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Introduction
❖ Many BSM models predict new resonances 

by adding new gauge field, extending the 
Higgs sector or considering extra-
dimensions 
➢ Randall-Sundrum (RS) gravitation, 
➢ Kaluza-Klein (KK) excitation of gluons, 
➢ Composite Higgs models, 
➢ Colorons, 
➢ … 

➢ Many of the heavy new particles 
preferably couple to tops 

8TeV run: 
➢ Stringent limits on various models 

13 TeV run: 
➢ Parton luminosities for heavy particle 

production increased a lot

Limits from 8TeV run
CMS Searches for New Physics Beyond Two Generations (B2G)
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Boosted Top topology
❖ Top quarks originated from heavy resonance decays are produced 

with a large boost

Boosted 
 top pair

Non-boosted  
top pair

Hadronically decaying top:
  3 well separated jets (one b-jet)
Leptonically decaying top:
One b-jet, isolated lepton,
missing transverse energy
from neutrino

Hadronically decaying top:
  One merged jet → top tagging
Leptonically decaying top:
  One b-jet, ET,miss, non-isolated
lepton
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Top tagging at CMS CMS-PAS-JME-15-002

❖ Top tagger inspects the 
substructure of hadronic decays of 
the top quarks 

❖ Large variety of discriminating 
variables are studied within CMS

✓ Validation is performed 
with the 8 TeV
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Top tagging at CMS CMS-PAS-B2G-15-002

Top-tagging: reconstruct fat jets (AK8) and look at 
substructure (subjets)

n-subjettiness τ3/τ2
➢ is the jet more 3- or 2-subjet-like ?
➢ typical value : τ3/τ2< 0.69
soft-drop mass mSD 

➢ mass of the groomed jet 
➢ removes soft and wide angle radiations 
➢ typical value : 110 < mSD< 210 GeV 

b-tagging : use properties of b-hadrons 
➢  track impact parameter 
➢  secondary vertex 

Lepton isolation:  
➢ Modified - using 2D rejection cut 
➢ ΔR (µ/e, j) > 0.4 or 
➢ pT

rel (µ/e, j) > 20 GeV
Prompt lepton efficiency
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tt resonances
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tt Resonances CMS-PAS-B2G-15-002 
CMS-PAS-B2G-15-003

Semi-leptonic channel: 
➢ Lepton pT> 50 GeV, ET,miss and two jets 
➢ Search for large-R jets with top-tag 

Reconstruct invariant tt mass by  
reconstructing thad and tlep 

✓ Choose best hypothesis with minimal 

Hadronic channel: 
➢ 2 leading jets pT >500 GeV, top-tagged 
➢ Scalar sum of jets pT: HT> 1000 GeV 
➢ |Δφ(j1, j2)| > 2.1 rad 

Events are split into categories by the number of top-tag, b-tag and rapidity gap 
between two AK8 jets
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5.1 Semileptonic channel 5

required to have pT > 30 GeV. Given the boosted topology of the final state particles, no iso-174

lation requirements are placed on the leptons at trigger or offline level. However, events are175

required to pass a two-dimensional requirement given by DR(`, j) > 0.4 or prel
T (`, j) > 20 GeV,176

where j indicates the small-radius jet with minimum angular separation to the lepton ` (elec-177

tron or muon) and prel
T (`, j) is defined as the magnitude of the lepton momentum orthogonal178

to the axis of jet j. The values of DR(`, j) and prel
T (`, j) are calculated considering small-radius179

jets with pT > 15 GeV and |h| < 3.0. The values used have been optimized for this analysis.180

This two-dimensional selection effectively replaces the more conventional lepton isolation re-181

quirement, as it significantly reduces the background from non-top multijet (NTMJ) production182

while keeping high efficiency for high-mass signal hypotheses.183

In the muon channel, events are required to have Hlep
T > 150 GeV, where Hlep

T = Emiss
T + plep

T ,184

and a minimum missing transverse energy of 50 GeV. In the electron channel, where the rejec-185

tion of fake leptons is harder to achieve, we find that the most effective approach for rejecting186

QCD is to apply only a cut on the missing transverse energy, so we require Emiss
T > 120 GeV.187

