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and it’s connection with 

composite spin-1 resonances, 
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*Neutral Naturalness (a last resort…) is not discussed in this talk
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Single production with Boosted Analysis 
becomes more important! 
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General Set-up

The down-type sector can be realized analogously.

The lightest composite top quark partner resonances are assumed to 
be in the 5 of SO(5)

the strong sector 
resonances are classified 
in terms of irreducible 
representations of the 
unbroken global SO(4)

5 = 4 + 1

As a setup we choose the minimal composite Higgs model based on SO(5)/SO(4).  
We use the CCWZ construction in order to write down         in a nonlinearly 
invariant way under SO(5) Coleman, Wess, Zumino ’69,   Callan, Coleman ’69 

Leff

elementary quarks:
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General Set-up

5 = 4 + 1

In this talk, I will focus on partially 
composite quarks scenario
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Game changer for run II: boosted analysis for single 
production Backovic, Flacke, SL, Perez `14
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Top Partner Searches @ Run II
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for M > 1TeV, single production 
becomes dominant (just 

kinematics). 
Exactly where in M4 this happens 
is model dependent, but for most 
“reasonable” parameter choices 
somewhere between 1-1.5 TeV
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Single production is 
dominated by X5/3 and B 

partners.
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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.

Single production of top partners 
might looks complicated

Large SM backgrounds 
(di-tops, W+jets, …)

Backovic, Flacke, SL, Perez `14
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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
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Single production of top partners 
might looks complicated

Large SM backgrounds 
(di-tops, W+jets, …)

M ⇠ O(1TeV)

Backovic, Flacke, SL, Perez `14
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Figure 3: Single production of top partners with decay channels. We consider events characterised by a boosted tW system in
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  Unique event topology! 
At least three interesting handles 

on the SM backgrounds
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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.

Backovic, Flacke, SL, Perez `14
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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 = �
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⇥ 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
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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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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
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), 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
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⇥ (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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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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Boosted top tagging: Jet substructure

Gavin Salam

overlap
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! Shape
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! Soft removal
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Lesson from Run I: it works!
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Lesson from Run I: it works!

“If you ain’t boostin’, you ain’t livin” – 
Nhan Tran, FNAL 

(Experimental Summary at BOOST 2014)



(easy to get LO PQCD, weak jet finder dep’&  beyond,  4)Template Overlap. 
  fits the spiky nature of signals)

How do we know it’s top jet?  
Boosted top tagging (jet substructure)

(naively: QCD jets are massless while top jets ~ mt)2) JetShape: Moments. (easy to get LO PQCD, weak jet finder dependence, etc ) 
Almeida, SL, Perez, Sterman, Sung & Virzi; Thaler & Wang (08); 
Thaler & Tilburg (10), Gallichio & Schwartz (10), Hook, Jankowiak & Wacker (11), etc 

1) Algorithm: Filtering, pruning, trimming, mass drop, soft drop, etc

Seymour (93); Butterworth, Cox, Forshaw (02); Butterworth, Davison, 
Rubin & Salam (08); Kaplan, Rehermann, Schwartz, Tweedie (08); Krohn, 
Thaler & Wang (10); Ellis, Vermilion & Walsh (09); T. Plehn, G. P. 
Salam, & M. Spannowsky (09),Larkoski, Marzani,Soyez,Thaler (14),etc

g

Almeida, SL, Perez, Sterman & Sung (10);                                                             
Almeida, Erdogan, Juknevich, SL, Perez, Sterman (11);Backovic, 
Juknevich, Perez (13); Backovic, Gabizon, Juknevich, Perez, Soreq (14)

t

3)Matrix element method Soper & Spannowsky (11,12)
shower deconstruction method

apologies for omitted ones…

(naively: QCD jets are massless while top jets ~ mt)5)ANN: new method
Almeida,Clich,SL, Perelstien (15)



t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

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



t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

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

Template Overlap Method



Tagging of Boosted Objects

- We use the Template Overlap Method (TOM) 

- Low susceptibility to pileup. 

- Good rejection power for light jets. 

