJ where R here is the actual cone size. It also nice because it
naturally gives a stronger potential the bigger the jet you have, i.e. the bigger
the separation between the quarks will lead to larger jets and thus larger dipole
potential for these soft gluons. and it naturally explains why we get a better
result for larger jets

4.2 Jet shapes

We have described a number of variables constructed out of the template momenta. These
are what we call template variables. They are effective in capturing the differences between
a QCD jet and a boosted Higgs jet which are significant during the early story of the parton
shower. Another way to characterize jet substructure is to consider jet shape observables.
Just as template overlaps, jet shape observables offer a measure of how energy is distributed
within a jet. The energy distribution of a jet is determined by a variety of factors, including
heavy particle decays, color flow, and the dynamics of the parton shower. Different jet shape
observables have been constructed to quantify these and other aspects of jet substructure.
The common feature of all jet shapes is that they involve moments of the energy of the
observed particles (also known as energy correlations) so they are smooth functionals of the
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Distributions of some of 5 variables differ!
♦Can use angular ordering:

• R = min{θ13/θ12, θ23/θ12},

R = min

�
(1− x2)E2

(1− x3)E3
,
(1− x1)E1

(1− x3)E3

�
(26)

• The three-body “impact parameter” b =
�

θi,

b =
�

i

θi =
�

i

�
z MJ xi

Ei

(27)

The parametrization of the variables above is valid for highly-collimated jets, working at

leading order in the small cone size θi < R � 1 at fixed z = mH/P0 � 1. We further assumed

that all particles that make up the templates are massless. Under these assumptions, the

energy of particle i is given by

E1 =
1

2
(1 + n1)P0x1 (28)

E2 =
1

2
(1 + n1 cos θ12 −

2n2

√
S

x1x2
)P0x2 (29)

E3 =
1

2
(1 + n1 cos θ13 +

2n2

√
S

x1x3
)P0x3 (30)

where n̂ = (n1, n2, n3) = (cosφ sin θ, sinφ sin θ, cos θ) is a unit vector transverse to the decay

plane in the rest frame of the decaying particle.

The angular variable R and the three-body impact parameter b offer the promise of very

strong discriminating power, because they are directly tied to physical features of the signal.

ADD DIPOLE RADIATION HERE?

4.2 Jet shapes

We have described a number of variables constructed out of the template momenta. These

are what we call template variables. They are effective in capturing the differences between
a QCD jet and a boosted Higgs jet which are significant during the early story of the parton

shower. Another way to characterize jet substructure is to consider jet shape observables.

Just as template overlaps, jet shape observables offer a measure of how energy is distributed

within a jet. The energy distribution of a jet is determined by a variety of factors, including

heavy particle decays, color flow, and the dynamics of the parton shower. Different jet shape
observables have been constructed to quantify these and other aspects of jet substructure.

The common feature of all jet shapes is that they involve moments of the energy of the

observed particles (also known as energy correlations) so they are smooth functionals of

the energy flow within a jet. In this way, they are almost entirely complementary to the
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Figure 6: A selection of various template variable distributions for Higgs jets (blue) and QCD

background (purple) at the LHC. Events satisfy selection cuts and the Higgs mass window

cut, 110 GeV < mJ < 130 GeV. Horizontal axes are in radians or dimensionless units as

appropriate, and vertical axes are in arbitrary units with signal and background normalized

to the same area.
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Figure 6: A selection of various template variable distributions for Higgs jets (blue) and QCD

background (purple) at the LHC. Events satisfy selection cuts and the Higgs mass window

cut, 110 GeV < mJ < 130 GeV. Horizontal axes are in radians or dimensionless units as

appropriate, and vertical axes are in arbitrary units with signal and background normalized

to the same area.
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• The angles between the jet axis and the template momenta,

θi =

�
z xi MJ

Ei

(18)

• The angular separations: θ12, θ13, θ23,

θij =

�
(xi + xj − 1)M2

J

EiEj

(19)

• The angle between the jet axis and the softer of the partons: θs,

θNLO

s
=

�
mJx3z

E3

. (20)

• R = min{θ13/θ12, θ23/θ12},

R = min

�
(1− x2)E2

(1− x3)E3

,
(1− x1)E1

(1− x3)E3

�
(21)

• The three-body “impact parameter” b =
�

θi,

b =
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i
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i
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z MJ xi
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(22)

The parametrization of the variables above is valid for highly-collimated jets, working at
leading order in the small cone size θi < R � 1 at fixed z = mH/P0 � 1. We further assumed
that all particles that make up the templates are massless. Under these assumptions, the
energy of particle i is given by

E1 =
1

2
(1 + β n1)P0x1 (23)

E2 =
1

2
(1 + β n1 cos θ12 − β

2n2

√
S

x1x2

)P0x2 (24)

E3 =
1

2
(1 + β n1 cos θ13 + β

2n2

√
S

x1x3

)P0x3 (25)

where n̂ = (n1, n2, n3) = (cosφ sin θ, sinφ sin θ, cos θ) is a unit vector transverse to the decay
plane in the rest frame of the decaying particle.