After these requirements, the contribution of QCD multijet production in both lepton channels188

is found to be negligible. Finally, we veto events that contain a second lepton to ensure there is189

no overlap between the samples and ensure an exclusive selection with a future dilepton anal-190

ysis. We also veto events with two t-tagged jets to ensure an exclusive selection with respect191

to the all-hadronic analysis. This veto has a negligible impact on the signal efficiency of the192

lepton+jets analysis.193

The kinematic reconstruction of the tt system in the semileptonic channel is performed by as-194

signing the objects reconstructed in the final state to either the leptonic or hadronic side of the195

tt decay. We first assign the charged lepton and Emiss
T to the leptonic side of the event, where196

Emiss
T is interpreted as the transverse component of the neutrino’s momentum. The longitudi-197

nal component of the neutrino’s momentum is inferred by constraining the invariant mass of198

the `+ n system to match the true W boson mass. This procedure leads to a quadratic equation199

for the neutrino pz. If two real solutions are found, hypotheses are built for both cases. If no200

real solutions are available, the real part is taken as the neutrino pz. In events without t-tagged201

jets, only small-radius jets are used to reconstruct both the leptonic and hadronic top decays.202

In events containing a t-tagged jet, the latter is assigned the hadronically decaying top quark203

and only small-radius jets with DR > 1.2 from the t-tagged jet are used in the reconstruction204

of the leptonic top decay. Due to the presence of multiple tt hypotheses per event, a two-term205

c2 discriminator is used to quantify the compatibility of each hypothesis with a tt decay. The206

discriminator is defined as207

c2 =

 
Mlep � Mlep

sMlep

!2

+

✓
Mhad � Mhad

sMhad

◆2

(1)

where Mlep and Mhad are the invariant masses of the reconstructed leptonic and hadronic top208

quark, respectively. The values sMlep and sMhad are the resolutions of the leptonic and hadronic209

top quark reconstruction, respectively, In events with a t-tagged jet, Mhad is given by the mass210

of the large-radius jet calculated using the soft drop algorithm. This is done because, com-211

pared to the conventional jet mass, the soft drop mass is much less dependent on the jet pT and212

therefore on the resonance mass of a given signal hypothesis. Moreover, it provides greater dis-213

crimination power between background and signal events. The values of Mlep, sMlep , Mhad and214

sMhad are determined using simulated events. In each event, the hypothesis with the smallest215

value of c2 (labeled c2
min) is taken as the reconstructed tt pair.216

Events in the signal region are required to have c2
min < 30 for both channels. This upper cut on217

the tt discriminator reduces the contribution of events from non-tt background processes and218
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tt resonances
Semi-leptonic channel 

❑ tt uses simulation with additional 
correction factors   

❑ W+jets is constraint by fitting the 
background-only hypothesis to data in 
multiple categories based on lepton 
flavor and number of t- and b-tagged 
jets

Hadronic channel: 
❑ Multi-jets: using data driven 

technique. Top-tag mistag rate is 
evaluated and used to predict the 
background contribution by 
extrapolation from control region 

❑ tt – taken from the simulation; 
allowed to vary within the 
uncertainties during the limit 
setting 

CMS-PAS-B2G-15-002 
CMS-PAS-B2G-15-003
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tt resonances - limits
Limits at 95% CL are set for four 
BSM scenarios: 
❖  Z’ boson with relative with of 

1, 10, 30% 
❖ KK excitation of a gluon in the               

Randal-Sundram model

Signal Leptonic Hadronic

Narrow Z’ [0.6-2.3] TeV [1.4-1.6] TeV

Wide Z’ [0.5-3.4] TeV [1.0-3.3] TeV

Extra wide Z’ [0.5-4.0] TeV [1.0-3.8] TeV

KK gluons [0.5-2.9] TeV [1.0-2.4] TeV

CMS-PAS-B2G-15-002 
CMS-PAS-B2G-15-003
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W’ resonances
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W'→t b CMS-PAS-B2G-16-009 
CMS-PAS-B2G-16-017

❑ Semi-leptonic channel: 
➢ lepton pT>180 GeV  
➢ at least 2 jets of which at least 1 b-tagged jet 
➢ pT top > 250 GeV 