- Flexible Jet Substructure framework  
	 	 	 	 (can tag tops, Higgses, Ws …) 

Almeida, SL, Perez, Sterman, Sung ’10

Almeida, Erdogan, Juknevich, SL, Perez, Sterman  ’12

Agashe, et al (SL), Snowmass studies (top & RS benchmark) ’13

Backovic, Juknevich, Perez  ’13

Backovic, Gabizon, Juknevich, Perez, Soreq ‘14

For a gruesome amount of detail on TOM see:



Template Overlap Method
Template overlaps: functional measures that 

quantify how well the energy flow of a physical jet 
matches the flow of a boosted partonic decay

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

“template”

Lunch table 
discussion with 

Juan 
Maldacena



Tagging of Boosted Objects

The red dots with circles are peak 
template momenta. They represent 

the “most likely” top decay 
configuration at a parton level.

Blue - positions of truth level top decay products. 
Gray - Calorimeter energy depositions. 
Red - Peak template positions. 

Typical boosted top jet



Blue - positions of truth level top decay products. 
Gray - Calorimeter energy depositions. 
Red - Peak template positions. 

Because templates are 
sensitive only to the 
energy depositions 

within the small cones 
the method is very 

weakly susceptible to 
pileup.

Templates are matched to jet energy 
distribution by collecting radiation 
within some small cone around 
each parton and minimizing the 

difference between the energy of the 
parton and the collected energy.

Typical boosted top jet

Tagging of Boosted Objects



No Pileup 50 avg. pileup

- Template Overlap Method 
- Good rejection power for light jets. 
- Flexible Jet Substructure framework  

	 	 	 	 (can tag t, h, W …)
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Figure 5: Template overlap distributions for signal and background channels. The left panel shows the peak template distri-
butions for hadronic t/W (top panel / bottom panel) candidate events with no pileup (solid lines), while the right panel is the
peak overlap for hadronic t/W (top panel /bottom panel) candidate events in the presence of 50 average pileup events (dashed
lines). The plots assume Basic Cuts and pT > 500 GeV for the fat jet. Notice that the signal distribution is weakly a↵ected
by pileup contamination.

e↵ect requires a full NLO event simulation, which is beyond the scope of our current study. It is impotent to note
that since here we only consider a leading order tt̄ sample matched to one extra jet, our estimates for the Template
Overlap’s ability to reject Standard Model tt̄ events is likely underestimated.

One of the most attractive features of TOM is its weak susceptibility to pileup contamination. Refs. [17, 18] showed
that the e↵ects of pileup are not significant on TOM (up to 50 pileup events). The low susceptibility to pileup is
a manifest of the fact that, by construction, TOM is sensitive mostly to the hard energy depositions within the fat
jet and less so to the incoherent soft radiation. Here we find similar results both in the case of the top as well as
the W, as shown in Figure 5. The signal distributions maintain a very similar shape upon the addition of pileup
contamination, with the signal e�ciency of the Ov > 0.5 cut remaining at ⇠ 65% for both hadronic top and hadronic
W candidate events. The shape of the background distributions is a↵ected more drastically in the presence of pileup,
however, notice that the region of Ov > 0.5 remains weakly a↵ected, resulting in a small e↵ect on the background
fake rate upon the overlap selection cut.

Tagging of Boosted Objects
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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.

Forward Jets as useful tags of top partner production also proposed in: 
De Simone, Matsedonskyi, Rattazzi Wulzer JHEP 1304 (2013) 004

Forward Jet Tagging
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Seems easy, but actually quite difficult!
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Complicated at high pileup (fake jets appear)

Forward Jet Tagging
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(Simple) Solution:
Define forward jets as (say) r = 0.2 jets with  

small radius 
pileup jets are 

less likely to 
pass a pT 

threshold cut
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X
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We define forward jets by clustering the entire event using a cone of radius rfwd and then selecting the jets in the
event which satisfy the following criteria:

pfwd

T > 25 GeV, 2.5 < ⌘fwd < 4.5 , (10)

where pfwd

T and ⌘fwd are the transverse momentum and rapidity of the forward jet. We then define forward jet tagging
by requiring the number of forward jets in the event N fwd � 1.

How is the forward jet multiplicity a↵ected by pileup? Figure 6 provides the answer. Clustering the event with
a standard ATLAS rfwd = 0.4 cone results in a dramatic shift in the forward jet multiplicity distribution, with as
many as 10 forward jets easily appearing in an event at 50 interactions per bunch crossing. Reducing the cone size to
rfwd = 0.1 almost extinguishes the e↵ects of pileup, but at a cost to signal e�ciency as only about 50% of the signal
events pass the forward jet tagging requirement. We find that rfwd = 0.2 gives a good compromise between e↵ects of
pileup and signal e�ciency, and throughout the rest of this paper we will adopt the term “forward jet” to mean a jet
of radius rfwd = 0.2 which passes the forward jet criteria of Eq. (10).

