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Standard Model Higgs is “surprisingly” light. 

Theory - new dofs. exist which cancel the quadratic 
divergences of the top loops in the Higgs propagator 	


(top partners).

Whatever the mechanism that “cures” the hierarchy 
problem is, it seems to have something to do with the 	


top quark.

SUSY 	

(scalar top partners)

Composite Higgs 
(fermionic top partners)

Naturalness

From a theory	


 point of view
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Why boosted tops?

1. Standard Model
Measure the high pT  tails of the  

top diff. distributions.
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Why boosted tops?
1. Measure the high pT  tails of the top diff. 

distributions.

2. New physics!
• Many models of NP allow (or require) the new 

particles to decay to final states containing tops.

Examples: Top partners, Gauge partners, etc. 
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Why boosted tops?
1. Measure the high pT  tails of the top diff. 

distributions.

2. New physics!
• Many models of NP allow (or require) the new 

particles to decay to final states containing tops.

Examples: Top partners, Gauge partners, etc. 
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Whatever the NP which couples to the 
top is, it is likely to be heavy  

(e.g. M > 1 TeV)

SUSY: Mt > 600 GeV	

Composite Higgs: MT > 800 GeV	


KKG: MG’ > 2.0 TeV	

Z’: Mz’ > 1.5 TeV	


2. New Physics!
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Why boosted tops ?
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III. RESULTS

We proceed to discuss the main results of the paper. The signal events at a
p

s = 14 TeV pp collider are
characterised by four distinctive features:

1. A single, high energy forward jet.

2. One boosted t or one boosted W (MX5/3/B & 1 TeV), as can be seen in Fig. 4 .

3. One hard (pT > 100 GeV) lepton, resulting from a top or W decay.

4. Two b jets, one of which can be a part of a top fat jet.

Fig. 4 shows the features of the signal and background fat jet pT spectrum. The pT distribution of background
events is characterised by a steep decline as a function of transverse momentum. Conversely, the signal distributions
tend to peak at roughly ⇠ MX5/3/B/2, with the PDF broadning e↵ects becoming significant at high MX5/3/B , as the
partner becomes more likely to be produced o↵-shell.

As we will demonstrate in the following sections, our event selection based on the unique single X
5/3/B event

topology, combined with boosted jet techniques, b-tagging and forward jet tagging can achieve sensitivity to X
5/3/B

top partners over a wide range of model parameters at the 14 TeV run of the LHC. We further argue that our results
are comparable and in some cases superior to the same sign di-lepton searches, with an additional advantage that our
method allows for the reconstruction of the resonance.
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Figure 4: Distribution of the hardest fat jet pT . Left panel shows the signal distributions for various masses of MX5/3/B , while
we show the backgrounds on the right panel. All plots are normalised to unit area.

In Section IIA we pointed out that at large MX5/3/B we expect the X
5/3 top partner and the B to be nearly

mass degenerate if the left hand yukawa coupling is not too large, a fact which has significant implications on the
phenomenology of the heavy top partners and highlights a key advantage of our method over the same sign di-lepton
searches. Since we do not consider the charge of the leptons as a part of the selection, the fact that the mass splitting
between X

5/3 and B is small means that our search is sensitive to both channels, e↵ectively doubling the signal cross
section. Conversely, requiring a presence of two same sign leptons would essentially veto the B production, as the B
partner decays to a top and W of the opposite charge. In the following sections we will consider the production of
top partners both individually and under the assumption they are mass degenerate where relevant.

Heavy NP states decay to boosted SM 
particles.

7

D. Single Production Cross Section - Same Sign Di-leptons vs. Lepton-Jet Final States

In addition to very interesting event topology, the single X
5/3/B production is also interesting because at high

enough MX5/3/B it becomes the dominant production mode. The kinematics of singly produced X
5/3/B events

are mostly determined by two parameters: MX5/3/B and �X5/3/B (modulo e↵ects of spin correlations), while the
production cross section is subject to many other model parameters. Here we are not interested in details of models
but in general features of tt̄Wj event topologies and will hence leave the production cross section as a free parameter.
We consider a range of MX5/3/B , while keeping the width �(X

5/3/B) ⇠ 15 � 20% of MX5/3/B . Keeping the cross
section a free parameter has an additional benefit of presenting the analysis in a model independent fashion and being
able to apply our results to other new physics searches in the tt̄Wj channel.

In order to determine the “reasonable range” of cross sections, we consider several combinations of model parameters
in a general partially composite model. We do not make any assumptions about the mass hierarchy in the model (e.g.
we do not only consider the decoupling limit of M

1

� M
4

), while we make sure that each model parameter point
reproduces the correct mt.

The current limits of X
5/3/B partners place MX5/3/B & 1 TeV. Hence, if X

5/3/B is to be found during the future
runs of the LHC, it will be found almost exclusively in the events containing at least one boosted top quark and one
boosted W . Previous searches for X

5/3/B partners focused mostly on the same sign di-lepton searches, due to the
extremely clean signal, but at a cost of the signal rate. Compared to the inclusive single X

5/3/B production, the
signal rate is diminished by the branching ratio of W decays to leptons, resulting in

�
2l = �

tot

⇥ Br(W ! l⌫)2 = �
tot

⇥ (2/9)2 ⇠ 0.05�
tot

,

where �
tot

is the inclusive X
5/3/B single production cross section. In addition, we checked that the geometric

acceptance (i.e. |⌘l| < 2.5) for two leptons in a same sign di-lepton final state is 50%, implying that the total same
sign di-lepton cross section is at least a factor of 2 smaller after the event selections. Instead, here we propose to
search for top partners in channels which contain at least one lepton and a fat jet. Fig. 3 shows an example diagram of
singly produced X

5/3/B, including the decay modes, where we take the initial state radiated top to decay inclusively.
Compared to the same sign di-lepton searches, the starting signal cross section in our search strategy is

�⇤ = �
tot

⇥ 2⇥ Br(W ! l⌫)⇥ Br(W ! jj) = �
tot

⇥ 2⇥ (2/9)⇥ (2/3) = 6�
2l ,

if we consider both the top and the W decaying hadronically (but not simultaneously). Note that the signal cross
section is increased roughly by an additional factor of two for high MX5/3/B , where we expect X

5/3 and B to be nearly
mass degenerate. The same sign di-lepton cross section, however, remains the same at high MX5/3/B , as the top and
the W from the B decay are of the opposite charge
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Figure 3: Single production of top partners with decay channels. We consider events characterised by a boosted tW system in
the case of X

5/3/B, as denoted by the ovals, in addition to a high energy forward jet and a top. Notice that the only di↵erence
in the X

5/3 production and B production is the sign of the decay products’ charges. We consider inclusive decays of the initial
state radiated top.
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Future searches for (some) NP 
models will rely almost 

exclusively on (highly*) boosted 
tops.

Why boosted tops ?

* “highly” = pT > 500 GeV
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Boosted top tagging/measuring 
comes with it’s own set of difficulties:

Top decay (roughly) at rest: 
• Decay products isolated 
• Possible combinatorial issues

Boosted top decay: 
• Typically needs large jet cone 
• Pileup effects more prominent! 
• Simpler combinatorics. 
• Backgrounds could be trickier!

 Issues also with leptonically decaying boosted tops  
(See Emanuelle’s talk)***

 r = 0.4 won’t work 	

(unless enormous boost) 

Typically cluster with R  1.0~
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orange - truth level

A “fat jet” is characterized by a “splash pattern” which contains 
more information than just the jet mass and transverse momentum. 
We wish to characterize and categorize these splash patterns

- What are the useful 
moments of the energy 
distribution? 

!
- What are the useful 

correlations? 
!
- How is the energy 

distributed among the 
three prongs? (e.g. 
underlying decay           
t -> Wb).      

