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Introduction
• Analyses	use	third	generation	
quarks	as	a	probe	for	new	
physics	

• Heavy	resonance	decaying	to	
third	generation	quarks
• Z" → tt̅
• W" → tb

• With	an	intermediate	VLQ	
• Z" → tT

• Leptoquark pair	production
• LQ → τt
• LQ → µt
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Signal Model
• Z′ signal generated with MADGRAPH5 event generator

• Samples generated with masses of 0.5, 0.75, 1.0, 
1.25, 1.5, 2.2, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 TeV
• With widths Γ/MZ′ = 1 and 10%

• Z′ sample with Γ/MZ′ = 30% generated at 1.0, 2.0, 
3.0, 4.0, and 5.0 TeV

• Up to three additional low energy tree-level partons
• Matching is done using MLM algorithm

• gKK samples is simulated using PYTHIA 8 with out 
interference with SM tt ̅production
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Figure 1. The leading order Feynman diagram showing the production mode of the Z′ boson and
its decay chain.

in which case jet-substructure techniques can also be used to identify and reconstruct the

all-jets decay of the top quark.

The dominant background is from SM events and is comprised of jets produced through

the strong interaction, i.e. quantum chromodynamics (QCD) multijet events, followed by

events from tt pair production and from single top quark production. The contribution of

the latter processes is estimated from simulation, while the multijet QCD background is

estimated from data using signal-depleted control regions.

This paper is organized as follows: section 2 gives a description of the CMS detector

and the reconstruction of events. Section 3 describes the data and the simulated samples

used in the analysis. An overview of the jet-substructure algorithms and the details of the

selection for the analysis are given in section 4. Estimation of SM background processes is

discussed in section 5, while section 6 describes the systematic uncertainties. The results

of the analysis and a summary are given in sections 7 and 8, respectively.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6m internal

diameter, providing a magnetic field of 3.8T. Within the solenoid volume are a silicon

pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and

a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two

endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by

the barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded

in the steel flux-return yoke outside the solenoid.

A particle-flow event algorithm [28, 29] reconstructs and identifies each individual

particle with an optimized combination of information from the various elements of the

CMS detector. The energy of photons is directly obtained from the ECAL measurement,

corrected for zero-suppression effects. The energy of electrons is determined from a com-

bination of the electron momentum at the primary interaction vertex as determined by

the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all

bremsstrahlung photons spatially compatible with originating from the electron track. The
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Introduction
• Searches	generally	involve	tagging	
heavy	boosted	objects	(ex.	top,W,H)	
merged	into	a	single	jet

• Softdrop	mass
• Decluster until	softdrop	condition	
is	met

• Groomed	mass	variable	and	
subjets identified	

• N-subjettiness
• Identify	subjet	axes,	and	extract	
τ- variables	

• ./ .0⁄ - “three-prong”	like
• .0 .2⁄ - “two-prong”	like

• Subjet	b	tagging	
• Attempt	to	b	tag	softdrop	subjets
• Identify	one	or	two	subjets

3
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N-subjettiness



Z" → tt̅
• Search	for	a	heavy	Z’	resonance	decaying	to	a	
top	quark	pair

• Search	in	multiple	channels	
• Two	hadronic	tops	

(all	hadronic)
• One	hadronic	top	and	one	semileptonic	top

(semileptonic)
• Two	semileptonic	tops

(dileptonic)
• Consider	two	signal	hypotheses

• Heavy	Z" and	RSgluon
• Heavy	resonance	leads	to	merged	objects

• Use	boosted	hadronic	top	identification	
• Lepton	isolation	starts	to	break	down

4
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• Samples generated with masses of 0.5, 0.75, 1.0, 
1.25, 1.5, 2.2, 2.5, 3.0, 3.5, 4.0, 4.5, and 5.0 TeV
• With widths Γ/MZ′ = 1 and 10%

• Z′ sample with Γ/MZ′ = 30% generated at 1.0, 2.0, 
3.0, 4.0, and 5.0 TeV

• Up to three additional low energy tree-level partons
• Matching is done using MLM algorithm

• gKK samples is simulated using PYTHIA 8 with out 
interference with SM tt ̅production
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Z" → tt̅
• Require	two	top	tagged	jets	

• τ3/τ5,	Softdrop	mass,	Subjet	b	
tag	(0,1,	or	2)

• Select	on	rapidity	difference	
• ∆R < 1.0, ∆R > 1.0

• Estimate	QCD	background	using	
anti	tag	and	probe	
• Invert	Nsubjettiness	selection
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All-Hadronic: QCD Background and Mistag Rate
• The all-hadronic channel has a substantial 

background from QCD multi-jet events
• An anti-tag and probe technique is used 

to select a region enriched in QCD
• The mistag rate is then measured 

using the probe jet
• The mistag rate is then used to estimate 

the QCD background in the signal region 
using a single top tag requirement

• A “mass-modified” procedure is used to 
ensure the jet kinematics in the QCD 
control region match that of the signal 
region

