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Outline
✦ Intro: emergence of massive jets @ LHC               

& the nature of the problem (finite resolution)

✦Theory of massive jets: 

- jet mass

- substructure: angularities, planar flow

✦Template Overlap Method

✦ Summary



  High PT tops (or massive jets), might be 
crucial signal for various NP models

Z’: Butterworth, Cox & Forshaw; KK gluon: Agashe, Belyaev, Krupovnickas, GP & Virzi (06); Lillie, Randall & Wang (07); KK graviton: 
Fitzpatrick, Kaplan, Randall & Wang (07); Agashe, Davoudiasl, GP & Soni (07). 

C. Delaunay, SL, & G. Perez
( Extraordinary 
Phenomenology from Flavor 
Triviality: to appear)

C. Csaki, SL, G. Perez, & A. 
Weiler (Flavor gauge bosons: 
to appear)



The challenge of highly boosted Massive Jets 
✦  High PT massive jets such as tops, might be crucial signal for 
various NP models (X ->ttbar +Y ):
 e.g. KK states decaying into top pair

The LHC: 1    pair      
the perfect place 
to probe FCNC 
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channel t → Zu(c) t → γu(c) t → gu(c)
(3 jets) (4 jets) (combined)

upper limit on BR (L = 10 fb−1) 3.4 × 10−4 6.6 × 10−5 1.7 × 10−3 2.5 × 10−3 1.4 × 10−3

upper limit on BR (L = 100 fb−1) 6.5 × 10−5 1.8 × 10−5 5.0 × 10−4 8.0 × 10−4 4.3 × 10−4

Table 7: The expected 95% confidence level limits on the FCNC top decays branching ratio in the absence
of signal hypothesis are shown. The results for a luminosity of L = 10 and 100 fb−1 are presented.

• top mass: The limits presented in the last subsection were evaluated using back-
ground and signal samples generated with mt = 175 GeV/c2. The effect of the
top mass uncertainty was evaluated using different Monte Carlo samples with mt =
170 GeV/c2 and mt = 180 GeV/c2. This systematic affects both the event kine-
matics (and consequently the discriminant variables shape) and the value of the tt̄
cross-section (used in the limits evaluation).

• σ(tt̄): The overall theoretical uncertainty on σ(tt̄) was estimated to be 12% [21].
This uncertainty was included by varing the tt̄SM cross-section used both in the tt̄SM

background normalization and in the BR limits evaluation.

• PDFs choice: The CTEQ 5L PDF set was used in the Monte Carlo generation. A
different PDF set (CTEQ 4M [15,16]) was used to estimate the effect of this choice
on the event kinematics.

• b-tag algorithm efficiency: As mentioned in section 2, the ATLFASTB package
was used to parametrize the b − tag efficiency. The NSET=2 flag (corresponding to
a b-tagging efficiency of 60%) was used. In order to study the impact of a different
choice, the NSET=1 (corresponding to a b-tagging efficiency of 50%) and NSET=3

(corresponding to a b-tagging efficiency of 70%) options were also used. This source
of uncertainty affects the signal efficiency, background estimation and discriminant
variable shapes.

• jet energy calibration: The impact of the knowledge of the absolute jet energy
scale was estimated by recalibrating the reconstructed jet energy. A miscalibration of
±1% for light jets and ±3% for b-jets was used. This uncertainty was found to have
a negligible effect on the signal efficiency, background estimation and discriminant
variable shapes.

• analysis stability: The stability of the sequential analysis was studied by changing
the preselection and final selection (typically a ±10% variation on the cut values was
considered).

• p.d.f. choice: The discriminant variables were computed using the probability
density function sets described in section 3. In order to estimate the effect of a
different p.d.f. set, the following changes were studied:

a) t → Zu(c) channel: the t̄ reconstruction was done by considering the jet closest
to the reconstructed Z in the invariant mass evaluation.

b) t → γu(c) channel: similarly to the t → Zu(c) channel, the t̄ mass reconstruction
was done using the jet closest to the leading γ. Moreover, the t mass was included
in the p.d.f. set and the multiplicity of jets with |η| < 2.5 was chosen as p.d.f.
(instead of the jet multiplicity).