Example: Boosted top jets show a characteristic three “prong” structure.        
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!
HEPTopTagger 
CMS Tagger 
!
ATLAS Top Tagger 
…

Shower Deconstruction

!
Jet Trimming 
Jet Pruning 
…

Matrix Element
N-subjettiness

Very Active Field: 
Almeida, Backovic, Butterworth, Cacciari, Chen, Davison, Erdogan, Falkowski, Han, Hook, Jankowiak, Katz, Kim, Kribs, 
Larkoski, Lee, Martin, Nojiri, Perez, Plehn, Raklev, Rehermann, Roy, Rojo, Rubin, Salam, Seymour, Shelton, Spannowsky, 
Sreethawong, Son, Soyez, Sung, Schwartz, Seymour, Soper, Sterman, Takeuchi,Thaler, Tweedie, vanTilburg, Virzi, Wacker, 
Wang, Zhu, etc. 

Template Overlap Method (TOM)

Jet De-clustering

Prong Taggers

Jet Shapes

Many Available approaches to boosted top tagging:

Planar Flow 
Angularities 
Di-polarity 
Jet Pull 
…

See
 als

o E
manu

ele
’s t

alk
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 We do not have a 

complete theoretical 
understanding of a lot of 

the tools

The variety of the tools is 
a huge asset (different 
approaches for various 
boost, pileup levels, etc.)
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A few heuristic examples…

You can look at the 	

clustering history…

See also Emanuele’s talk 
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You can look at the 	

clustering history…	


!
Utilize the differences (between top 
and other decays) in the in the last 

few steps of clustering.	


See also Emanuele’s talk 
A few heuristic examples…
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You can look at the 	

clustering history…	


!
Utilize the differences (between top 
and other decays) in the in the last 

few steps of clustering.	

!

d12 (ATLAS tagger),  
mass drop, … 

See also Emanuele’s talk 
A few heuristic examples…
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You can look at the 	
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!
N-subjetiness tags tops by 

considering ratios of “likelihood 
estimates” that a jet is 2 or a 3 prong.	
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You can look at the clustering 
history…	


!
!
!
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… and find features characteristic of 
top decays (d12, mass drop…)

Look for number of “prongs”. 
(Essentially an image processing 

problem. )	

!

N-subjetiness tags tops by 
considering ratios of “likelihood 

estimates” that a jet is 2 or a 3 prong.	

(Not intrinsically IR safe, but useful!)

Try to match jet energy dist. to a 
parton structure of top decay 
products (TemplateTagger).	


!
1. Construct 3 partonic 4-momenta by 

requiring that they reco. the top (and 
the underlying W) - “Template”	


!
2. Compare the jet dist. to the 

template by finding thedifference 
between energy of each parton and the 
energy deposited in the calorimeter in a 

small cone around the patrons	

!

3. Try all kinematically allowed combos.  
!
!

4.        Mininize the difference in the 
parton energies and energy deposited in 
cones around patrons over all possible 

combinations - “overlap”  

A few heuristic examples…
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There are a few boosted top tagging 
issues we need to resolve for the 

future.

• High energy effects 
!

• High Luminosity (pileup) 
!

• - *** “pT ceiling” - how do you tag a top with 
pT   > 1.5 TeV

*** not very relevant for Run II but interesting to think about
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Issues with Top Tagging at High Energies
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t̄

t
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t
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t

(i) (ii) (iii)

FIG. 1. Three categories of tt̄ events.

e↵ect leads to a challenge for new physics searches at high p
T

due to di�culties in estimation of various tt̄ di↵erential

distributions. The pre-selection of the “top candidate” as the hardest fat-jet in the event, combined with the selection

criteria for the “leptonic top” object can result in mis-identifying a hard light-quark QCD jet for a top. Moreover, in

the context of TOM, the imbalance in the transverse momenta of t and t̄ could lead to an inaccurate estimate of the

top jet p
T

(based on the h
T

of the leptonically decaying top), and thus result in the use of a template p
T

bin which

does not match the transverse momentum of the hadronically decaying top.

In order to systematically study the NLO e↵ects on performance of TOM, we first classify the SM top/antitop

events into three di↵erent categories [52], depicted in Fig. 1:

(i) Symmetric events, where the top and the anti-top are nearly back to back.

(ii) Events with one central top and a forward one.

(iii) Events where the top and the anti-top come from a gluon splitting and recoil against a hard gluon or a light

quark jet.

FIG. 2. Left: The Monte Carlo truth tt̄ scalar-vector asymmetry, ASV

tt̄

, for di↵erent H
T

bins. Right: the fraction of asymmetric

events, ASV

tt̄

> 0.2, which remain after applying Top Template Tagger and ATLAS-d12 tagger on the top reconstructed jets.

AT
tt̄ ⌘

|~p t
T + ~p t̄

T |
ptT + pt̄T

defined from truth level tops!

Asymmetry 
increases with 

energy!

A significant fraction of top pairs  
are not “back to back” at HE

In signal tt events, the hardest fat 
jet can be a light jet!

Important at HE

Modeled well in	

 MC tools?!

See also Ofir’s poster!
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Asymmetric tt events are both  -

SM di-top productionBSM di-top resonance prod.

GKK

Less asymmetric! More asymmetric!

:(   - if interested in SM measurements, signal 
efficiency will be lower upon boosted top tagging. 
!

:) - if interested in BSM, tt is not an irreducible 
background anymore!

a blessing and a curse
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TOM is able to improve S/B relative to the Basic Cuts by a factor of ⇡ 15 at MKK = 2.5, 3.0 TeV, while the signal

significance, although too low to claim discovery, improves roughly three-fold for MKK = 2.5 TeV and two-fold at

MKK = 3.0 TeV. The fact that the e�ciency of the overlap cut on SM tt̄ is somewhat lower than that of signal tt̄ events

is another indication that higher order e↵ects are more significant in SM tt̄ events, as discussed in Sec. IV. Notice,

however, that our simulation of NP scenarios include only the real emissions through matching with no contributions

from the virtual part of the NLO diagrams.

Model MKK = 2.5 TeV MKK = 3.0 TeV EFT

mmin
tt̄

2125 GeV 2550 GeV 2000 GeV

Ovmin
3 0 0.7 0 0.7 0 0.7

�
tt̄

(fb) 1.8 0.75 0.43 0.14 2.7 1.1

�
W+jets (fb) 30 0.51 13 0.15 38 0.67

�
S

(fb) 1.4 0.82 0.46 0.16 13.0 12.0

S/B 0.04 0.65 0.04 0.55 0.3 6.8

S/
p

B (14.3 fb�1) 0.9 2.8 0.5 1.1 7.7 34

S/
p

B (20.0 fb�1) 1.1 3.3 0.6 1.3 9.1 40

TABLE VI. Rejection power of Ovhad

3 and Ovlep

3 at several benchmark e�ciency points. The values in the column labeled by

Ovmin
3 = 0 assume the basic cuts of Eq. (10).

VIII. CONCLUSIONS AND DISCUSSION

In this paper we introduced a tagger for semi-leptonic tt̄ events based on the Template Overlap Method (TOM).

We demonstrated that at large boost the leptonic-top tagger leads to an additional rejection power of roughly 4. The

tagger may serve to compensate or complement the rejection power lost due to the reduction of b-tagging e�ciency.

We showed that the semi-leptonic tt̄ TOM tagger is by itself robust against pileup up to 50 interactions per bunch

crossing, without the use of additional pileup correction techniques. The relative insensitivity of TOM to pileup may

thus serve to study the systematic e↵ects of other pileup correction techniques.

Furthermore, we demonstrated that TOM is able to e�ciently reject events in which tt̄ pairs are produced in

association with a hard gluon and hence single out the back to back tt̄ events. Our results show that Ovhad3 is able

to provide an improvement of a factor of 2 in back to back tt̄ signal purity compared to the ATLAS tagger based

on cuts on the k
T

splitting scale and the trimmed jet mass selection. Our method is able resolve the kinematic

distributions of high energy top quark events to a reasonable degree, and better than the above-mentioned ATLAS

tagger. The improvement in resolution is due to the fact that conventional approaches will often tag the extra hard jet

as a hadronic-top candidate. The hadronic TOM rejects W+jets events at the rate of ⇡ 10 with the SM tt̄ e�ciency

of 60% at p
T

⇠ 500 GeV. The rejection power decreases with energy, due to the mentioned higher order e↵ects that

are characterized by hard and wide gluon emission and the gluon splitting function to a top quark pair.