D. b-tagging

Our analysis utilizes the presence of multiple b-jets in the signal, whereby we use information from the hard process
to simulate the b-tagging procedure. We define every r = 0.4 jet to be b-tagged if there is a hard process b or c quark
within �R = 0.4 from the jet axis. We consider the benchmark e�ciency of 75% for every b jet to be tagged as a b,
with the fake rate of 18% and 1% for c and light jets respectively. We further consider a fat jet to be b-tagged if there
is a b-tagged r = 0.4 jet within �R = 1.0 from the fat jet axis.

We apply di↵erent b-tagging criteria based on whether the fat jet is a hadronic top or hadronic W candidate.
Namely, we require:

• One b-tagged fat jet (i.e. �R(fj,b) < 1.0), and at least one b-tagged r = 0.4 jet outside the fat jet (i.e.
�R(fj,b) > 1.4) if the fat jet is a hadronic top candidate. Note that the criteria for an event to be a hadronic
top candidate also require the r = 0.4 jet to be isolated from the hardest lepton (i.e. �R(l, b) > 1.0).

• One fat jet without a b-tagged r = 0.4 jet within �R = 1.4 from the fat jet axis (e.g. anti-b-tagged) and at least
one b-tagged r = 0.4 jet outside the fat jet, if the fat jet is a hadronic W candidate.

How large of a b-tagging e�ciency should we expect for the signal events? Naively, we would assume that the
fraction of events which contain two true b-jets is ⇠ 1.0. When folded into the above mentioned b-tagging e�ciencies,
we would hence expect the overall signal b-tagging e�ciency to be ⇠ 0.5.

Figure 7 shows more precise and complete information on the b-tagging of signal events (for the purpose of illus-
tration, here we show only hadronic top candidate events). From the left panel, we can see that the geometrical
acceptance for events which contain two proper b-jets is ⇠ 80%, as represented by dashed, red histogram area with a
b-tag score � bb. The probability that the highest pT fat jet of a signal event will contain a proper b-tag is ⇠ 90%,
due to the large degree of collimation of the top decay products and the large fat jet clustering cone R = 1.0.

In addition, we find that the isolation criteria on the b-jet outside the fat jet reduce the signal e�ciency by an
additional 20� 30%, as seen in the right panel of Fig. 7. The e↵ect can be understood almost entirely from a simple
geometrical argument. Consider for instance the b-tagging criteria for hadronic top candidate events. Because anti-kT
jets are roughly circular in ⌘, �, the fraction of the available detector area in which a b-jet will be isolated both from
the fat jet and the hardest lepton is given by:

✏(b�tag isolated) ⇠ 1� ⇡((r + R)2 + R2)

2⇡�⌘a
, (11)

where �⌘a is the detector acceptance in rapidity for the r = 0.4 jets (i.e. -2.5 to 2.5), r is the radius of the b-tagged
jets, and R is the radius of the fat jet. The (R + r)2 term serves to isolate the b-jet from the fat jet while the term
proportional to R2 isolates the jet from the lepton. Jet rapidity acceptance is roughly �y ⇡ 5, although this is an
under-estimate since tracks with |y| < 5 are all taken into account during jet reconstruction. Next, for b-jets clustered
with r = 0.4 and fat jets with R = 1.0 one obtains ✏(b�tag isolation) ⇠ 0.7, roughly the fraction of isolated b-tag
events with a b-tag score greater than b in the left panel of Fig. 7.

We conclude that the expected b-tagging e�ciency for the hadronic top candidate events (including the 75%
e�ciency of b-tagging) will be of order

✏(b�tag) ⇠ 0.8⇥ 0.7⇥ (0.75)2 ⇠ 0.3 . (12)

Ability to reco. the jet 
energy/pT is 

diminished, but we are 
interested in tagging 
the forward jet, not 

measuring it

Forward Jet Tagging
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C. Forward Jet Tagging

The event topology in Fig. 3 o↵ers another interesting handle on background mitigation – a high energy forward
jet [6]. The question of how well forward jet tagging (FJT) will perform in the high pileup environment of the future
LHC runs remains open [52, 53]. Yet, there is much interesting physics one can do with forward jets. Single top
production, tagging Higgs events which originate from vector boson fusion and understanding of the proton structure
at high x are just some of the examples. Here we are interested in forward jets only as event tags. The problem of
forward jet tagging hence becomes simpler, as we are not concerned with precise measurements of forward jet energy
and transverse momentum.