• The data derive QCD background is then 
validated with QCD MC
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Z" → tt̅
• Selection

• One	lepton	(e	or	µ)
• Two	jets,	one	with	high	pB
• Hadronic	top	tag	categories	(0	or	1)
• High	pBCDEE

• No	lepton	isolation	cut
• Use	BDT	selection	to	separate	W+jets

• 10	inputs
• Reconstruct	tt̅ system	using	χ5

6

8 6 Background estimation

H-tagged jet within DR(tagged AK8 jet, AK4 jet) < 1.2 are removed from the event, such that
no overlap between the two jet collections is possible. If an event has a t-tagged jet, AK4 jets
with DR(t-tagged AK8 jet, AK4 jet) < 1.2 are removed from the event. Each possible combina-
tion of assigning these objects to the tt system is considered a hypothesis. The best hypothesis
is chosen by a c2 discriminator that is a measure for the quality of the reconstruction.

The reconstruction of the leptonic top quark requires a neutrino. Since neutrinos are not mea-
surable in the detector, is used to calculate the four-momentum of the neutrino. It is assumed
that neutrinos are the only source that contributes to . The x and y components of the neutrino’s
four-momentum are taken directly from the missing transverse momentum. Assuming an on-
shell W boson, the z component of the neutrino can be calculated by solving the quadratic
equation relating the four-momenta of the W and its decay products:

p
2
W = M

2
W = (p` + pn)

2. (1)

This quadratic equation can have zero, one, or two real solutions. In the case of zero real
solutions only the real part of the complex solution is taken. Hypotheses are built for each of
the neutrino solutions.

In addition to the information from the neutrino momentum, the lepton momentum is assigned
to the leptonic top quark hypothesis. If an event has no t-tagged jet, the AK4 jets are assigned
either to the leptonic top quark hypothesis, the hadronic top quark hypothesis, or neither hy-
pothesis, constructing all possible hypotheses. If an event has a t-tagged jet, the hadronic top
quark hypothesis is already determined and all remaining AK4 jets are assigned either to the
leptonic top quark or are not assigned to a hypothesis at all. The four-momenta of the leptonic
and hadronic top quarks is then calculated by summing up all objects (lepton, , AK4 jets).

Out of all possible hypotheses only one is chosen, based on the smallest value of c2, defined as

c2 =

"
Mlep � Mlep

sMlep

#2

+


Mhad � Mhad

sMhad

�2

, (2)

where Mlep/had is the invariant mass of the reconstructed leptonic/hadronic top quark, and
Mlep/had and sMlep/had are the simulated masses and resolutions, respectively. The quantities
Mlep/had and sMlep/had are determined from tt simulation by fitting each of the reconstructed top
quark mass distributions with a Gaussian distribution. The generator b quark of the leptonic
top quark decay is required to match the assigned reconstructed jet within DR(b, jet) < 0.4,
whilst the jets used to reconstruct the hadronic top quark are required to match with the gener-
ator quarks from the hadronic top quark decay within DR(q, jet) < 0.4. The distribution of the
c2 discriminator is shown in Fig. 3. The c2 discriminator tends to zero for well-reconstructed
tt systems, and to higher values for poor quality reconstructions and background events. From
optimisation studies, it was found that requiring events in the signal region to have c2 < 50
ensured the best sensitivity.

Finally, M
rec
Z0 is calculated by summing all four momenta of the chosen tt hypothesis along with

that of the tagged Z/W or H boson.

6 Background estimation
All backgrounds are estimated using Monte Carlo simulation (Section 4). We perform a mul-
tistep procedure to ensure that the simulation accurately describes the data. First, we apply

Semileptonic



Z" → tt̅
• Selection

• Two	opposite	sign	leptons	(e	or	µ)
• Two	jets,	one	with	high	pB
• At	least	one	b	tag
• High	pBCDEE
• No	lepton	isolation	cut

• Use	∆REGC ≡ ∆RI,KL+∆RI,K5 to	categorize	
events
• Boosted:	∆REGC <	1	
• Resolved:	1	<	∆REGC <	2	
• Background	CR:	∆REGC >	2	