We performed a detailed study of pileup e↵ects on TOM. To illustrate the performance of TOM in a high luminosity

environment, we chose not to subtract pileup from our events. Instead, we introduce a simple approach to damp the

Ov3had

9

problem of tagging boosted tops in events with a hard lepton and missing E
T

/ thus constitutes a di↵erent problem

from the fully hadronic decays of tt̄.

To quantify the ability of TOM to tag boosted tops agains the W+jets background we study two quantities

✏
sig

=
�(tt̄)cuts

�(tt̄)BC

, ✏
bgd

=
�(Wjj)cuts

�(Wjj)BC

, (18)

where cuts denotes all selection cuts including overlap, and BC denotes the basic cuts of Eq. 8. We then define the

background rejection power (RP) relative to the basic cuts as

RP =
✏
sig

✏
bgd

. (19)

In this section we focus on the performance ofOvhad
3

and Ovleo
4

in rejecting W+jets with no contamination from

soft radiation of minimum bias events, while we postpone the discussion of e↵ects of pileup and underlying event until

the following sections. In addition, as we will see momentarily, the QCD background can be reduced to insignificant

levels by requiring the mini-isolation of the lepton as prescribed in Ref. []. As such, we will not include it in the

following sections. Finally, we perform the analysis of rejection powers with and without b-tagging separately, for the

purpose of comparison of b-tagging e�ciencies with the results obtained from leptonic-overlap alone.

1. Rejection Power for Hadronically Decaying Tops

We performed the Template Overlap procedure on hadronically decaying tops according to the prescription of Eq.

1. The overlap algorithm is similar to the previous treatments of Refs. [], with the important distinction that we

allow the template sub-cones to vary with p
T

according to the scaling rule of Ref. [].

Fig. 5 shows example distributions of Ovhad
3

for three di↵erent bins of fat jet transverse momentum. All plots

assume the basic cuts of Eq. 8, with no additional mass cut. We show the results obtained from both Pythia and

Sherpa to illustrate the dependence on showering algorithms. In all cases the distributions show clear separation of

signal and background. It is important to note that the peak at Ovhad
3

⇡ 0 in the signal distribution occurs in most

part due to the absence of a fat jet mass cut in the event pre-selection. As such, it illustrates well the TOM feature of

mass filtering. A cut on hadronic peak overlap e�ciently removes the low mass tail in the signal distribution as evident

in Fig. 6. As we will see in Section ??, imposing a mass cut through TOM is useful in a high pileup environment.

For the purpose of comparison of TOM to other jet substructure observables we analyzed our data using the ATLAS

d
12

variable []:

Fig. 8 shows the rejection power of d
12

to reject Wjj events. Note that we apply no mass cut and no b-tagging in

the analysis shown in Fig. 8. The right panel shows the Wjj fake rate and tt̄ e�ciency as a function of the cut on

Ovhad
3

. TOM clearly outperforms d
12

for all e�ciencies and the entire considered p
T

range by roughly a factor of two.

2. Rejection Power for Leptonically Decaying Tops

In the previous section we showed that the rejection power of ⇡ 10 is possible at 50� 60% signal e�ciency relative

to the basic cuts, considering only the the hadronically decaying top quark. Leptonically decaying top contains

Blue - SM di-top 
Red - KKG di-top

Eff. (KKG tt) - 60%

Eff. (SM tt) - 40%

Asymmetric tt events are both  -

a blessing and a curse

Study done at LO + matching, 	

effect more prominent at full NLO
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~ 20 years ago
“What is this pileup you speak of?”

~ 7 TeV Run
“7 interaction per bunch crossing is difficult”

~ 8 TeV Run
“7 interaction per bunch crossing is 

easy, but 20 is difficult”
~ Run II

“20 interaction per bunch crossing 
is easy, but 50 is difficult”

Pileup effects on top tagging
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~ 
“What is this pileup you speak of?”

~ 
“7

~ 
“7

easy, but 
~ 

“20
is easy, but 

Pileup effects on top tagging

No “silver bullet” solution to pileup

We’ve been very good at coming up	

with pileup solutions on the go
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The issue is really the use of large jet cones (R   1) ~
Pileup contamination 

uniform to a good approx.	

Scales as the area of the jet.

In principle, going to 
smaller jet cones would 

help, but requires elaborate 	

re-calibration of jet energy 

scale etc. 

Pileup effects on top tagging
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Much progress in pileup mitigation for jet substructure: 

Jet Area (JA) subtraction methods  
(Soyez, Salam, Kim, Dutta, Cacciari, ): arXiv:1211.2811 
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FIG. 1: Impact of pileup and subtraction on various jet-shape distributions and their averages, in dijet, WW and tt̄ production
processes. The distributions are shown for Poisson distributed pileup (with an average of 30 pileup events) and the averages
are shown as a function of the number of pileup events, nPU. The shapes are calculated for jets with pt > 500 GeV (the cut is
applied before adding pileup, as are the cuts on the jet mass mJ and subjettiness ratio τ21 where relevant).

For the angularities and EECmoments we have verified
that the first two numerically-obtained derivatives agree
with analytical calculations in the case of a jet consisting
of a single hard particle. For variables like τN that involve
a partition of a jet, one subtlety is that the partitioning
can change as the ghost momenta are varied to evaluate
the numerical derivative. The resulting discontinuities
(or non-smoothness) in the observable’s value would then
result in nonsensical estimates of the derivatives. We
find no such issue in our numerical method to evaluate
the derivatives, but were it to arise, one could choose to
force a fixed partitioning.

To test the method in simulated events with pileup,
we use Pythia 8.165, tune 4C [41, 42]. We consider
3 hard event samples: dijet, WW and tt̄ production,
with hadronic W decays, all with underlying event (UE)
turned off (were it turned on, the subtraction proce-
dure would remove it too). We use anti-kt jets [43]
with R = 0.7, taking only those with pt > 500 GeV
(before addition of pileup). All jet-finding is performed
with FastJet 3.0 [44]. The determination of ρ and ρm

for each event follows the area–median approach [23]:
the event is broken into patches and in each patch one
evaluates pt,patch =

∑

i∈patch pt,i, as well as mδ,patch =
∑

i∈patch

(

√
m2

i + p2t,i−pti
)

, where the sum runs over par-
ticles i in the patch. Then ρ and ρm are given by

ρ = median
patches

{

pt,patch
Apatch

}

, ρm = median
patches

{

mδ,patch

Apatch

}

,

(6)
where A is the area of each patch. To obtain the patches
we cluster the event with the kt algorithm with R =
0.4. For non-zero ρm the formula for correcting a jet’s
4-momentum is

pµjet,sub = pµjet− [ρAx
jet, ρA

y
jet, (ρ+ρm)Az

jet, (ρ+ρm)AE
jet] ,
(7)

with the area 4-vector, Aµ, as defined in [21].
We have 17 observables and 3 event samples. Fig. 1

gives a representative subset of the resulting 51 distribu-
tions, showing in each case the distribution (and average)
for the shape without pileup (solid green line), the result

pileupno pileup 1st order  
JA subtraction

2nd order  
JA subtraction

2

analytic study of each individual shape variable. It also
involves an extension of the original area–median pre-
scription to account for hadron masses.
The first ingredient is a characterisation of the average

pileup density in a given event in terms of two variables,
ρ and ρm, such that the 4-vector of the expected pileup
deposition in a small region of size δyδφ can be written