We propose a novel approach to forward jet tagging, which addresses the e↵ects of pileup contamination (at 50
interactions per bunch crossing). Pileup contribution to jet pT goes as �pT ⇠ R2, where R is the jet cone, resulting in
a shift of the jet kinematic observables to higher values and a broadening of the kinematic distributions. In addition,
larger jet cones are more likely to produce fake pileup jets, thus increasing the overall forward jet multiplicity. In order
to limit the pileup contamination in the forward region, here we propose to cluster the jets in the forward region with
a cone smaller than the standard r = 0.4 (i.e. r = 0.1, 0.2). Notice that this approach does not require an elaborate
re-calibration of jet observables as we do not propose to measure the forward jet, just tag it.
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Figure 6: E↵ects of pileup on the multiplicity of forward jets. For the purpose of illustration, we show signal events with
MX5/3/B = 1.75 TeV. The solid lines are hadronic top candidate events, while the dashed lines are for hadronic W candidates,
as defined in Section III B. We find that the e↵ects of pileup are negligible for r

fwd

= 0.1 at 50 interactions per bunch crossing,
but at a cost of signal e�ciency. r

fwd

= 0.2 shows some e↵ects of pileup, with the signal e�ciency significantly improved.
Notice the enormous e↵ect pileup has on the forward jet multiplicity if standard ATLAS r

fwd

= 0.4 jets are used. The first bin
in each plot is N

fwd

= 0.

r = 0.2 - good compromise between pileup insensitivity and signal efficiency

Red -  
50 Pileup Events

Blue -  
No Pileup 

Standard ATLAS r = 0.4 forward jet will not work without 
some aggressive pileup subtraction technique (open problem!)

Forward Jet Tagging
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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.

b-tagging Strategy



Full simulation of b-tagging requires consideration of complex 
detector effects (e.g. tracking info). 

 Assign a “b-tag” to every r = 0.4 jet which 
has a truth level b or c jet within dr = 0.4 from 

the jet axis.

For each “b-tag” we use the benchmark efficiencies: 

hadronic top 
(one b inside fat jet, 

one isolated) 

hadronic W 
(two isolated b tags) 

l
b

b
l

b

b

✏b = 0.75, ✏c = 0.18, ✏l = 0.01

We use a simplified approach:
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distribution if no pileup was present, while the red lines show the corresponding distribution at hN
vtx

i = 50 pileup
events. In both cases, our mass reconstruction method is able to resolve the resonance peak to a very good degree,
while e↵ects of pileup on the mass peak resolution remain weak at average 50 pileup events.
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Figure 8: E�ciency of MX5/3/B reconstruction in a pileup environment . In each case, we construct mX5/3/B from the missing
energy, the hardest lepton and the peak template. The blue line assumes no pileup while the red line assumes 50 average pileup
events. Only hadronic top candidate events are shown.

F. Projected MX5/3/B Sensitivity
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the forward jet tag, while the right panels assume both b-tagging and a forward jet tag.
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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.
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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
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Figure 1: Dominant single-production channels for the top partners X
5/3, B, Tf1 and Tf2 (from left to right) at a proton-proton

collider.

phenomenological signatures of X
5/3 and the B are identical. We will hence focus our e↵ort on searches for X

5/3/B
states and postpone the searches for other top partners until future studies.

Upon the diagonalization of the mass matrix (see the Appendix for more detail) the masses of the top, and the
partners, are given by:
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where M
1

and M
4

are the singlet and fourplet mass scales, � is a relative phase between them (see [20] for a detail
discussion on the model’s flavor parameters), f is the compositeness scale, yL,R are the left handed/right handed pre-
yukawa couplings, and ✏ ⌘ v/f . Eq. (1) reveals an important point which we will employ in the following sections.
The mass splitting between the M

5/3 and B goes as f/M
4

, implying that the heavier the X
5/3 partner is, the more

mass degenerate it becomes with the B state, provided yL is not too big.
Our current study will focus only on the tW decays of the top partners, since this is the only mode X

