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Motivation for exotic Top BSM searches (non-SUSY)

• Many extensions of the SM (exotic models) predict new particles usually coupled 

preferentially to 3rd generation quarks (top, bottom)

• Basic phenomenology of exotic Top BSM (non-SUSY):

 new heavy gauge bosons (to unitarise fully the VV scattering): 

DY produced Z’, W’,..

 new fermionic resonances (alter radiative corrections to H from top): 

top/b partners (vector-like quarks)

 simplified models of WIMP dark matter produced at the LHC

• Latest results (Summer 18) from both            and             Collaborations:

1. Searches for heavy resonances decaying into 3rd gen. quarks

2. Searches for vector-like quarks

3. Searches for dark-matter with top quarks

• Apologies if your preferred search is not included due to lack of time
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Experimental signatures: top and bottom as probes

• Top quarks almost exclusively decaying to Wb: 

 W → lν (~ 30% ) / qq’ (~ 70% ) 

• Very peculiar experimental signature

 jets and b-jets, charged leptons, MET (neutrino)

• Algorithms built to identify b-jets

 based on secondary vertex and jet shape information

 multivariate discriminant used to discriminate

b-, c- and light-jets

• Boosted object tagging:
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Resonances decaying into 3rd generation quarks

• Resonance search: 

 spin 1(2) heavy particles decaying 

to a pair of top quarks

 several benchmark models: heavy           

Z’-boson, KK-gluons or gravitons
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Resonances decaying into 3rd generation quarks

Eur. Phys. J. C 78 (2018) 565• Resonance search: 

 spin 1(2) heavy particles decaying 

to a pair of top quarks

 several benchmark models: heavy           

Z’-boson, KK-gluons or gravitons

• Single lepton, MET and jet activity 

compatible with hadronic top-quark decay

• Split into resolved and boosted channels 

based on hadronic activity

• Discriminant: invariant mass of top-pair 

system (χ2-recontruction)

• Observed (expected) limits (95 % C.L.)

m(Z’) < 2.6 (3.0) TeV, width = 1%

resolved boosted

https://epjc.epj.org/articles/epjc/abs/2018/07/10052_2018_Article_5995/10052_2018_Article_5995.html
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Resonances decaying into 3rd generation quarks

Eur. Phys. J. C 78 (2018) 565• Resonance search: 

 spin 1(2) heavy particles decaying 

to a pair of top quarks

 several benchmark models: heavy           

Z’-boson, KK-gluons or gravitons

• Single lepton, MET and jet activity 

compatible with hadronic top-quark decay

• Split into resolved and boosted channels 

based on hadronic activity

• Discriminant: invariant mass of top-pair 

system (χ2-recontruction)

• Observed (expected) limits (95 % C.L.)

m(Z’) < 2.6 (3.0) TeV, width = 1%

• First interpretation using top-pair decay 

channel for the DM-mediators mass    

m(Z’) < 1.2 - 1.4 TeV

resolved boosted

https://epjc.epj.org/articles/epjc/abs/2018/07/10052_2018_Article_5995/10052_2018_Article_5995.html
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Resonances decaying into 3rd generation quarks

CMS-PAS-B2G-17-017• Search for heavy Z’ resonance in 3 final states: 

single lepton, dilepton and fully hadronic

• Reconstruction techniques optimized for top 

quarks with high Lorentz boosts, requiring the 

use of non-isolated leptons and jet substructure 

• All hadronic channel: 

 2 high pT top-tagged jets, 6 signal regions 

(rapidity difference and b-subjet) 

 data-driven estimation of QCD via anti-tag 

and probe procedure

https://cds.cern.ch/record/2621631
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Resonances decaying into 3rd generation quarks