[ ρ cosφ, ρ sinφ, (ρ+ ρm) sinh y, (ρ+ ρm) cosh y ] δyδφ ,
(1)

where ρ and ρm have only weak dependence on y (and
φ). Relative to the original area–median proposal [23], a
novelty here is the inclusion of a term ρm. It arises be-
cause pileup consists of low-pt hadrons, and their masses
are not negligible relative to their pt (cf. also [32, 33]).
It is important mainly for observables sensitive to differ-
ences between energy and 3-momentum, e.g. jet masses,
as we will see below.
The second and main new ingredient is a determina-

tion, for a specific jet, of the shape’s sensitivity to pileup.
Let the shape be defined by some function V ({pi}jet) of
the momenta pi in the jet. Among these momenta, we
include a set of “ghosts” [21], very low momentum par-
ticles that cover the y − φ plane at high density, each
of them mimicking a pileup-like component in a region
of area Ag. We then consider the derivatives of the jet
shape with respect to the transverse momentum scale,
pt,g, of the ghosts and with respect to a component

mδ,g ≡
√
m2

g + p2t,g − pt,g,

V (n,m)
jet ≡ An+m

g ∂n
pt,g

∂m
mδ,g

V ({pi}jet) . (2)

The derivatives are to be evaluated at pt,g = mδ,g = 0,
and by scaling all ghost momenta simultaneously.
Given the level of pileup, ρ, ρm, and the information

on the derivatives, one can then extrapolate the value of
the jet’s shape to zero pileup,

Vjet,sub = Vjet − ρV (1,0)
jet − ρmV (0,1)

jet

+
1

2
ρ2V (2,0)

jet +
1

2
ρ2mV (0,2)

jet + ρρmV (1,1)
jet + · · · . (3)

where the formula takes into account the fact that the
derivatives are evaluated for the jet including the pileup.
Handling derivatives with respect to both pt,g andmδ,g

can be cumbersome in practice. An alternative is to
introduce a new variable rt,g and set pt,g = rt,g and
mδ,g = ρm

ρ rt,g. We then take total derivatives with re-
spect to rt,g

V [n]
jet ≡ An

g

dn

drnt,g
V ({pi}jet) , (4)

so that the correction can be rewritten

Vjet,sub = Vjet − ρV [1]
jet +

1

2
ρ2V [2]

jet + · · · . (5)

The derivatives V (m,n) or V [n]
jet can be determined

numerically, for a specific jet, by rescaling the ghost

momenta and reevaluating the jet shape for multiple
rescaled values. Typically this is more stable with Eq. (4)
and this is the approach we use below.
To investigate the performance of our correction pro-

cedure, we consider a number of jet shapes:

• Angularities [12, 34], adapted to hadron-collider
jets as θ(β) =

∑

i pti∆Rβ
i,jet/

∑

i pti, for β =

0.5, 1, 2, 3; θ(1), the “girth”, “width” or “broaden-
ing” of the jet, has been found to be particularly
useful for quark/gluon discrimination [17, 35].

• Energy-energy-correlation (EEC) moments, advo-
cated for their resummation simplicity in [36],
E(β) =

∑

i,j ptiptj∆Rβ
i,j/(

∑

i pti)
2, using the same

set of β values. EEC-related variables have been
studied recently also in [37].

• “Subjettiness” ratios, designed for char-
acterising multi-pronged jets [13–15]:

one defines the subjettiness τ (axes,β)N =
∑

i pti min(∆Ri1, . . . ,∆RiN )β/
∑

i pti, where
∆Ria is the distance between particle i and axis a,
where a runs from 1 to N . One typically considers
ratios such as τ21 ≡ τ2/τ1 and τ32 ≡ τ3/τ2 (the
latter used e.g. in a recent search for R-parity
violating gluino decays [38]); we consider β = 1 and
β = 2, as well as two choices for determining the
axes: “kt”, which exploits the kt algorithm [39, 40]
to decluster the jet to N subjets and then uses
their axes; and “1kt”, which adjusts the “kt”
axes so as to obtain a single-pass approximate
minimisation of τN [15].

• A longitudinally invariant version of the planar
flow [11, 12], involving a 2 × 2 matrix Mαβ =
∑

i pti(αi − αjet)(βi − βjet), where α and β corre-
spond either to the rapidity y or azimuth φ; the
planar flow is then given by Pf = 4λ1λ2/(λ1+λ2)2,
where λ1,2 are the two eigenvalues of the matrix.

One should be aware that observables constructed from
ratios of shapes, such as τn,n−1 and planar flow, are not
infrared and collinear (IRC) safe for generic jets. In par-
ticular Pf and τ21 are IRC safe only when applied to jets
with a structure of at least two hard prongs, usually guar-
anteed by requiring the jets to have significant mass; τ32
requires a hard three-pronged structure,3 a condition not
imposed in previous work, and that we will apply here
through a cut on τ21.

3 Consider a jet consisting instead of just two hard particles with
pt = 1000 GeV, with φ = 0, 0.5 and two further soft particles
with pt = ϵ, at φ = 0.05, 0.1, all particles having y = 0. It
is straightforward to see that τ32 is finite and independent of ϵ
for ϵ → 0, which results in an infinite leading-order perturbative
distribution for τ32.

2

analytic study of each individual shape variable. It also
involves an extension of the original area–median pre-
scription to account for hadron masses.
The first ingredient is a characterisation of the average

pileup density in a given event in terms of two variables,
ρ and ρm, such that the 4-vector of the expected pileup
deposition in a small region of size δyδφ can be written

[ ρ cosφ, ρ sinφ, (ρ+ ρm) sinh y, (ρ+ ρm) cosh y ] δyδφ ,
(1)

where ρ and ρm have only weak dependence on y (and
φ). Relative to the original area–median proposal [23], a
novelty here is the inclusion of a term ρm. It arises be-
cause pileup consists of low-pt hadrons, and their masses
are not negligible relative to their pt (cf. also [32, 33]).
It is important mainly for observables sensitive to differ-
ences between energy and 3-momentum, e.g. jet masses,
as we will see below.
The second and main new ingredient is a determina-

tion, for a specific jet, of the shape’s sensitivity to pileup.
Let the shape be defined by some function V ({pi}jet) of
the momenta pi in the jet. Among these momenta, we
include a set of “ghosts” [21], very low momentum par-
ticles that cover the y − φ plane at high density, each
of them mimicking a pileup-like component in a region
of area Ag. We then consider the derivatives of the jet
shape with respect to the transverse momentum scale,
pt,g, of the ghosts and with respect to a component

mδ,g ≡
√
m2

g + p2t,g − pt,g,

V (n,m)
jet ≡ An+m

g ∂n
pt,g

∂m
mδ,g

V ({pi}jet) . (2)

The derivatives are to be evaluated at pt,g = mδ,g = 0,
and by scaling all ghost momenta simultaneously.
Given the level of pileup, ρ, ρm, and the information

on the derivatives, one can then extrapolate the value of
the jet’s shape to zero pileup,

Vjet,sub = Vjet − ρV (1,0)
jet − ρmV (0,1)

jet

+
1

2
ρ2V (2,0)

jet +
1

2
ρ2mV (0,2)

jet + ρρmV (1,1)
jet + · · · . (3)

where the formula takes into account the fact that the
derivatives are evaluated for the jet including the pileup.
Handling derivatives with respect to both pt,g andmδ,g

can be cumbersome in practice. An alternative is to
introduce a new variable rt,g and set pt,g = rt,g and
mδ,g = ρm

ρ rt,g. We then take total derivatives with re-
spect to rt,g

V [n]
jet ≡ An

g

dn

drnt,g
V ({pi}jet) , (4)

so that the correction can be rewritten

Vjet,sub = Vjet − ρV [1]
jet +

1

2
ρ2V [2]

jet + · · · . (5)

The derivatives V (m,n) or V [n]
jet can be determined

numerically, for a specific jet, by rescaling the ghost

momenta and reevaluating the jet shape for multiple
rescaled values. Typically this is more stable with Eq. (4)
and this is the approach we use below.
To investigate the performance of our correction pro-

cedure, we consider a number of jet shapes:

• Angularities [12, 34], adapted to hadron-collider
jets as θ(β) =

∑

i pti∆Rβ
i,jet/

∑

i pti, for β =

0.5, 1, 2, 3; θ(1), the “girth”, “width” or “broaden-
ing” of the jet, has been found to be particularly
useful for quark/gluon discrimination [17, 35].

