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Top jets @ LHC
The LHC: 1    pair      

the perfect place 
to probe FCNC 

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

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

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

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

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

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

background normalization and in the BR limits evaluation.

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

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

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

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

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

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

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

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

8

(Carvalho, Castro, Onofre, Veloso 2005)

SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

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

• Search for coupling to a new sector (like 
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_

 NP @ EWSB scale => New states decay quickly into top + X
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considered).

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

a) t → Zu(c) channel: the t̄ reconstruction was done by considering the jet closest
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was done using the jet closest to the leading γ. Moreover, the t mass was included
in the p.d.f. set and the multiplicity of jets with |η| < 2.5 was chosen as p.d.f.
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upper limit on BR (L = 10 fb−1) 3.4 × 10−4 6.6 × 10−5 1.7 × 10−3 2.5 × 10−3 1.4 × 10−3

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

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

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

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

background normalization and in the BR limits evaluation.

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

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

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

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

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

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

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

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

8

(Carvalho, Castro, Onofre, Veloso 2005)

SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

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

• Search for coupling to a new sector (like 

in the      case): J/�

 If mX >> mt, the outgoing tops are ultra-relativistic,  their products 

collimate => top jets.



Top jets @ LHC
The LHC: 1    pair      

the perfect place 
to probe FCNC 

top decays 

tt̄ s
−1

exp
−1

l

ν

t
W

Z

u, c

t

l

l

b

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

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

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

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

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

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

background normalization and in the BR limits evaluation.

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

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

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

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

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

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

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

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

8

(Carvalho, Castro, Onofre, Veloso 2005)

SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

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

• Search for coupling to a new sector (like 

in the      case): J/�

_

 NP @ EWSB scale => New states decay quickly into top + X

Similar to ordinary
2-jet QCD 

process impossible 
to observe ?? 

(misb + µ + ⇥̄µ

 Top (exp’) uniqueness, decay
• Tops decay after 10-24sec, can’t be “seen”.

• Above a TeV, due to collimation, top’s similar to light 
jet, efficiency &                                                                             
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(misb + µ + ⇥̄µ

The LHC: 1    pair      
the perfect place 
to probe FCNC 

top decays 

tt̄ s
−1

exp
−1

l

ν

t
W

Z

u, c

t

l

l

b

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

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

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

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

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

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

background normalization and in the BR limits evaluation.

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

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

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

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

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

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

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

b) t → γu(c) channel: similarly to the t → Zu(c) channel, the t̄ mass reconstruction
was done using the jet closest to the leading γ. Moreover, the t mass was included
in the p.d.f. set and the multiplicity of jets with |η| < 2.5 was chosen as p.d.f.
(instead of the jet multiplicity).
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SM: BR ~ 10-14

Interesting region:
BR ~ 10-4 ÷10-8

Top sector observables

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

• Search for coupling to a new sector (like 

in the      case): J/�

 If mX >> mt, the outgoing tops are ultra-relativistic,  their products 

collimate => top jets.



Need to understand the energy flow inside jet

t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    



Need to understand the energy flow inside jet

t-angular info’ encoded in decay products

• When other quarks produced:    

• Tops decay before hadronize:    

iv)Template
…

ii)Jet Shape (calculable)

i)Algorithmic…                   
(Jet declustering)

Jet Substructure

iii)Matrix-element (shower 
deconstruction)



How do we know it’s top jet?  
Jet substructure

Gavin Salam

soft drop

! Shape
! Kinematics
! Soft removal

D3



Lesson from Run I & early Run 2: it works!
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Lesson from Run I & early Run 2: it works!

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

(Experimental Summary at BOOST 2014)



2 leading frameworks
of naturalness

Well, Higgs is just another fundamental 
scalar bosons, and more is coming…!

mstop > 700 GeV

No, Higgs is just another composite 
resonance we are familiar with …!

~

Boosted Objects (BSM)

AdS/CFT
warped extra dimension



2 leading frameworks
of naturalness

Well, Higgs is just another fundamental 
scalar bosons, and more is coming…!

mstop > 700 GeV

No, Higgs is just another composite 
resonance we are familiar with …!