5/3 can decay
to due to charge conservation. The dominant couplings of X

5/3 and B states are of strength
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where cR is a right-handed strong sector coupling between the partners in the 1 and 4.3

B. Production of Top Partners

The top partners are colored and can therefore be pair-produced via QCD interactions, where the production cross
section only depends on the mass of the respective top partner. The top partners can also be single-produced via the

3 Notice that these couplings are chiral, where the partner couplings to left handed tops are suppressed by O(✏2). The dominance of right
hand couplings to tops result in characteristic features in the angular and pT distributions of the top decay products [21, 22] and could
help reveal the structure of top partner couplings (in case a signal is observed at the future LHC runs).

MX5/3
= M4 } For large M4, 5/3 and B 

partners are becoming mass 
degenerate

Production cross section 
nearly doubles, but only if 

the event selections are 
sensitive to both 5/3 and B 

partner 

Clear advantage over 
same sign di-lepton 

channels!

Possible additional handle:
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MX5/3/B = 2.0 TeV, �X5/3+B = 15 fb, L = 35 fb�1

X
5/3 +B �s [fb] �t¯t [fb] �W+jets

[fb] ✏s ✏t¯t ✏W+jets

S/B S/
p
B

Fat jet candidate t W t W t W t W t W t W t W t W

Basic Cuts 1.7 1.9 144.0 487.0 3807.0 2301.0 0.38 0.42 0.12 0.41 0.12 0.08 4 ⇥ 10�4 6 ⇥ 10�4 0.2 0.2

pT > 600 GeV 1.4 1.6 117.0 430.0 1045.0 747.0 0.31 0.37 0.10 0.36 0.035 0.02 0.001 0.001 0.2 0.2

plT > 100 GeV 1.3 1.5 61.0 300.0 715.0 502.0 0.30 0.35 0.05 0.25 0.02 0.02 0.002 0.002 0.3 0.3

Ov > 0.5 1.0 1.1 25.0 150.0 131.0 172.0 0.22 0.22 0.02 0.13 0.004 0.006 0.006 0.003 0.5 0.3

mX5/3/B > 1.5 TeV 0.9 1.0 2.4 91.0 55.0 118.0 0.19 0.22 0.002 0.08 0.002 0.004 0.01 0.004 0.7 0.4

mj0l > 200 GeV 0.8 0.3 0.9 11.0 45.0 37.0 0.18 0.07 8⇥ 10�4 0.009 0.001 0.001 0.02 0.02 0.7 0.7

b-tag & no fwd. tag 0.3 0.1 0.04 2.0 0.08 0.6 0.07 0.03 4⇥ 10�5 0.002 2⇥ 10�6 2⇥ 10�5 2.5 0.1 5.2 1.0

fwd. tag & no b-tag 0.5 0.2 0.2 2.5 8.0 5.0 0.11 0.05 2⇥ 10�4 0.002 3⇥ 10�4 2⇥ 10�4 0.06 0.07 1.0 1.0

b-tag and fwd. tag 0.2 0.1 0.01 0.5 < 0.01 0.07 0.04 0.02 1⇥ 10�5 4⇥ 10�4 < 10�6 2⇥ 10�6 15.7 0.3 10.2 1.5

Table II: Example cutflow for signal and background events for MX5/3/B = 2.0 TeV and inclusive cross sections �X5/3+B .

�s,t¯t,W+jets

are the signal/background cross sections including all branching ratios, whereas ✏ are the e�ciencies of the cuts
relative to the generator level cross sections. The results assume no pileup contamination. The signal cross section assumes
both X

5/3 and B production.

G. E↵ect of Pileup on MX5/3/B Sensitivity

As we pointed out in the previous sections, our event selection criteria contain several observables which are weakly
a↵ected by pileup (i.e. Ov, MX5/3/B , forward jet tag). However, some of the other selection criteria (i.e. mjl, p

fj

T )
are somewhat pileup sensitive. The lower pT cut on the fat jet allows for some low fat jet pT events to migrate into
the sample which passes the Basic Cuts due to the fact that we use a large R = 1.0 cone for fat jet clustering 9.
Furthermore, the e↵ects of pileup on any observable constructed out of the r = 0.4 jets are limited (compared to the
fat jet) by the small jet cone size, but can still be non-negligible at 50 average pileup events.