• Energy-energy-correlation (EEC) moments, advo-
cated for their resummation simplicity in [36],
E(β) =

∑

i,j ptiptj∆Rβ
i,j/(

∑

i pti)
2, using the same

set of β values. EEC-related variables have been
studied recently also in [37].

• “Subjettiness” ratios, designed for char-
acterising multi-pronged jets [13–15]:

one defines the subjettiness τ (axes,β)N =
∑

i pti min(∆Ri1, . . . ,∆RiN )β/
∑

i pti, where
∆Ria is the distance between particle i and axis a,
where a runs from 1 to N . One typically considers
ratios such as τ21 ≡ τ2/τ1 and τ32 ≡ τ3/τ2 (the
latter used e.g. in a recent search for R-parity
violating gluino decays [38]); we consider β = 1 and
β = 2, as well as two choices for determining the
axes: “kt”, which exploits the kt algorithm [39, 40]
to decluster the jet to N subjets and then uses
their axes; and “1kt”, which adjusts the “kt”
axes so as to obtain a single-pass approximate
minimisation of τN [15].

• A longitudinally invariant version of the planar
flow [11, 12], involving a 2 × 2 matrix Mαβ =
∑

i pti(αi − αjet)(βi − βjet), where α and β corre-
spond either to the rapidity y or azimuth φ; the
planar flow is then given by Pf = 4λ1λ2/(λ1+λ2)2,
where λ1,2 are the two eigenvalues of the matrix.

One should be aware that observables constructed from
ratios of shapes, such as τn,n−1 and planar flow, are not
infrared and collinear (IRC) safe for generic jets. In par-
ticular Pf and τ21 are IRC safe only when applied to jets
with a structure of at least two hard prongs, usually guar-
anteed by requiring the jets to have significant mass; τ32
requires a hard three-pronged structure,3 a condition not
imposed in previous work, and that we will apply here
through a cut on τ21.

3 Consider a jet consisting instead of just two hard particles with
pt = 1000 GeV, with φ = 0, 0.5 and two further soft particles
with pt = ϵ, at φ = 0.05, 0.1, all particles having y = 0. It
is straightforward to see that τ32 is finite and independent of ϵ
for ϵ → 0, which results in an infinite leading-order perturbative
distribution for τ32.
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However…
• Pileup mitigation for jet substructure can be complicated!

• There still are observables which we don’t 
know how to correct for pileup.

An extreme example is jet planar flow

3
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FIG. 1: Impact of pileup and subtraction on various jet-shape distributions and their averages, in dijet, WW and tt̄ production
processes. The distributions are shown for Poisson distributed pileup (with an average of 30 pileup events) and the averages
are shown as a function of the number of pileup events, nPU. The shapes are calculated for jets with pt > 500 GeV (the cut is
applied before adding pileup, as are the cuts on the jet mass mJ and subjettiness ratio τ21 where relevant).

For the angularities and EECmoments we have verified
that the first two numerically-obtained derivatives agree
with analytical calculations in the case of a jet consisting
of a single hard particle. For variables like τN that involve
a partition of a jet, one subtlety is that the partitioning
can change as the ghost momenta are varied to evaluate
the numerical derivative. The resulting discontinuities
(or non-smoothness) in the observable’s value would then
result in nonsensical estimates of the derivatives. We
find no such issue in our numerical method to evaluate
the derivatives, but were it to arise, one could choose to
force a fixed partitioning.

To test the method in simulated events with pileup,
we use Pythia 8.165, tune 4C [41, 42]. We consider
3 hard event samples: dijet, WW and tt̄ production,
with hadronic W decays, all with underlying event (UE)
turned off (were it turned on, the subtraction proce-
dure would remove it too). We use anti-kt jets [43]
with R = 0.7, taking only those with pt > 500 GeV
(before addition of pileup). All jet-finding is performed
with FastJet 3.0 [44]. The determination of ρ and ρm

for each event follows the area–median approach [23]:
the event is broken into patches and in each patch one
evaluates pt,patch =

∑

i∈patch pt,i, as well as mδ,patch =
∑

i∈patch

(

√
m2

i + p2t,i−pti
)

, where the sum runs over par-
ticles i in the patch. Then ρ and ρm are given by

ρ = median
patches

{

pt,patch
Apatch

}

, ρm = median
patches

{

mδ,patch

Apatch

}

,

(6)
where A is the area of each patch. To obtain the patches
we cluster the event with the kt algorithm with R =
0.4. For non-zero ρm the formula for correcting a jet’s
4-momentum is

pµjet,sub = pµjet− [ρAx
jet, ρA

y
jet, (ρ+ρm)Az

jet, (ρ+ρm)AE
jet] ,
(7)

with the area 4-vector, Aµ, as defined in [21].
We have 17 observables and 3 event samples. Fig. 1

gives a representative subset of the resulting 51 distribu-
tions, showing in each case the distribution (and average)
for the shape without pileup (solid green line), the result

pileup
no pileup

1st order  
JA subtraction

2nd order  
JA subtraction

of the energy of observed particles and are thus smooth functionals of energy flow within
a jet. In this manner, they are complementary to the information provided by template
overlaps, which is associated with jumps and spikes in energy flow.

Following Ref. [54], we will make use of the jet shape planar flow in the form,

Pf =
4det(I!)

tr(I!)2
, (15)

where I! is defined by,

Ikl! =
1

mJ

X

i

!i
pi,k
!i

pi,l
!i

, (16)

with mJ the jet mass, !i the energy of particle i in the jet, and pi,k the kth component
of its transverse momentum relative to the axis of the jet’s momentum. Jets attributed to
two-body final states have a di↵erential jet function fixed at zero planar flow,

1

J

✓
dJ

dPf

◆

2 body

= �(Pf). (17)

This would apply at leading order for events with highly boosted Higgs and QCD jets. On
the other hand realistic QCD and Higgs jets have nonzero Pf , because of QCD radiation
e↵ects that smear the distribution.

We expect soft radiation from the boosted color singlet Higgs to be concentrated between
the b and b̄ decay products. This is to be contrasted to a jet initiated by a light parton,
whose color is correlated with particles in other parts of the event, producing radiation in
the gaps between those particles and the jet system. Therefore, we expect that planar flow
for Higgs jets will be peaked toward a lower value than that of QCD jets. In the studies we
show below, the combination of Ov and Pf gives a strong background (QCD) suppression
with quite substantial signal (Higgs decay) e�ciency.

Figure 4 shows the two-dimensional distributions of MC events (obtained via Pythia
[60]) in the Pf vs. Ov3 plane for the signal and background. The scatter plot shows that
signal events cluster around large overlap while, at the same time, Pf is essentially below
0.2. By contrast, QCD events tend to be spread over the entire area. These plots also
confirm our expectation that Higgs jets tend to have smaller Pf values than QCD jet events
(for the same ratio mJ/P0). Clearly, any set of events chosen from the bottom right of
these plots, with Pf < Ov3, is highly enriched in three-body Higgs events compared with
background. The clear di↵erence in these scatter plots shows the potential of the template
overlap method.
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of the energy of observed particles and are thus smooth functionals of energy flow within
a jet. In this manner, they are complementary to the information provided by template
overlaps, which is associated with jumps and spikes in energy flow.

Following Ref. [54], we will make use of the jet shape planar flow in the form,

Pf =
4det(I!)

tr(I!)2
, (15)

where I! is defined by,

Ikl! =
1

mJ

X
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!i
pi,k
!i

pi,l
!i

, (16)

with mJ the jet mass, !i the energy of particle i in the jet, and pi,k the kth component
of its transverse momentum relative to the axis of the jet’s momentum. Jets attributed to
two-body final states have a di↵erential jet function fixed at zero planar flow,
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= �(Pf). (17)

This would apply at leading order for events with highly boosted Higgs and QCD jets. On
the other hand realistic QCD and Higgs jets have nonzero Pf , because of QCD radiation
e↵ects that smear the distribution.