~

*Neutral Naturalness (~ a last resort…) is not discussed in this talk

Boosted Objects (BSM)

AdS/CFT
warped extra dimension



Boosted Objects (BSM): SUSY examples



e.g. Fat jet with BDRS substructure algorithm

Boosted Objects (BSM): SUSY examples

 RPV SUSY
Han, Katz,  Son, Tweedie 12’

c.f.  RPV SUSY w/  gluino 
decays to three quarks.
Eshel, Gedalia, Perez,  Soreq 11’



Boosted Objects (BSM):Composite Higgs Models

⇤EW

⇤UV

⇤IR ⇠ g�f

g f

heavy
resonances

weak 
dynamics

PNGB model often requires                      for 
less fine-tuning to get ~125 GeV higgs 

g f 6= g⇢f

Higgs mass term is 

irrelevant above ΛIR

IR scale is dynamically generated
f ⇔ a symmetry breaking scale

strong 
dynamics

LUV

comp

+ LUV

el,mix

LIR

comp

+ LIR

el,mix

m2
h ⇠ Nc

2⇡2

v2

f2
MT



Composite Higgs Models: EWPT

8



Composite Higgs Models: EWPT

8



same-sign 
dileptons

W tag:             
2 subjets, 
Mj[60,130] 

CMS top tag

ATLAS-CONF-2012-130

10.1103/PhysRevLett.112.171801

Simone, Matsedonski, Rattazzi, Wulzer `12
Azatov, Son, Spannowsky `13

Matsedonski, Panico, Wulzer `14

Top Partner Searches at Run 1 & early Run2

CMS-PAS-B2G-15-006



same-sign 
dileptons

W tag:             
2 subjets, 
Mj[60,130] 

CMS top tag

ATLAS-CONF-2012-130

10.1103/PhysRevLett.112.171801

Oblique parameter fits of LEP 
& Tevatron data gave  

f ≳ 800GeV  

Grojean, Matsedonskyi, Panico `13 

Ciuchini, Franco, Mishima, 
Silvestrini `13 

Simone, Matsedonski, Rattazzi, Wulzer `12
Azatov, Son, Spannowsky `13

Matsedonski, Panico, Wulzer `14

Top Partner Searches at Run 1 & early Run2

CMS-PAS-B2G-15-006



same-sign 
dileptons

W tag:             
2 subjets, 
Mj[60,130] 

CMS top tag

ATLAS-CONF-2012-130

10.1103/PhysRevLett.112.171801

Oblique parameter fits of LEP 
& Tevatron data gave  

f ≳ 800GeV  

Grojean, Matsedonskyi, Panico `13 

Ciuchini, Franco, Mishima, 
Silvestrini `13 

Simone, Matsedonski, Rattazzi, Wulzer `12
Azatov, Son, Spannowsky `13

Matsedonski, Panico, Wulzer `14

Top Partner Searches at Run 1 & early Run2

M5/3 ≳ 900 CMS-PAS-B2G-15-006



same-sign 
dileptons

W tag:             
2 subjets, 
Mj[60,130] 

CMS top tag

ATLAS-CONF-2012-130

10.1103/PhysRevLett.112.171801

Simone, Matsedonski, Rattazzi, Wulzer `12
Azatov, Son, Spannowsky `13

Matsedonski, Panico, Wulzer `14

Top Partner Searches at Run 1 & early Run2

M5/3 ≳ 900 CMS-PAS-B2G-15-006



same-sign 
dileptons

W tag:             
2 subjets, 
Mj[60,130] 

CMS top tag
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Simone, Matsedonski, Rattazzi, Wulzer `12
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Top Partner Searches at Run 1 & early Run2

M5/3 ≳ 900 CMS-PAS-B2G-15-006

How about Run 2? 

Single production with Boosted Analysis 
becomes more important! 

Backovic, Flacke, SL, Perez `14 
Backovic, Flacke, Kim, SL (x2),`15 
Flacke, SL, Serodio, Parolini, `16  



Top partners @ Run 2 of the LHC

Run1 bounds including single-production channels 
from same sign lepton searches:

Matsedonski, Panico, Wulzer `14
Azatov, Son, Spannowsky `13 (for boosted analysis for run I)



Top partners @ Run 2 of the LHC

Run1 bounds including single-production channels 
from same sign lepton searches:

Matsedonski, Panico, Wulzer `14
Azatov, Son, Spannowsky `13 (for boosted analysis for run I)

Game changer for run II: boosted analysis for single 
production Backovic, Flacke, SL, Perez `14