Overall e↵ects of pileup on our results are fairly mild and can be mitigated by slight modifications of the
cuts on pileup sensitive observables. For illustration, we analyzed three samples of signal events with masses
MX5/3/B = 1.0, 1.75, 2.0 TeV and the relevant backgrounds in the presence of average hN

vtx

i = 50 interactions
per bunch crossing. In order to reduce the e↵ects of “pileup induced migration”, we increase the transverse momen-
tum threshold on the fat jet to pT > 600 GeV for MX5/3/B = 1.75 TeV and pT > 500 GeV for MX5/3/B = 1.0 TeV, as
well as shift the cut on the mjl > 300 GeV in both cases. We do not modify the cuts on pileup insensitive observables.
The increase in lower pT , mjl cuts is most certainly dependent on the amount of pileup contamination and requires
further consideration at hN

vtx

i > 50 pileup events.
In addition to shifting and broadening kinematic distributions, high pileup is likely to produce uniformly distributed,

soft “pileup jets” which could mimic leptonic top decays in case they land close enough to the hardest lepton. In
order to reduce the e↵ect of fake pileup jets on the event cathegorisation criteria from Section III B (i.e. whether the
event is a hadronic top or hadronic W candidate), we consider only r = 0.4 jets with pT > 50 GeV which are in the
vicinity of the hard lepton. And while it is in principle possible to design alternative criteria for cathegorising events
into hadronic top and hadronic W candidates, here we choose to postpone this detail until future studies.

Table IV and Fig. 11 show the e↵ects of pileup on our results in more detail. On a cut-by-cut basis, we find that
the signal cross section remains weakly a↵ected by pileup at hN

vtx

i = 50 interactions per bunch crossing, with the
e�ciencies of each cut remaining at a few percent level compared to our study with no-pileup. The background events
are somewhat more pileup sensitive, especially W+jets, as multi-jet events are characterized by more soft components
and hence more pileup susceptible.

We find that without any pileup correction or subtraction, we can achieve the same signal cross sections as
in our studies without pileup while the amount of background events which survive the event selections is increased
by roughly a factor of 2 � 3. Still, we find that for our benchmark data points, a ⇠ 6� sensitivity is achievable
for MX5/3/B = 1.75 TeV and ⇠ 4� for MX5/3/B = 1.0 TeV with 20 fb�1, assuming both b-tagging and forward jet

9 Note that, in principle, the e↵ects of pileup can further be suppressed by lowering the size of the fat jet cone without increasing the
lower pT cut on the fat jet
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are somewhat more pileup sensitive, especially W+jets, as multi-jet events are characterized by more soft components
and hence more pileup susceptible.

We find that without any pileup correction or subtraction, we can achieve the same signal cross sections as
in our studies without pileup while the amount of background events which survive the event selections is increased
by roughly a factor of 2 � 3. Still, we find that for our benchmark data points, a ⇠ 6� sensitivity is achievable
for MX5/3/B = 1.75 TeV and ⇠ 4� for MX5/3/B = 1.0 TeV with 20 fb�1, assuming both b-tagging and forward jet

9 Note that, in principle, the e↵ects of pileup can further be suppressed by lowering the size of the fat jet cone without increasing the
lower pT cut on the fat jet
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MX5/3/B = 2.0 TeV, �X5/3+B = 15 fb, L = 35 fb�1

X
5/3 +B �s [fb] �t¯t [fb] �W+jets

[fb] ✏s ✏t¯t ✏W+jets

S/B S/
p
B

Fat jet candidate t W t W t W t W t W t W t W t W

Basic Cuts 1.7 1.9 144.0 487.0 3807.0 2301.0 0.38 0.42 0.12 0.41 0.12 0.08 4 ⇥ 10�4 6 ⇥ 10�4 0.2 0.2

pT > 600 GeV 1.4 1.6 117.0 430.0 1045.0 747.0 0.31 0.37 0.10 0.36 0.035 0.02 0.001 0.001 0.2 0.2

plT > 100 GeV 1.3 1.5 61.0 300.0 715.0 502.0 0.30 0.35 0.05 0.25 0.02 0.02 0.002 0.002 0.3 0.3