We expect soft radiation from the boosted color singlet Higgs to be concentrated between
the b and b̄ decay products. This is to be contrasted to a jet initiated by a light parton,
whose color is correlated with particles in other parts of the event, producing radiation in
the gaps between those particles and the jet system. Therefore, we expect that planar flow
for Higgs jets will be peaked toward a lower value than that of QCD jets. In the studies we
show below, the combination of Ov and Pf gives a strong background (QCD) suppression
with quite substantial signal (Higgs decay) e�ciency.

Figure 4 shows the two-dimensional distributions of MC events (obtained via Pythia
[60]) in the Pf vs. Ov3 plane for the signal and background. The scatter plot shows that
signal events cluster around large overlap while, at the same time, Pf is essentially below
0.2. By contrast, QCD events tend to be spread over the entire area. These plots also
confirm our expectation that Higgs jets tend to have smaller Pf values than QCD jet events
(for the same ratio mJ/P0). Clearly, any set of events chosen from the bottom right of
these plots, with Pf < Ov3, is highly enriched in three-body Higgs events compared with
background. The clear di↵erence in these scatter plots shows the potential of the template
overlap method.
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�ppileupT ⇠ R2

�ppileupT ⇠ r2

ntemp ⇥ r2/R2 ⇠ ntemp ⇥ 0.12/1.02 = 0.01⇥ ntemp

For fat jets:
For templates:

Pileup contribution to a 
template relative to the fat jet

e.g.:

Templates are sensitive 
only to the energy 

deposition inside the 
template sub-cones.

We can also think about observables 
which are weakly susceptible to 

pileup by design. TOM is one 
example.

Pileup effects on top tagging
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Pileup effects on boosted top tagging
19

FIG. 9. E↵ects of pileup on the hadronic overlap analysis with a fixed overlap cut. The top left panel shows the signal e�ciency

for a fixed cut of Ovhad

3 > 0.6. Di↵erent curves represent di↵erent h
T

bins. The top right panel shows the Ovhad

3 distributions

with various levels of pileup contamination and 600 GeV < h
T

< 700 GeV. The lower left panel shows the corresponding

W+jets fake rate for a fixed Ovhad

3 > 0.6. The bottom right panel shows the corresponding W+jets rejection power. The

analysis does not assume a mass cut on the fat jet or b-tagging. The signal e�ciency and background fake rate are measured

relative to the Basic Cuts of Eq. (10).

the strongest dependence on the level of pileup contamination, while the e↵ects are softened at higher h
T

due to the

use of both smaller fat jet cones and the smaller average size of the template sub-cone. Notice that the e↵ects of

N
vtx

= 20 interactions per bunch crossing are mild in the entire h
T

range, consistent with our previous analysis in

Ref. [34]. The result shows that TOM can perform well without significant pileup subtraction or correction on the

current 8 TeV data set, while alternative ways of dealing with pileup are likely to be needded beyond hN
vtx

i > 50.

B. Pileup E↵ects on Leptonic Peak Overlap (Ovlep

3 )

E↵ects of pileup contamination on Ovlep3 are less severe than in the case of hadronic overlap. The leptonic top

b-quark, clustered with a small cone of r = 0.4 displays limited sensitivity to soft contamination compared to the fat

jet, while the hard lepton remains mostly una↵ected by soft hadronic noise and the e↵ects of pileup on missing energy
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Fermionic Top Partner Searches (Comp. Higgs)

FIG. 1: The diagrams of the double production and single production processes. We show only the

dominant diagrams. t is a collective symbol to refer to either top or anti-top. Similarly X denotes

any top partner of interest, and it collectively refers to either top partner or anti-top partner.

set by the same-sign dilepton search.

The absence of any excess in existing new physics searches leads us to consider heavier top

partners. Electroweak scale resonances, W/Z/h/top, decayed from those heavy top partners

are necessarily boosted, and as a result all the final state particles of those boosted tops

and electroweak bosons are collimated in the laboratory frame. As we are in a transition

region between the boosted and unboosted regime, many standard search strategies cease

to work well. Relatively simple observables like the multiplicity of jets proved to be a

powerful discriminator between signal and SM backgrounds, yet when the decay products

are collimated in a narrow opening angle overlapping radiation will spoil the aimed-for

jet-parton matching and jet counting becomes much less e↵ective. A simple example is

the reconstruction of a W boson. A W boson with small transverse momentum decays to

two widely separated jets, counted as two, whereas for a highly boosted W boson, whose

transverse momentum is much bigger than its mass (pT,W � mW ), the two jets merge into

a single jet which would be counted as one. This obscures the two-prong nature of the W

boson, as opposed to the one-prong QCD-jet. Here jet substructure techniques can be helpful

to recover sensitivity in discriminating the W jet from QCD jets. Those techniques organise

the energy distribution of jet constituents such that they correctly identify two hard objects

in a single jet, while e�ciently rejecting QCD-like jets. By exploiting the substructure of a

jet the traditional observable jet multiplicity, Nj, can be consistently extended to N
con

, the

4

Lightest top partner typically charge 5/3 which decays to tW

• Very clean.	

• Suppressed rate.	

• Sensitive only to 5/3 partner. 

• Large tt and W+jets 
bgd.	


• Much higher rate.	

• Sensitive to partners 

other than 5/3.

Lepton + jetSSDL
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FIG. 1: The diagrams of the double production and single production processes. We show only the

dominant diagrams. t is a collective symbol to refer to either top or anti-top. Similarly X denotes

any top partner of interest, and it collectively refers to either top partner or anti-top partner.

set by the same-sign dilepton search.

The absence of any excess in existing new physics searches leads us to consider heavier top

partners. Electroweak scale resonances, W/Z/h/top, decayed from those heavy top partners

are necessarily boosted, and as a result all the final state particles of those boosted tops

and electroweak bosons are collimated in the laboratory frame. As we are in a transition

region between the boosted and unboosted regime, many standard search strategies cease

to work well. Relatively simple observables like the multiplicity of jets proved to be a

powerful discriminator between signal and SM backgrounds, yet when the decay products

are collimated in a narrow opening angle overlapping radiation will spoil the aimed-for

jet-parton matching and jet counting becomes much less e↵ective. A simple example is

the reconstruction of a W boson. A W boson with small transverse momentum decays to

two widely separated jets, counted as two, whereas for a highly boosted W boson, whose

transverse momentum is much bigger than its mass (pT,W � mW ), the two jets merge into

a single jet which would be counted as one. This obscures the two-prong nature of the W

boson, as opposed to the one-prong QCD-jet. Here jet substructure techniques can be helpful

to recover sensitivity in discriminating the W jet from QCD jets. Those techniques organise

the energy distribution of jet constituents such that they correctly identify two hard objects

in a single jet, while e�ciently rejecting QCD-like jets. By exploiting the substructure of a

jet the traditional observable jet multiplicity, Nj, can be consistently extended to N
con

, the

4

Lightest top partner typically charge 5/3 which decays to tW

• Very clean.	

• Suppressed rate.	

• Sensitive only to 5/3 partner. 
Focus of the exp. effort so far

• Large tt and W+jets 
bgd.	


• Much higher rate.	

• Sensitive to partners 

other than 5/3.

SSDL Lepton + jet

Fermionic Top Partner Searches (Comp. Higgs)
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FIG. 7: Left: the estimated exclusion plot from our “l + jets” cut-and-count analysis, assuming 20

fb�1 of LHC8 data. Right: the corresponding exclusion plot after top partner mass reconstruction.