Backovic, Flacke, Kim, SL (x2),`15
Flacke, SL, Serodio, Parolini, `16 



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:



General Set-up

5 = 4 + 1

Simone, Matsedonski, Rattazzi, Wulzer `12

Matsedonski, Panico, Wulzer `14
Backovic, Flacke, SL, Perez `14



General Set-up

5 = 4 + 1

In this talk, I will focus on partially 
composite quarks scenario

Simone, Matsedonski, Rattazzi, Wulzer `12

Matsedonski, Panico, Wulzer `14
Backovic, Flacke, SL, Perez `14
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Top partners @ Run 2 of the LHC

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



Top partners @ Run 2 of the LHC



Top partners @ Run 2 of the LHC

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

g

q q

W

W

W

W

X5 / 3

b
q, l

q, υ

υ, q
l, q

b

t

t

, B

l, q
υ, q

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, …)
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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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where �
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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

g

q q

W

W

W

W

X5 / 3

b
q, l

q, υ

υ, q
l, q

b

t

t

, B

l, q
υ, q

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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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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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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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.
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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
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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
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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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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
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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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5/3 production and B production is the sign of the decay products’ charges. We consider inclusive decays of the initial
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sign di-lepton cross section is at least a factor of 2 smaller after the event selections. Instead, here we propose to
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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
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Top partners @ Run 2 of the LHC

•  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

 Template Overlap Method w/ forward jet 
tagging & b-tagging

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

M ⇠ O(1TeV)

Backovic, Flacke, Kim, SL (x2), `15
Flacke, SL, Serodio, Parolini, `16 
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For simple study we chose SU(2)L singlet top 
partners (with charge 2/3)
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For Run I, (Z ➞ MET)+hadronic channel was not 
utilized due to large  SM background (e.g. t+MET):  
(Z ➞ dilepton)+hadronic channel has been the 
golden channel

(BR(t+h)~25%, BR(t+Z)~25%, BR(b+W)~50%)
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utilized due to large  SM background (e.g. t+MET):  
(Z ➞ dilepton)+hadronic channel has been the 
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Situation changes dramatically when 
M > 1TeV: MET efficiency increases 
dramatically when combined with jet 

substructure techniques. => MET 
channel has ~3 larger BR, and 
favored over dilepton channel

(BR(t+h)~25%, BR(t+Z)~25%, BR(b+W)~50%)
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Composite Vector Resonances

•  Current searches - ONLY SM final states for ! decays 

•  Additional signatures to be added to support the 
    “no lose” strategy for Z’ (neutral heavy resonances) 
•  Can be combined with di-lepton, VV, VH 
•  resonance searches if some excess is observed 

•  Bounds on ​!↓±  – using  X5/3’s  

    [Barducci, Delauney – 1511.01101] 
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Top tagging  
+  
b-tagging  

3  Fat  jets in an event  

Madgraph 5 with  Feynrules model implementation of a toy model with a Z-
prime , interfaced with VLQ model and an effective Higgs model   

Production of T’ from ​"↓0 ~ 40 fb @ 14TeV * 
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l 

Backovic, Jain, Flacke, SL in progress `16

 Need to consider top partners in 
the final state of vector 

resonance!



• Two boosted tops from a 
resonance decay, and two 
non-boosted spectator tops.

Top-philic Vector Resonance

• Single production depends only on      and MV1ct

• Single production in         final state.tt̄tt̄

ct

g

g

V1
t̄

t

t

t̄

t

t̄

Kim, Kong,  SL, Mohlabeng ’16
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SSDL: Liu & Mahbubani ’15

Lint = ct ¯t �µ(cos ✓PL + sin ✓PR) t V
µ
1 (1)



Composite Vector Resonances

KK gluon



Composite Vector Resonances

Snowmass top quark working group report `13
Warped Extra Dimensional Benchmarks for Snowmass `13

KK gluon



• lepton:forwarded for tR

      back-warded for tL

W
+

l + l +

W
+ W

+

l +

W direction

of flight

Left−Handed W Longitudinal W

ν ν

ν

Right−Handed W

Figure 2: Sketches of the different W+ polarization modes in t →W+b decay and resulting

lepton directions. Simple (open) arrows denote particle direction of motion (spin). ForW−, left
and right-handed components are inverted.
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Figure 3: Angular distribution of Equation (2) in the SM. The predicted contributions from

longitudinal (0) and left-handed (L) helicity states are shown separately with dashed lines. The

right-handed contribution is null in the SM. The sum (0+L+R) is depicted with a full line.