Ov > 0.5 1.0 1.1 25.0 150.0 131.0 172.0 0.22 0.22 0.02 0.13 0.004 0.006 0.006 0.003 0.5 0.3

mX5/3/B > 1.5 TeV 0.9 1.0 2.4 91.0 55.0 118.0 0.19 0.22 0.002 0.08 0.002 0.004 0.01 0.004 0.7 0.4

mj0l > 200 GeV 0.8 0.3 0.9 11.0 45.0 37.0 0.18 0.07 8⇥ 10�4 0.009 0.001 0.001 0.02 0.02 0.7 0.7

b-tag & no fwd. tag 0.3 0.1 0.04 2.0 0.08 0.6 0.07 0.03 4⇥ 10�5 0.002 2⇥ 10�6 2⇥ 10�5 2.5 0.1 5.2 1.0

fwd. tag & no b-tag 0.5 0.2 0.2 2.5 8.0 5.0 0.11 0.05 2⇥ 10�4 0.002 3⇥ 10�4 2⇥ 10�4 0.06 0.07 1.0 1.0

b-tag and fwd. tag 0.2 0.1 0.01 0.5 < 0.01 0.07 0.04 0.02 1⇥ 10�5 4⇥ 10�4 < 10�6 2⇥ 10�6 15.7 0.3 10.2 1.5

Table II: Example cutflow for signal and background events for MX5/3/B = 2.0 TeV and inclusive cross sections �X5/3+B .

�s,t¯t,W+jets

are the signal/background cross sections including all branching ratios, whereas ✏ are the e�ciencies of the cuts
relative to the generator level cross sections. The results assume no pileup contamination. The signal cross section assumes
both X

5/3 and B production.

G. E↵ect of Pileup on MX5/3/B Sensitivity

As we pointed out in the previous sections, our event selection criteria contain several observables which are weakly
a↵ected by pileup (i.e. Ov, MX5/3/B , forward jet tag). However, some of the other selection criteria (i.e. mjl, p

fj

T )
are somewhat pileup sensitive. The lower pT cut on the fat jet allows for some low fat jet pT events to migrate into
the sample which passes the Basic Cuts due to the fact that we use a large R = 1.0 cone for fat jet clustering 9.
Furthermore, the e↵ects of pileup on any observable constructed out of the r = 0.4 jets are limited (compared to the
fat jet) by the small jet cone size, but can still be non-negligible at 50 average pileup events.

Overall e↵ects of pileup on our results are fairly mild and can be mitigated by slight modifications of the
cuts on pileup sensitive observables. For illustration, we analyzed three samples of signal events with masses
MX5/3/B = 1.0, 1.75, 2.0 TeV and the relevant backgrounds in the presence of average hN

vtx

i = 50 interactions
per bunch crossing. In order to reduce the e↵ects of “pileup induced migration”, we increase the transverse momen-
tum threshold on the fat jet to pT > 600 GeV for MX5/3/B = 1.75 TeV and pT > 500 GeV for MX5/3/B = 1.0 TeV, as
well as shift the cut on the mjl > 300 GeV in both cases. We do not modify the cuts on pileup insensitive observables.
The increase in lower pT , mjl cuts is most certainly dependent on the amount of pileup contamination and requires
further consideration at hN

vtx

i > 50 pileup events.
In addition to shifting and broadening kinematic distributions, high pileup is likely to produce uniformly distributed,

soft “pileup jets” which could mimic leptonic top decays in case they land close enough to the hardest lepton. In
order to reduce the e↵ect of fake pileup jets on the event cathegorisation criteria from Section III B (i.e. whether the
event is a hadronic top or hadronic W candidate), we consider only r = 0.4 jets with pT > 50 GeV which are in the
vicinity of the hard lepton. And while it is in principle possible to design alternative criteria for cathegorising events
into hadronic top and hadronic W candidates, here we choose to postpone this detail until future studies.

Table IV and Fig. 11 show the e↵ects of pileup on our results in more detail. On a cut-by-cut basis, we find that
the signal cross section remains weakly a↵ected by pileup at hN

vtx

i = 50 interactions per bunch crossing, with the
e�ciencies of each cut remaining at a few percent level compared to our study with no-pileup. The background events
are somewhat more pileup sensitive, especially W+jets, as multi-jet events are characterized by more soft components
and hence more pileup susceptible.