The boundaries are defined by S/
p
S +B = 2. The solid red line displays the limit from the

CMS SSDL search. The solid blue line in the right panel represents the exclusion curve from our

cut-and-count analysis in the left panel. Black dotted lines indicate S/B ratios. Red dashed lines

indicate O(�+X̄t) ⇠ gX (mX/mW ) = 3.5.

setting. For the former, in case the coupling gX of the single production process is large,

the limit on the top partner X
5/3 can be increased up to ⇠ 1 TeV by our “l + jets” style

cut-and-count analysis. Exploiting the top partner mass reconstruction has little e↵ect on

the statistical significance. However, S/B is improved by roughly a factor 2. For the latter,

when the two masses of X
5/3 and B are degenerate and their branching ratios to tW are 1,

their mass limit can be improved to ⇠ 930 GeV using the pair production process alone.

While Figs. 7 and 8 show the e↵ect on the limits for the top partner masses, their

implication for the composite Higgs model’s input parameters is not transparent. Therefore

we will rephrase our findings according to Eqs. 5, 6 and 7 in terms of the free parameters

of the theory. For instance we show in Fig. 9 the excluded region of c
1

for varying top

partner masses, while keeping y and ⇠ fixed. For further illustration we choose two values

of y, representing two di↵erent mass hierarchies between B and X
5/3 (see Eq. 5). If y = 3,

the contribution from B is negligible compared to X
5/3 due to mB � mX

5/3
, and the
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• Lepton + Jet channels can (in principle) do better than 
SSDL! Many handles on SM backgrounds: 

boosted t, boosted W, 2b-tags, hard 
leptons, forward jet.

8 TeV

Azatov,  Salvarezza, 


Son, Spannowsky


arXiv:1308.6601
 Limit using the  
lepton+jet cutflow 

(HEPTopTagger for 
boosted regime)

no pileup!

“Proof of concept” that 
boosted jet tagging 
techniques could be 

becoming as powerful as 
fully leptonic channels!

CMS limit using SSDL

See Emanuele’s 
talk for details 
on b-tagging of 

fat jets

Fermionic Top Partner Searches (Comp. Higgs)
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Figure 9: Sensitivity to models with large MX5/3/B , where we expect a high degree of mass degeneracy between X
5/3 and B

partners. The plots on the left assume b-tagging but not forward jet tagging, while plots on the right assume both
b-tagging and forward jet tagging. The inclusive signal cross section and integrated luminosity are on the x and y axes
respectively. We only show the hadronic top candidate events and no pileup contamination. The solid lines represent contours
of constant S/

p
B at L = 35 fb�1, while the dashed lines are S/B. The selection cuts for each MX5/3/B reflect the ones in

Table II, where we mark the point presented in the table by a star.

There are several interesting features of our analysis. First, we find that for MX5/3/B > 1 TeV, the S/
p

B we
achieve in the hadronic top channel is significantly better than for hadronic W candidate events, even though it
results in a 50% lower signal e�ciency, while the significance is comparable for MX5/3/B ⇠ 1 TeV. The e↵ect can be
attributed to the asymmetry in the proportion of hadronic top vs. hadronic W candidate events in the background
as defined in Section III B. For instance, the signal events contain hadronic top and hadronic W candidate events in
the equal proportion, while the background tt̄ events we consider always contain a leptonic top. Hence, the amount of
SM tt̄ events which will be categorised as hadronic top events is smaller and will amount only to the events in which
the b quark from the leptonic top decay happens to land far enough from the lepton. Notice that the probability that
a b quark will land far from the fat jet axis increases with the decrease in the fat jet pT , hence the comparable S/

p
B

at lower MX5/3/B . The second interesting feature of our results is that the sensitivity to signal events increases with
MX5/3/B . One of the reasons for higher e�ciency at higher MX5/3/B is that the TOM reconstruction and tagging of
boosted objects becomes more e�cient at higher pT . The hard parts of a boosted jet, which TOM is designed to tag,
become more prominent features of a fat jet at high pT , while a higher degree of collimation of signal fat jets at high
pT make it less likely that radiation will “leak” out of the R = 1.0 cone. In addition, the fact that the high pT tails of
background distributions fall-o↵ as several powers in pT and faster than the signal distributions, imply that at high
MX5/3/B we expect less background contamination.

The final signal e�ciencies for MX5/3/B < 2.0 TeV, where we do not expect a large degree of mass degeneracy
between the X

5/3 and B, are roughly at the level as the naive estimate of a background free same sign di-lepton
analysis (assuming a detector acceptance of 50%), with the additional benefit that our method allows for good
reconstruction of the resonance in a pileup-insensitive manner.

We show a more complete representation of our main results with no pileup contamination in Fig. 9 for MX5/3/B =
2.0 TeV , where we assume that the X

5/3 and B states are mass degenerate, while Fig. 10 shows the results for

MX5/3/B = 1.0�1.75 TeV. The plots show contours of constant S/
p

B (solid lines) for various MX5/3/B as a function
of the inclusive signal cross section and integrated luminosity. For completeness, we give S/B as dashed lines. The
left panels assume the b-tagging requirement, but no forward jet tag while the right panels include both b-tagging and
the forward jet tag. We find that in all considered cases, the future LHC runs have excellent potential for discovery
of singly produced top partners, even in the early stages of the experiment and with as low as 20 fb�1 of data. In
addition, the 14 TeV run of the LHC should be able to achieve a 2� sensitivity, enough to rule out major parts of the
parameter space even with 10 fb�1.
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Figure 11: Sensitivity to various MX5/3/B in presence of 50 average interactions per bunch crossing. The inclusive signal
cross section and integrated luminosity are on the x and y axes respectively. We only show the hadronic top candidate events.
The blue solid lines represent contours of constant S/

p
B. The dashed lines are S/B. The selection cuts for each MX5/3/B

reflect the ones in Table IV, where we mark the point presented in the table by a star.

tagging. Our results on e↵ects of pileup on signal significance can be interpreted as the most pessimistic scenario and
a lower limit on how well the experiments can perform as a function of pileup mitigation e�ciency.

Future LHC experiments are likely to employ advanced pileup subtraction techniques using track information
and overtaxing, which could only further improve the performance of event selection in a high pileup environment.
However, it is important to note that since we employ a number of already pileup insensitive observables, it is likely
that no aggressive pileup subtraction technique will be necessary to recover the full power of our events selection.

H. A Few Remarks on the Complementarity of Top Partner Searches

In case a top partner is discovered at the LHC, combining results from di↵erent channels could greatly improve the
significance of the signal. Yet, there is additional information one can obtain from measurements of both same sign
di-lepton and other decay channels.

For instance, a possible mass degeneracy between the X
5/3 and B states could be di�cult to untangle with the

current mass resolution of the LHC experiments. In case a signal is observed, considering only the invariant mass
distribution of a tW system or the HT distribution would likely not be su�cient to determine whether there are
one or more resonances observed in the signal events. Complementary information from same sign di-lepton channel

• Similar proposal: lepton + fat jet + fwd. jet + b tagging for 
Run II.

• Analysis tailored for very heavy states (i.e. ~ 2 TeV)

MB, Flacke, Lee, Perez: arXiv:1409.0409

No pileup 50 int. per. bc.

No pileup subtraction!
(Utilizes the TemplateTagger)

Fermionic Top Partner Searches (Comp. Higgs)
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Figure 9: Sensitivity to models with large MX5/3/B , where we expect a high degree of mass degeneracy between X
5/3 and B

partners. The plots on the left assume b-tagging but not forward jet tagging, while plots on the right assume both
b-tagging and forward jet tagging. The inclusive signal cross section and integrated luminosity are on the x and y axes
respectively. We only show the hadronic top candidate events and no pileup contamination. The solid lines represent contours
of constant S/

p
B at L = 35 fb�1, while the dashed lines are S/B. The selection cuts for each MX5/3/B reflect the ones in

Table II, where we mark the point presented in the table by a star.