• Set	limits	using	SB distribution 7

Dileptonic



Z" → tt̅
• Limits	set	using	RSGluon and	Z"
signal	hypotheses

• Limits	extended
• 3.8	TeV	for	the	narrow	Z"
hypothesis

• 4.6	TeV	for	the RSGluon
hypothesis

8



W" → tb
• Search	for	a	heavy	W"

resonance	decaying	to	a	top	
quark	and	bottom	quark
• Semileptonic	final	state

• Set	generic	limits	of	left- and	
right-handed	W" couplings

9Link:physletb.2017.12.006	



W" → tb
• Selection	

• One	lepton	(e	or	µ)
• Two	jets,	one	with	high	pB
• B	tag	categories	(1,2)
• High	pBCDEE
• No	lepton	isolation	cut

• Use	kinematic	categorization	for	
limit	setting	
• Top	pB ,	(jL + j5) pB

10



W" → tb
• Backgrounds	from	Monte	Carlo	with	data	control	

regions
• Investigate	dilepton tt̅ to	check	 top	pB spectrum
• Use	0	b	tag	region	 to	investigate	W+jets shape	and	

normalization
• Limits	 set	on	WP

" hypothesis
• MRS

T >>MUS
-- Exclude	MRS

T < 3.4	TeV
• MRS

T <MUS
-- Exclude	MRS

T < 3.6	TeV
• Limits	 set	in	a[, aP plane

• Left- and	right-handed	W’	couplings

11
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Z" → tT
• Search	for	a	heavy	Z’	resonance	decaying	to	a	top	and	
a	T	VLQ	in	the	lepton+jets channel
• T	decays	in	to	bW,tH,tZ analyzed
• Use	multiple	boosted	 jet	categories	

• HL], H5],Z,W
• Reconstruct	Z’	based	on	presence	of	a	hadronic	top	
tag
• Event	contains	hadronic	top	tag

• Leptonic	top	from	 lepton,	MET,	and	AK4	jet
• Event	does	not	contain	hadronic	 top	tag

• AK4	jets	are	assigned	 to	either	leptonic	or	
hadronic	 top

• Construct	χ5 to	assign	AK4	jets
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Figure 1. The leading order Feynman diagram showing the production mode of the Z′ boson and
its decay chain.

in which case jet-substructure techniques can also be used to identify and reconstruct the

all-jets decay of the top quark.

The dominant background is from SM events and is comprised of jets produced through

the strong interaction, i.e. quantum chromodynamics (QCD) multijet events, followed by

events from tt pair production and from single top quark production. The contribution of

the latter processes is estimated from simulation, while the multijet QCD background is

estimated from data using signal-depleted control regions.

This paper is organized as follows: section 2 gives a description of the CMS detector

and the reconstruction of events. Section 3 describes the data and the simulated samples

used in the analysis. An overview of the jet-substructure algorithms and the details of the

selection for the analysis are given in section 4. Estimation of SM background processes is

discussed in section 5, while section 6 describes the systematic uncertainties. The results

of the analysis and a summary are given in sections 7 and 8, respectively.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6m internal

diameter, providing a magnetic field of 3.8T. Within the solenoid volume are a silicon

pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and

a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two

endcap sections. Forward calorimeters extend the pseudorapidity (η) coverage provided by

the barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded

in the steel flux-return yoke outside the solenoid.

A particle-flow event algorithm [28, 29] reconstructs and identifies each individual

particle with an optimized combination of information from the various elements of the

CMS detector. The energy of photons is directly obtained from the ECAL measurement,

corrected for zero-suppression effects. The energy of electrons is determined from a com-

bination of the electron momentum at the primary interaction vertex as determined by

the tracker, the energy of the corresponding ECAL cluster, and the energy sum of all

bremsstrahlung photons spatially compatible with originating from the electron track. The

– 3 –

8 6 Background estimation

H-tagged jet within DR(tagged AK8 jet, AK4 jet) < 1.2 are removed from the event, such that
no overlap between the two jet collections is possible. If an event has a t-tagged jet, AK4 jets
with DR(t-tagged AK8 jet, AK4 jet) < 1.2 are removed from the event. Each possible combina-
tion of assigning these objects to the tt system is considered a hypothesis. The best hypothesis
is chosen by a c2 discriminator that is a measure for the quality of the reconstruction.

The reconstruction of the leptonic top quark requires a neutrino. Since neutrinos are not mea-
surable in the detector, is used to calculate the four-momentum of the neutrino. It is assumed
that neutrinos are the only source that contributes to . The x and y components of the neutrino’s
four-momentum are taken directly from the missing transverse momentum. Assuming an on-
shell W boson, the z component of the neutrino can be calculated by solving the quadratic
equation relating the four-momenta of the W and its decay products:

p
2
W = M

2
W = (p` + pn)

2. (1)

This quadratic equation can have zero, one, or two real solutions. In the case of zero real
solutions only the real part of the complex solution is taken. Hypotheses are built for each of
the neutrino solutions.