We find that without any pileup correction or subtraction, we can achieve the same signal cross sections as
in our studies without pileup while the amount of background events which survive the event selections is increased
by roughly a factor of 2 � 3. Still, we find that for our benchmark data points, a ⇠ 6� sensitivity is achievable
for MX5/3/B = 1.75 TeV and ⇠ 4� for MX5/3/B = 1.0 TeV with 20 fb�1, assuming both b-tagging and forward jet

9 Note that, in principle, the e↵ects of pileup can further be suppressed by lowering the size of the fat jet cone without increasing the
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are somewhat pileup sensitive. The lower pT cut on the fat jet allows for some low fat jet pT events to migrate into
the sample which passes the Basic Cuts due to the fact that we use a large R = 1.0 cone for fat jet clustering 9.
Furthermore, the e↵ects of pileup on any observable constructed out of the r = 0.4 jets are limited (compared to the
fat jet) by the small jet cone size, but can still be non-negligible at 50 average pileup events.

Overall e↵ects of pileup on our results are fairly mild and can be mitigated by slight modifications of the
cuts on pileup sensitive observables. For illustration, we analyzed three samples of signal events with masses
MX5/3/B = 1.0, 1.75, 2.0 TeV and the relevant backgrounds in the presence of average hN
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per bunch crossing. In order to reduce the e↵ects of “pileup induced migration”, we increase the transverse momen-
tum threshold on the fat jet to pT > 600 GeV for MX5/3/B = 1.75 TeV and pT > 500 GeV for MX5/3/B = 1.0 TeV, as
well as shift the cut on the mjl > 300 GeV in both cases. We do not modify the cuts on pileup insensitive observables.
The increase in lower pT , mjl cuts is most certainly dependent on the amount of pileup contamination and requires
further consideration at hN

vtx

i > 50 pileup events.
In addition to shifting and broadening kinematic distributions, high pileup is likely to produce uniformly distributed,

soft “pileup jets” which could mimic leptonic top decays in case they land close enough to the hardest lepton. In
order to reduce the e↵ect of fake pileup jets on the event cathegorisation criteria from Section III B (i.e. whether the
event is a hadronic top or hadronic W candidate), we consider only r = 0.4 jets with pT > 50 GeV which are in the
vicinity of the hard lepton. And while it is in principle possible to design alternative criteria for cathegorising events
into hadronic top and hadronic W candidates, here we choose to postpone this detail until future studies.

Table IV and Fig. 11 show the e↵ects of pileup on our results in more detail. On a cut-by-cut basis, we find that
the signal cross section remains weakly a↵ected by pileup at hN

vtx

i = 50 interactions per bunch crossing, with the
e�ciencies of each cut remaining at a few percent level compared to our study with no-pileup. The background events
are somewhat more pileup sensitive, especially W+jets, as multi-jet events are characterized by more soft components
and hence more pileup susceptible.

We find that without any pileup correction or subtraction, we can achieve the same signal cross sections as
in our studies without pileup while the amount of background events which survive the event selections is increased
by roughly a factor of 2 � 3. Still, we find that for our benchmark data points, a ⇠ 6� sensitivity is achievable
for MX5/3/B = 1.75 TeV and ⇠ 4� for MX5/3/B = 1.0 TeV with 20 fb�1, assuming both b-tagging and forward jet

9 Note that, in principle, the e↵ects of pileup can further be suppressed by lowering the size of the fat jet cone without increasing the
lower pT cut on the fat jet
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— signal cross section > same sign di-leptons 

—  10 signal events  

— 

— 
S/B > 1

S/
p
B > 5

L = 20� 35 fb�1
✓

Cutflow efficiency for same SSDL ~ 50%, 
implying that the final signal SSDL efficiency is 

2-3% (including the BR). 

For                            you then get �X5/3
= 8 fb

�2l = 0.15� 0.25 fb



Top partner models tend to have  
many parameters. 

Event kinematics largely 
determined by the mass of the 
partner. (assuming we fix the 

width to about 15-20%)

Production Cross Section 
depends on all other parameters

M,�, LKeep 
                  as free parameters * 

* We make sure that our event selections 
are weakly sensitive to chiral couplings

gRXWt ⇠ O(v/f)

gLXWt ⇠ O((v/f)2)i.e.
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•  We showed that Run 2 of the LHC at 14 TeV 
can detect and measure 2 TeV top partners 
in a lepton-jet final state, with almost 5 sigma 
signal significance and S/B >  1 at 35 fb-1

•  A sizeable part of the model parameter 
space parts which result in a 2 TeV top 
partner can be ruled at 2 sigma  with as little 
as 10 fb-1
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