❑ Hadronic channel: 
➢ at least 2 jets with pT>350GeV - one top-tagged and one b-tagged  
➢ b-jet mj< 70 GeV 

➢ W’ mass reconstruction: 
✓ Semi-leptonic: lepton, ET,miss, 2 jets  
✓ hadronic: 2 leading jets 

Only right-handed interaction searched for 
➢ W‘R resonance with narrow width (3%)
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W'→t b: backgrounds

Semi-leptonic channel:  
 W+Jet initially is taken from the 
simulation, then check and corrections are 
derived from a control region with 0 b-tagged 
jets and relaxed selection. Separate corrections 
are derived for light and heavy flavor W+jets 
using iterative procedure. 

Hadronic channel: 
  QCD multijet is derived from data. 
Average b-tag  rate (pT,η) is estimated from 
control region with mSD (50,170) and τ3/τ2 > 0.75  

ttbar background:  Both channels take it from 
simulation; the prediction is check in data in 
control region(s) – orthogonal to the signal 
selection 

CMS-PAS-B2G-16-009 
CMS-PAS-B2G-16-017
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Z’ resonances
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Z' -> tT’ (T’ → Wb) - hadronic

❖ Three-jet topology  
❖ Boosted top quark 

❖ AK8 jet with pT> 400 GeV and  
❖ soft drop mass 110 – 210 GeV 
❖ N-subjetines: τ3/τ2 < 0.86 

❖ Boosted W-jet 
❖ AK8 jet with pT>200 GeV 
❖ Soft drop mass 70-100 GeV 
❖ N-subjetines: τ2/τ1 < 0.6 

❖ b-jet  
❖ AK4 jet with pT>100, |η| <2.4 
❖ b-tag with “Combined Secondary Vertex v2 “ algorithm 

❖ Reconstructed invariant mass of the T’ is required to be larger than 500 GeV

CMS-B2G-16-013

Events categorization: 
✓ 2 b tag category 
✓ 1 b tag category

1

1 Introduction1

Many theoretical models of physics beyond the standard model (SM) predict the existence of2

heavy bosonic resonances [1–9]. In most cases the couplings to third-generation SM quarks3

are enhanced, leading to decay channels containing top quarks. Such models include Z’ gauge4

bosons [10–12] and Kaluza–Klein excitations of a gluon in Randall–Sundrum models [13, 14].5

The CMS and ATLAS Collaborations have performed several searches for heavy resonances6

decaying to top quark-antiquark pairs (tt) [15–21], placing very stringent limits on their pro-7

duction cross sections. However, in cases of a heavy gluon [22, 23], composite Higgs boson8

[24], and models with extra spatial dimensions [22, 25], an additional fermionic sector may be9

present in the form of a nonchiral (or vector-like) fourth generation of quarks. Topologies in10

which the Z’ boson decays into vector-like quarks have not yet been investigated by the exper-11

iments. This search focuses on the kinematic range where mixed SM quark and heavy vector-12

like quark decay modes of the Z’ boson are dominant with respect to the T quark-antiquark13

pair decay mode.14

Vector-like quarks are fermions whose left- and right-handed components transform in the15

same way under the SM electroweak symmetry group. Consequently, their masses can be16

generated through direct mass terms in the Lagrangian, rather than via Yukawa couplings.17

This feature makes theories including a heavy vector-like quark sector compatible with current18

Higgs boson measurements [26].19

The results of the first search for neutral spin-1 heavy resonances decaying to a top quark and20

a vector-like T quark with a charge of two thirds the elementary charge, in the all-hadronic21

final state, are presented. The search is optimized for the T ! bW decay mode, however,22

T ! tH and T ! tZ decays are considered as well. The analysis is based on data of proton-23

proton collisions collected during 2015 by the CMS experiment at the LHC at a centre-of-mass24

energy of 13 TeV, corresponding to a total integrated luminosity of 2.7 fb�1. The results are25

interpreted in the frameworks of composite Higgs boson [24] and warped extra dimensions26

[22]. Hypothetical top quark flavour-changing neutral currents generated by the interaction27

between the top quark, the Z’ boson and the T quark are estimated to be below the reach of28

current measurements [27] due to the large suppression generated by off-shell effects of the Z’29

boson and the T quark. A Feynman diagram at leading order for the production mode of the30

Z’ boson and the decay chain considered in this paper is depicted in Fig. 1.31

Z 0

t̄

T

W, H, Z

b, t

q̄

q

Figure 1: Feynman diagram showing the production mode of the Z’ boson and the decay chain
considered in this paper.