There are several interesting features of our analysis. First, we find that for MX5/3/B > 1 TeV, the S/
p

B we
achieve in the hadronic top channel is significantly better than for hadronic W candidate events, even though it
results in a 50% lower signal e�ciency, while the significance is comparable for MX5/3/B ⇠ 1 TeV. The e↵ect can be
attributed to the asymmetry in the proportion of hadronic top vs. hadronic W candidate events in the background
as defined in Section III B. For instance, the signal events contain hadronic top and hadronic W candidate events in
the equal proportion, while the background tt̄ events we consider always contain a leptonic top. Hence, the amount of
SM tt̄ events which will be categorised as hadronic top events is smaller and will amount only to the events in which
the b quark from the leptonic top decay happens to land far enough from the lepton. Notice that the probability that
a b quark will land far from the fat jet axis increases with the decrease in the fat jet pT , hence the comparable S/

p
B

at lower MX5/3/B . The second interesting feature of our results is that the sensitivity to signal events increases with
MX5/3/B . One of the reasons for higher e�ciency at higher MX5/3/B is that the TOM reconstruction and tagging of
boosted objects becomes more e�cient at higher pT . The hard parts of a boosted jet, which TOM is designed to tag,
become more prominent features of a fat jet at high pT , while a higher degree of collimation of signal fat jets at high
pT make it less likely that radiation will “leak” out of the R = 1.0 cone. In addition, the fact that the high pT tails of
background distributions fall-o↵ as several powers in pT and faster than the signal distributions, imply that at high
MX5/3/B we expect less background contamination.

The final signal e�ciencies for MX5/3/B < 2.0 TeV, where we do not expect a large degree of mass degeneracy
between the X

5/3 and B, are roughly at the level as the naive estimate of a background free same sign di-lepton
analysis (assuming a detector acceptance of 50%), with the additional benefit that our method allows for good
reconstruction of the resonance in a pileup-insensitive manner.

We show a more complete representation of our main results with no pileup contamination in Fig. 9 for MX5/3/B =
2.0 TeV , where we assume that the X

5/3 and B states are mass degenerate, while Fig. 10 shows the results for

MX5/3/B = 1.0�1.75 TeV. The plots show contours of constant S/
p

B (solid lines) for various MX5/3/B as a function
of the inclusive signal cross section and integrated luminosity. For completeness, we give S/B as dashed lines. The
left panels assume the b-tagging requirement, but no forward jet tag while the right panels include both b-tagging and
the forward jet tag. We find that in all considered cases, the future LHC runs have excellent potential for discovery
of singly produced top partners, even in the early stages of the experiment and with as low as 20 fb�1 of data. In
addition, the 14 TeV run of the LHC should be able to achieve a 2� sensitivity, enough to rule out major parts of the
parameter space even with 10 fb�1.

20

100 200 300 400 500 600 700

�X5/3/B (fb)

10

1

10

2

L
(f
b
�1

)

0
.
5

1
.
0

1

.

0

2

.

0

3

.

0

4

.

0

5

.

0

6

.

0

7

.

0

8

.

0

9

.

0

1

0

.

0

1

1

.

0

1

2

.

0

1

3

.

0

MadGraph + Pythia

M = 1.0 TeVX5/3, B

b-tag
fwd. jet tag

10 20 30 40 50 60 70 80

�X5/3/B (fb)

10

1

10

2

L
(f
b
�1

)

1
.
0

2
.
0

3
.
0

4
.
0

2

.

0

3

.

0

4

.

0

5

.

0

6

.

0

7

.

0

8

.

0

9

.

0

1

0

.

0

1

1

.

0

MadGraph + Pythia

M = 1.75 TeVX5/3, B

b-tag
fwd. jet tag

5 10 15 20 25

�X5/3/B (fb)

10

1

10

2

L
(f
b
�1

)

1
.
0

2
.
0

3
.
0

4
.
0

5
.
0

6
.
0

7
.
0

1

.

0

2

.

0

3

.

0

4

.

0

5

.

0

6

.

0

7

.

0

8

.

0

9

.

0

1

0

.

0

1

1

.

0

M = 2.0 TeVX5/3, B

MadGraph + Pythia

b-tag
fwd. jet tag

Figure 11: Sensitivity to various MX5/3/B in presence of 50 average interactions per bunch crossing. The inclusive signal
cross section and integrated luminosity are on the x and y axes respectively. We only show the hadronic top candidate events.
The blue solid lines represent contours of constant S/

p
B. The dashed lines are S/B. The selection cuts for each MX5/3/B

reflect the ones in Table IV, where we mark the point presented in the table by a star.

tagging. Our results on e↵ects of pileup on signal significance can be interpreted as the most pessimistic scenario and
a lower limit on how well the experiments can perform as a function of pileup mitigation e�ciency.

Future LHC experiments are likely to employ advanced pileup subtraction techniques using track information
and overtaxing, which could only further improve the performance of event selection in a high pileup environment.
However, it is important to note that since we employ a number of already pileup insensitive observables, it is likely
that no aggressive pileup subtraction technique will be necessary to recover the full power of our events selection.

H. A Few Remarks on the Complementarity of Top Partner Searches

In case a top partner is discovered at the LHC, combining results from di↵erent channels could greatly improve the
significance of the signal. Yet, there is additional information one can obtain from measurements of both same sign
di-lepton and other decay channels.

For instance, a possible mass degeneracy between the X
5/3 and B states could be di�cult to untangle with the

current mass resolution of the LHC experiments. In case a signal is observed, considering only the invariant mass
distribution of a tW system or the HT distribution would likely not be su�cient to determine whether there are
one or more resonances observed in the signal events. Complementary information from same sign di-lepton channel

• Similar proposal: lepton + fat jet + fwd. jet + b tagging for 
Run II.

MB, Flacke, Lee, Perez: arXiv:1409.0409

No pileup 50 int. per. bc.

No pileup subtraction!

Some effects of pileup, but the 
“most pessimistic” scenario 

shows that no aggressive pileup 
subtraction should be necessary.

Signal cross section > 
SSDL after the cutflow

• Analysis tailored for very heavy states (i.e. ~ 2 TeV)
(Utilizes the TemplateTagger)

Fermionic Top Partner Searches (Comp. Higgs)
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Search Strategies for Top Partners in Composite

Higgs models
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Abstract: We consider how best to search for top partners in generic composite Higgs

models. We begin by classifying the possible group representations carried by top partners

in models with and without a custodial SU(2)⇥SU(2)oZ2 symmetry protecting the rate

for Z ! bb decays. We identify a number of minimal models whose top partners only have

electric charges of 1
3 ,

2
3 , or

4
3 and thus decay to top or bottom quarks via a single Higgs or

electroweak gauge boson. We develop an inclusive search for these based on a top veto,

which we find to be more e↵ective than existing searches. Less minimal models feature

light states that can be sought in final states with like-sign leptons and so we find that 2

straightforward LHC searches give a reasonable coverage of the gamut of composite Higgs

models.
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Top Partner Discovery in the T ! tZ channel at
the LHC

Jürgen Reuter and Marco Tonini
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Notkestr. 85, D-22607 Hamburg, Germany
E-mail: juergen.reuter@desy.de, marco.tonini@desy.de

Abstract: In this paper we study the discovery potential of the LHC run II for heavy vector-like
top quarks in the decay channel to a top and a Z boson. Despite the usually smaller branching
ratio compared to charged-current decays this channel is rather clean and allows a complete mass
reconstruction of the heavy top. The latter is achieved in the fully hadronic top channel using
boosted jet and jet substructure techniques. To be as model-independent as possible, a simplified
model approach with only two free parameters has been applied. The results are presented in terms
of a parameter space regions for 3� evidence or 5� discovery for such new states in that channel.

Keywords: LHC phenomenology, Top Partners, Boosted–top tagging, Simplified model approach,
Little Higgs models, Composite Higgs models
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Other proposals for top partners searches in 
boosted channels appeared recently: 

arXiv:1409.6962


arXiv:1406.5957

Looks like “exotics” searches in boosted top 
channels are in a good shape!

Fermionic Top Partner Searches (Comp. Higgs)
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We have several obstacles to overcome  

before Run II …  

!

… but  LHC Run I has taught us that we are 

very good at solving problems on the run!
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Let’s hope we find something new and exciting!