8
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SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

• Precision: look for anomalies in flavor 
couplings (10^3 improvement). 

• Search for coupling to a new sector (like 
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✦ Since                    the outgoing tops are ultra-relativistic,  their 

products collimate => top jets

mt � mKK

(misb + µ + ν̄µ

The LHC: 1    pair      
the perfect place 
to probe FCNC 

top decays 

tt̄ s
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W
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u, c
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l

l

b

channel t → Zu(c) t → γu(c) t → gu(c)
(3 jets) (4 jets) (combined)

upper limit on BR (L = 10 fb−1) 3.4 × 10−4 6.6 × 10−5 1.7 × 10−3 2.5 × 10−3 1.4 × 10−3

upper limit on BR (L = 100 fb−1) 6.5 × 10−5 1.8 × 10−5 5.0 × 10−4 8.0 × 10−4 4.3 × 10−4

Table 7: The expected 95% confidence level limits on the FCNC top decays branching ratio in the absence
of signal hypothesis are shown. The results for a luminosity of L = 10 and 100 fb−1 are presented.

• top mass: The limits presented in the last subsection were evaluated using back-
ground and signal samples generated with mt = 175 GeV/c2. The effect of the
top mass uncertainty was evaluated using different Monte Carlo samples with mt =
170 GeV/c2 and mt = 180 GeV/c2. This systematic affects both the event kine-
matics (and consequently the discriminant variables shape) and the value of the tt̄
cross-section (used in the limits evaluation).

• σ(tt̄): The overall theoretical uncertainty on σ(tt̄) was estimated to be 12% [21].
This uncertainty was included by varing the tt̄SM cross-section used both in the tt̄SM

background normalization and in the BR limits evaluation.

• PDFs choice: The CTEQ 5L PDF set was used in the Monte Carlo generation. A
different PDF set (CTEQ 4M [15,16]) was used to estimate the effect of this choice
on the event kinematics.

• b-tag algorithm efficiency: As mentioned in section 2, the ATLFASTB package
was used to parametrize the b − tag efficiency. The NSET=2 flag (corresponding to
a b-tagging efficiency of 60%) was used. In order to study the impact of a different
choice, the NSET=1 (corresponding to a b-tagging efficiency of 50%) and NSET=3

(corresponding to a b-tagging efficiency of 70%) options were also used. This source
of uncertainty affects the signal efficiency, background estimation and discriminant
variable shapes.

• jet energy calibration: The impact of the knowledge of the absolute jet energy
scale was estimated by recalibrating the reconstructed jet energy. A miscalibration of
±1% for light jets and ±3% for b-jets was used. This uncertainty was found to have
a negligible effect on the signal efficiency, background estimation and discriminant
variable shapes.

• analysis stability: The stability of the sequential analysis was studied by changing
the preselection and final selection (typically a ±10% variation on the cut values was
considered).

• p.d.f. choice: The discriminant variables were computed using the probability
density function sets described in section 3. In order to estimate the effect of a
different p.d.f. set, the following changes were studied:

a) t → Zu(c) channel: the t̄ reconstruction was done by considering the jet closest
to the reconstructed Z in the invariant mass evaluation.

b) t → γu(c) channel: similarly to the t → Zu(c) channel, the t̄ mass reconstruction
was done using the jet closest to the leading γ. Moreover, the t mass was included
in the p.d.f. set and the multiplicity of jets with |η| < 2.5 was chosen as p.d.f.
(instead of the jet multiplicity).

8

(Carvalho, Castro, Onofre, Veloso 2005)

SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

• Precision: look for anomalies in flavor 
couplings (10^3 improvement). 

• Search for coupling to a new sector (like 

in the      case): J/Ψ

✦  High PT massive jets such as tops, might be crucial signal for 
various NP models (X ->ttbar +Y ):
 e.g. KK states decaying into top pair
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mKK � 1 TeV



 Boosted top (w/z/h) jets & collimation   

Partonic
Level



Why not use scaled-down conventional 
methods?