The angular variable R and the three-body impact parameter b offer the promise of very
strong discriminating power, because they are directly tied to physical features of the signal.
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Color Flow: Radiation from a colour dipole 
prefers to radiate among the color connected 

partners. Therefore a singlet state decaying into 
coloured objects will tend to have more radiation 
closer to the dipole created by its initial decay into 

a qq ̄ pair. On the other hand, radiation from a 
coloured object will be color connected to other 
parts of the event leading to additional radiation 

in-between jets or a jet and beam.
To understand the pattern of radiation from a color singlet object, such as the Higgs or

other electroweak bosons, and how it contrasts to radiation emitted off a colored objects such
as a hard gluon or quark, we need only to understand how a dipole radiate. Radiation from
a colour dipole prefers to radiate among the color connected partners. Therefore a singlet
state decaying into coloured objects will tend to have more radiation closer to the dipole
created by its initial decay into a qq̄ pair. On the other hand, radiation from a coloured
object will be color connected to other parts of the event leading to additional radiation
in-between jets or a jet and beam.

Wide angle soft gluon radiation factorizes from the kinematics of the event, however it’s
still sensitive and dependent on the color of the event. They will not be able to distinguish
individual colors in the jet which will coherently act as single color source. As such, such
gluons will be sensitive to the color of the hard jets and the QCD potential generated by
it. Wide angle radiation from a singlet jet, will feel a dipole potential from the qq̄ pair,
Vdip ≈ R/r2. where R is typical opening angle between the qq̄ pair. On the other hand,
wide angle radiation off a coloured jet will feel a smaller dipole potential V ≈ log(1/r)/r.
Therefore wide angle radiation tend to be found further away from a coloured jet’s axis (i.e.
the source of colour) than compared to a single jet. Such an observable that is sensitive to
this is defined (or will be define) It also naturally explains the improvement for larger jets
due to its larger dipole moments.

R will probably be associated with the virtuality of the higgs much like diffrac-
tive Deep Inelastic physics, where the higgs is replaced by an offshell photon,
but since we have a predefined size of this dipole object it will probably be some-
thing like RpT/mJ where R here is the actual cone size. It also nice because it
naturally gives a stronger potential the bigger the jet you have, i.e. the bigger
the separation between the quarks will lead to larger jets and thus larger dipole
potential for these soft gluons. and it naturally explains why we get a better
result for larger jets

4.2 Jet shapes

We have described a number of variables constructed out of the template momenta. These
are what we call template variables. They are effective in capturing the differences between
a QCD jet and a boosted Higgs jet which are significant during the early story of the parton
shower. Another way to characterize jet substructure is to consider jet shape observables.
Just as template overlaps, jet shape observables offer a measure of how energy is distributed
within a jet. The energy distribution of a jet is determined by a variety of factors, including
heavy particle decays, color flow, and the dynamics of the parton shower. Different jet shape
observables have been constructed to quantify these and other aspects of jet substructure.
The common feature of all jet shapes is that they involve moments of the energy of the
observed particles (also known as energy correlations) so they are smooth functionals of the
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Fake vs. efficiency 2-body vs. 3-body 
Varying 2-body max(Ov) value (including mass cut)



Fake vs. efficiency 2-body vs. 3-body 
Varying 2-body max(Ov) value (including mass cut)



Fake vs. efficiency 2-body vs. 3-body 
Varying 2-body max(Ov) value (including mass cut)Naive rejection power (eff ’/fake rate) -

Pythia8 & MG/ME: 
better than 
1 in 200



                      Summary

✦ Fixed order LO prediction => adequate for boosted 

massive narrow jets.

✦ LHC+CDF: Qualitative agreement with data. 

✦Can calculate jet shapes => smooth moments.

✦Other extreme: describe jet energy flow as spikes => template 

function.

✦Higgs: calculated NLO energy flow + template function => 

expected to yield very strong rejection power.

✦Many applications for NP searches.