Because of the large difference in mass between the W boson and T quark, the W boson receives32

First of its kind at LHC
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Z' -> tT' (T’ → b W) backgrounds

Dominant backgrounds: QCD multijets and top production (tt and single top) 

❑ QCD multijets: derived from data 
❑ Estimated with events from a control region 
❑ Shape correction derived from the simulation 
❑ Normalization derived from data 

❑ Top production: using simulation 
❑ Correction factors for DATA/simulation

CMS-B2G-16-013

QCD control regions: inverted b tag on AK4 jet:

6 5 Background estimation

Table 1: Selection efficiencies for the signal in the categories used in the analysis. The quoted
uncertainties are statistical.

B(T ! bW) = 100%
mZ0 [GeV] mT [GeV] Efficiency 1 b tag [%] Efficiency 2 b tag [%]

1500 700 1.2 ± 0.2 1.9 ± 0.3
1500 900 0.74 ± 0.17 1.1 ± 0.2
1500 1200 0.23 ± 0.09 0.21 ± 0.09
2000 900 2.6 ± 0.3 3.6 ± 0.4
2000 1200 2.1 ± 0.3 3.0 ± 0.4
2000 1500 0.89 ± 0.18 0.87 ± 0.18
2500 1200 3.3 ± 0.4 3.9 ± 0.4
2500 1500 2.8 ± 0.3 3.6 ± 0.4

B(T ! tH) = 100%
mZ0 [GeV] mT [GeV] Efficiency 1 b tag [%] Efficiency 2 b tag [%]

1500 700 0.55 ± 0.15 0.75 ± 0.17
1500 900 0.65 ± 0.16 0.93 ± 0.19
1500 1200 0.26 ± 0.10 0.37 ± 0.12
2000 900 1.8 ± 0.3 2.6 ± 0.3
2000 1200 2.0 ± 0.3 2.9 ± 0.3
2000 1500 1.7 ± 0.3 2.2 ± 0.3
2500 1200 2.9 ± 0.3 3.9 ± 0.4
2500 1500 3.0 ± 0.3 4.1 ± 0.4

B(T ! tZ) = 100%
mZ0 [GeV] mT [GeV] Efficiency 1 b tag [%] Efficiency 2 b tag [%]

1500 700 0.62 ± 0.15 0.84 ± 0.18
1500 900 0.78 ± 0.17 0.98 ± 0.19
1500 1200 0.50 ± 0.14 0.54 ± 0.14
2000 900 2.4 ± 0.3 3.1 ± 0.4
2000 1200 2.8 ± 0.3 3.9 ± 0.4
2000 1500 2.3 ± 0.3 2.8 ± 0.3
2500 1200 4.3 ± 0.4 5.4 ± 0.5
2500 1500 4.5 ± 0.4 6.0 ± 0.5

Selection SR 1 b tag SB for 1 b tag SR 2 b tag SB for 2 b tag

1 t tag and 1 W tag X X X X

Subjet b tag on t-tagged jet Veto Veto X X

1 AK4 jet, pT > 100 GeV,
DR(t-/W-jet, jet) > 0.8 X X X X

b tag on AK4 jet X “loose” Veto X “loose” Veto

mT > 500 GeV X X X X
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Z' -> tT' (T’ → b W) limits

Cross section limit at 95% CL: 
➢ bW/tH/tZ - 50/25/25% - warped extra-dimension 
➢ bW - 100%

CMS-B2G-16-013
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Summary

➢New heavy resonances searched at CMS at 13 TeV  

✓  Z' → tt : semi-leptonic and hadronic channels 

✓  W' → tb : leptonic and hadronic channels 

✓ Z’ → tT’ (T’ → bW) hadronic channel 

➢ No sign of new physics 

➢ Run II (2016) data already under process – stay tuned !