In addition to the information from the neutrino momentum, the lepton momentum is assigned
to the leptonic top quark hypothesis. If an event has no t-tagged jet, the AK4 jets are assigned
either to the leptonic top quark hypothesis, the hadronic top quark hypothesis, or neither hy-
pothesis, constructing all possible hypotheses. If an event has a t-tagged jet, the hadronic top
quark hypothesis is already determined and all remaining AK4 jets are assigned either to the
leptonic top quark or are not assigned to a hypothesis at all. The four-momenta of the leptonic
and hadronic top quarks is then calculated by summing up all objects (lepton, , AK4 jets).

Out of all possible hypotheses only one is chosen, based on the smallest value of c2, defined as

c2 =

"
Mlep � Mlep

sMlep

#2

+


Mhad � Mhad

sMhad

�2

, (2)

where Mlep/had is the invariant mass of the reconstructed leptonic/hadronic top quark, and
Mlep/had and sMlep/had are the simulated masses and resolutions, respectively. The quantities
Mlep/had and sMlep/had are determined from tt simulation by fitting each of the reconstructed top
quark mass distributions with a Gaussian distribution. The generator b quark of the leptonic
top quark decay is required to match the assigned reconstructed jet within DR(b, jet) < 0.4,
whilst the jets used to reconstruct the hadronic top quark are required to match with the gener-
ator quarks from the hadronic top quark decay within DR(q, jet) < 0.4. The distribution of the
c2 discriminator is shown in Fig. 3. The c2 discriminator tends to zero for well-reconstructed
tt systems, and to higher values for poor quality reconstructions and background events. From
optimisation studies, it was found that requiring events in the signal region to have c2 < 50
ensured the best sensitivity.

Finally, M
rec
Z0 is calculated by summing all four momenta of the chosen tt hypothesis along with

that of the tagged Z/W or H boson.

6 Background estimation
All backgrounds are estimated using Monte Carlo simulation (Section 4). We perform a mul-
tistep procedure to ensure that the simulation accurately describes the data. First, we apply

Link:	CMS-PAS-B2G-17-015	



Z" → tT
• Primary	backgrounds	tt̅ and	
W+jets
• Invert	boson	mass	selection	
to	simultaneously	constrain	
• W+jets sideband	from	0	b	
jets	category

• tt̅ sideband	from	≥1	b	jet	
category

• Shape	taken	from	simulation

13



Z" → tT
• Set	limits	using	two	
benchmark	models
• Extra	dimension	model
• Composite	model

• best sensitivity for T → tH

14

Higgs	2b	muon channel

Top	tagged Not	top	tagged

T → bWand T → tZ also covered by:
B2G-16-013 (JHEP 09 (2017) 053)

and
B2G-17-007 (Phys. Lett. B 781 (2018) 574)



LQ → ℓt
• Searches	for	third	generation	
scalar	leptoquarks
• Non-zero	lepton	and	baryon	
numbers

• Decay	to	third	generation	quark	
and	lepton
• top+τ
• top+µ

15Link:CMS-PAS-B2G-16-027,arxiv:1803.02864	



LQ → τt
• Selection

• One	lepton	(e	or	µ)
• Three	jets
• τ tag	categories	(1	or	≥ 2)

• N. =	1
• Limits	set	using	the	hadronic	

top	pB
bcd variable	in	bins	of	SB

• N. ≥ 2
• Counting	experiment

• Background	estimation
• Invert	τ isolation	to	extract	
misidentified	τ background
• Extrapolate	to	signal	region	using	

ratio	from	MC
• Prompt	τ background	from	simulation

16



• Selection
• Two	oppositely	charged	muons
• At	least	two	jets,	one	b	tagged
• High	SB
• High	Mee

• Additional	lepton	categories
• One	additional	electron	or	muon

• Set	limits	using	M[f ≡ L 5⁄ (M[f
Khd+M[f

ijk)
• Reconstruct	using	χ5

• All	remaining	events
• Set	limits	using	SB
• Background	estimate	from	data

• Define	zero	muon control	region
• Extrapolate	from	control	region	using	MC	ratio	as	a	function	of	SB

LQ → µt

17



LQ → ℓt
• Limit	combination

18

LQ → τt

LQ → µt

Combined	limits



Summary

19

• Exciting	new	results	from	CMS
• Heavy	bosons	to	3rd generation	quarks	

• Z" → tt,̅W" → tb
• Including	an	internal	VLQ	

• Z" → tT
• Leptoquark	pair	production

• LQ → τt,	LQ → µt
• New	methods	push	sensitivity	beyond	expected	
improvement	

• Looking	forward	to	new	results	using	2017	and	2018	
data
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