✦ IRC (IR & collinear) safety require inclusive 
observables (e.g. cone or kt  jets).

✦ Hadronic calorimeter tower has an hard angular size 
R~0.1 

✦ Radial shower of energetic hadrons are very large 
(require 1 full cell of H-cal to capture single PT=100 GeV 
pion)

✦R=0.4 smallest cone used so far. A careful th’+exp’ effort 
required to go beyond that.



Top jet & di-jet @ the LHC  Almeida, SL, Perez, Sung, & Virzi.

✦S/B < 10-2,  for pt(j)>1000GeV, R=0.4
                            (10pb for jj+X, 100fb for ttbar+X)

t-jet: call for theory, analysis & techniques.

Most direct criteria - mass tagging

Skiba &Tucker-Smith, PRD(07); Holdom, JHEP (07); Frederix & Maltoni (0712.2355); Ellis, Huston, Hatakeyama, Loch & Tonnesmann, 
PPNP (08); Agashe et. al. PRD(07).



“Theory” of massive jets @ the LHC

(missinb + µ + ν̄µ

(I) Jet mass.
(II) Jet substructure:
(i) angularity (ii) Planar flow (iii) Template Overlap

Other works: Butterworth, Cox, Forshaw; 
Thaler & Wang; Conway;  Vos; Brooijmans
Kaplan, Rehermann, Schwartz & Tweedie. ... 
Butterworth, Davison, Rubin, Salam,...



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.

✦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!



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.
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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

T



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

T

 (GeV)JM
100 150 200 250 300

-1
E

v
e
n

ts
 /
 5

 G
e
V

 /
 1

0
0
 f

b

0

200

400

600

800

1000

1200

Sherpa

Pythia

MadGraph

Gluon Hypothesis

Quark Hypothesis

Top Mass Window

 = 1500 GeV)
T

C4 Jet Mass (P



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

T

 (GeV)JM
100 150 200 250 300

-1
E

v
e
n

ts
 /
 5

 G
e
V

 /
 1

0
0
 f

b

0

200

400

600

800

1000

1200

Sherpa

Pythia

MadGraph

Gluon Hypothesis

Quark Hypothesis

Top Mass Window

 = 1500 GeV)
T

C4 Jet Mass (P

Jet Mass is under 
theoretical 

control!



Jet mass distribution

Distribution of jet mass after MI correction for jets with 400 < pT < 500 GeV/c, cone R=0.7, data and QCD MC



Jet mass distribution,  high mass region



Jet mass distribution,  high mass region

Data nicely interpolates between 
quark and gluon jet functions 
consistent with mostly quark 

case!



SM ttbar vs dijet: jet mass tagging

Resolve signal from dijet background:

without jet substructure or b-tagging

Note that if S/B is enhanced,
as in RS or other NP models reach is better.



t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

Need to distinguish between top & ordinary QCD jet



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

(ii) Angularity & Planar flow.

(iii) Template Overlap Method

Theory of ultra massive boosted jets Part II:
   



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)



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)

jet shape = inclusive observables 
dependent on energy flow

within individual jets
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✦ As a warm-up consider angularity (2-body final 
state):

Almeida, SL Perez,  Sterman,  Sung, & Virzi.
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2-body jet’s kinematics, Z/W/h  

✦Angularities distinguish between Higgs and QCD 
jets:

v.s.

a ≤2 for IR safety



2-body jet’s kinematics, Z/W/h  

==> ;
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(z = mJ/pT )



2-body jet’s kinematics, Z/W/h  

==> ;

(z = mJ/pT )

Peak => special
“democratic”

configuration where
the two particles

have same energy &
min’ distance from 

jet axis  θm ≈z .



Planar flow

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

tensor

τxy
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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
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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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with p2
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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)

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-
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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
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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=1
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Planar flow shows
a “typical” QCD

behavior, calculable
at high planar flow
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We understand the 
peak in  top planar 
flow see “golden 
triangle” below.
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R, Alon, E. Duchovni, G. Perez & P. Sinervo, for the CDF,  CDF\ANAL\TOP\PUBLIC
\10234.