4

~70%~30%

W direction 
of flight

tR

Top Polarization

Allmeida, SL, Sung, Perez, ’08 
Shelton ’08  

Perelstein, Weiler ’08 
Bhattacherjee, Mandal, Nojiri ’12
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For Boosted Longitudinal W: letpon is forwarded

tR

Top Polarization
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Bhattacherjee, Mandal, Nojiri ’12



Leptonic Top • charged lepton as a 
spin analyzer

pT(top) > 1TeV MG/ME

•for example with the KK gluon, you'll see suddenly only leptons/bs that follows the RH curves

pt_e_1

Entries  10000

Mean    213.7

RMS     183.1

(l)  (GeV)TP
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Example: KK gluon • lepton PT is harder near 
the KK gluon plateau

KK 
gluon 
bump

Sherpa (CKKW) 
Without Detector  
Simulation

Allmeida, SL, Sung, Perez, Virzi ’08



Example: KK gluon • lepton PT is harder near 
the KK gluon plateau

SUSY:  stop mixing (heavy stop decaying into top and neutralino, e.g. 
Perelstein Weiler ‘08)

KK 
gluon 
bump

Sherpa (CKKW) 
Without Detector  
Simulation

Allmeida, SL, Sung, Perez, Virzi ’08



How do we know it’s top jet?  
Jet substructure

Gavin Salam

soft drop

! Shape
! Kinematics
! Soft removal

D3



How do we know it’s top jet?  
Jet substructure

Gavin Salam

soft drop

! Shape
! Kinematics
! Soft removal

D3

New ideas???



Ideas from theory community is saturated so far, 
and experimentalists took over the job,           
except for some theory calculation for 

resummation effect for jet-shape observables…
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 Jet Substructure with Artificial Neural Network (NN)
Almeida, Backovic, Cliche, SL, Perelstein `15Basic 


Idea:

Almeida, Backovic, Cliche, SL, Perelstein `15



Almeida, Backovic, Cliche, SL, Perelstein `15
Network Training (based on feed-forward neural network)

 Jet Substructure with Artificial Neural Network (NN)



 Classifying splash pattern  with Artificial NN
Almeida, Backovic, Cliche, SL, Perelstein `15



 Classifying splash pattern with Artificial NN



Artificial NN: Size of training sample 



Artificial NN: A few examples

Good Signal / Background separation



Artificial NN: A few examples

Even better at higher PT



Artificial NN: Comparison with other top taggers



Preliminary: improving 
ANN further!

Almeida, Backovic, SL, Perelstein, and 
CMS group @ Korea University

Artificial NN: Comparison with other top taggers
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Artificial NN: Comparison with other top taggers



INFRARED SAFETY
An observable O is infrared and collinear safe if

whenever one of the ki/kj becomes soft or ki and kj are collinear

i.e. the observable is insensitive to emission of soft particles or to collinear
splittings

g g

gt

Almeida,Backovic, SL, 
Perelstein, and 

CMS group @ Korea 
University



INFRARED SAFETY
An observable O is infrared and collinear safe if

whenever one of the ki/kj becomes soft or ki and kj are collinear

i.e. the observable is insensitive to emission of soft particles or to collinear
splittings

g g

gt

Work in Progress: 
Test t vs q+g 

and t+g vs q+g+g 

ANN is IR SAFE

Almeida,Backovic, SL, 
Perelstein, and 

CMS group @ Korea 
University



Top partners @ Run II

Boosted jet-substructure is a must tool for 
RUN II physics! 

Maybe more rooms left for new ideas! 

Naturalness @ Run 2: will be pushed further  
e.g. Composite Top Partners will be probed 

beyond 2 TeV!



Top partners @ Run II

Boosted jet-substructure is a must tool for 
RUN II physics! 

Maybe more rooms left for new ideas! 

Naturalness @ Run 2: will be pushed further  
e.g. Composite Top Partners will be probed 

beyond 2 TeV!

picture courtesy to Tobias Golling



Thank You



Partial Composite light quarks
Delaunay, Fraille, Flacke, SL, Panico, Perez `13
Flacke, Kim, SL, Lim `13