(c.f. SM prediction: 4.5 fb)
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statistical procedure to estimate the signal rate. However, given that we expect
comparable signal-to-noise and acceptance in each channel, we combine the total
number of candidate events and total background rate and use these to set an upper
limit on ttbar production for top quarks with pT > 400 GeV/c. We calculate the
95% C.L. limit, folding in the systematic uncertainties, using the pseudo-
experiment calculation developed by T. Junk and implemented in mclimit.C [3].

The resulting upper limit, taking into account the efficiency of 0.212 and the
integrated luminosity of 5.95 fb-1, is 54 fb at 95% C.L. on standard model ttbar
production for top quark pT > 400 GeV/c. This is approximately an order of
magnitude higher than the estimated Standard Model rate, and is limited by the
QCD background rates.

We note that the similar calculation using either of the two channels alone set
upper limits that are within 50% of this limit.

Finallty, we calculate the "expected limit" by using the background estimated from
the data-driven technique and assuming an observation of ttbar events at the
expected level of 5.75 events. The mclimit calculation yields an upper limit of 39
fb at 95% C.L., which is lower than the observed limit since we see an excess of
events above the expected signal plus background in the data.

Conclusion
We present the first search for very high pT top quark production using data
gathered with an inclusive jet trigger. We find a modest excess of events - 103
candidate events with an estimated background of 76+29

-22 events - either in a
configuration with two high pT jets each with masses between 140 and 210
GeV/c2 or where we observe one massive jet recoiling against a second jet with
significant missing transverse energy.

We expect approximately 6 signal events from Standard Model top quark
production. The data are not sufficiently significant to support a claim for
observation of top quark production. However, we do set a 95% C.L. upper limit
on the rate of top quark production for top quarks with pT > 400 GeV/c of 55 fb at
95% C.L.

Results

Total Number of Observed Events in Signal
Region 103

Predicted Background from QCD Jets in Signal
Region 76±10(stat)+26

-20(syst)

Expected Number of ttbar Events in Signal
Region 5.75±0.72

95% C.L. Upper Limit on SM Top Quark
Production with pT > 400 GeV/c 54 fb
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Planar flow Jet mass distribution

see Cédric Delaunay’s 
talk on Friday for a 

possible NP 
explanation
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♦Planar flow is a single variable in a 4D 3-body

kinematical-variable phase-space => info’ is lost.
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Template Overlap Method
♦Planar flow is a single variable in a 4D 3-body

♦Can we be more systematic in our approach?

kinematical-variable phase-space => info’ is lost.

♦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



Example: The Golden Triangle 
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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

general overalp functional:

|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



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

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

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

♦our ansatz:  a good (if not the best) rejection 
power is obtained when we use the signal 
distribution itself to construct our templates



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

Probe template configuration in the entire phase space

b

q

q’

Example:
Template Config. for top

Template Overlap Method



Constructing a functional

for an n-particle final state

For a given template, with direction of particle a, ˆna and its energy E(f)a :

-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-paritcle phase space:



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



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



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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Three-particle Templates and Top Decay

♦Combine 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

♦Combine 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”.

Rejection Power:
Pythia: 1 in 1000
MadGraph: 1 in 600

without optimization!
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Three-particle Templates and Top Decay

♦Template method provide a favorable rejection 
power compared to other methods (algorithm based 
jet-substructure)

♦ Template method is under theory control, while 
other methods depends on jet-reconstruction 
algorithm by removing soft jets (loosing theoretical 
handle)
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♦Template method allows for systematic 
improvement: (our template is a simple example)
e.g.  by incorporating the effect of gluon emission in 
the template, or by weighting phase space by squared 
matrix elements.

♦Can also optimize the cut for getting higher 
rejection power 



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

♦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!



Summary
✦ LHC => new era, boosted massive jets may be important for NP 

discovery

✦Jet function provides a systematic approach to describe the jet 

mass background

✦ Substructures- jet shapes provide a global feature of the Jets 

(useful for highly collimated jets)

✦Template Overlap method - provides a theoretical handle with good 

rejection power (systematically improvable): showed top and Higgs 

case, but can be more imaginative (can be used to NP particle 

decay)