CMS-PAS-B2G-17-017• Search for heavy Z’ resonance in 3 final states: 

single lepton, dilepton and fully hadronic

• Reconstruction techniques optimized for top 

quarks with high Lorentz boosts, requiring the 

use of non-isolated leptons and jet substructure 

• Dilepton channel: define: ∆Rsum to categorize 

events:

 boosted: ∆Rsum  < 1

 resolved: 1 < ∆Rsum  < 2

 background CR: ∆Rsum  > 2 

• ST variable used in 6 signal and 3 bgd regions 

https://cds.cern.ch/record/2621631
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Resonances decaying into 3rd generation quarks

CMS-PAS-B2G-17-017• Search for heavy Z’ resonance in 3 final states: 

single lepton, dilepton and fully hadronic

• Reconstruction techniques optimized for top 

quarks with high Lorentz boosts, requiring the 

use of non-isolated leptons and jet substructure 

• Single lepton channel: 1 non-isolated high pT

lepton and at least 2 high pT jets

 BDT to suppress W+jets background

 SR require top-tagged large-R jet

 χ2 -reconstruction of the top-pair system 

https://cds.cern.ch/record/2621631
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Resonances decaying into 3rd generation quarks

CMS-PAS-B2G-17-017• Search for heavy Z’ resonance in 3 final states: 

single lepton, dilepton and fully hadronic

• Reconstruction techniques optimized for top 

quarks with high Lorentz boosts, requiring the 

use of non-isolated leptons and jet substructure 

 All hadronic channel: reduction in the uncertainty on multijet bkg estimate 

 Inclusion of dilepton channel in the combination 

 Single lepton channel: improved W+jets rejection via BDT 

• All hadronic and single lepton channels 

provide most of the sensitivity for high-mass, 

dilepton contributes in the low-mass range

https://cds.cern.ch/record/2621631
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Resonances decaying into 3rd generation quarks

CMS-PAS-B2G-17-017• Search for heavy Z’ resonance in 3 final states: 

single lepton, dilepton and fully hadronic

• Reconstruction techniques optimized for top 

quarks with high Lorentz boosts, requiring the 

use of non-isolated leptons and jet substructure 

 All hadronic channel: reduction in the uncertainty on multijet bkg estimate 

 Inclusion of dilepton channel in the combination 

 Single lepton channel: improved W+jets rejection via BDT 

• All hadronic and single lepton channels 

provide most of the sensitivity for high-mass, 

dilepton contributes in the low-mass range

• Observed (expected) limits (95 % CL)

m(Z’) < 3.8 (3.75) TeV, width = 1%

https://cds.cern.ch/record/2621631
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Resonances decaying to top and bottom

CERN-EP-2018-142• Search for a heavy W’ resonance decaying to a top and 

bottom quarks in the semileptonic decay channel

• Complementary to searches for W’ →lν and 

W’ →WZ, with a single lepton, MET and central 

jet activity, sensitive to mW’  of 1 - 4 TeV

Phys. Lett. B 777 (2018) 39

https://arxiv.org/abs/1807.10473
http://dx.doi.org/10.1016/j.physletb.2017.12.006
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Resonances decaying to top and bottom

CERN-EP-2018-142• Search for a heavy W’ resonance decaying to a top and 

bottom quarks in the semileptonic decay channel

• Complementary to searches for W’ →lν and 

W’ →WZ, with a single lepton, MET and central 

jet activity, sensitive to mW’  of 1 - 4 TeV

 ATLAS: kinematic categorisation based 

on lepton type and number of (b-) jets

 CMS: hight pT non-isolated leptons, and 

categories on top and jets pT

• Syst. uncert. dominated by b-tagging efficiency 

and top-pair generator/showering

• Combined ATLAS single lepton + fully 

hadronic final state search: m(W’R) < 3.25 TeV, 

similar to CMS single lepton exclusion of m(W’R) 

< 3.4 TeV

Phys. Lett. B 777 (2018) 39

https://arxiv.org/abs/1807.10473
https://www.sciencedirect.com/science/article/pii/S0370269318302259
http://dx.doi.org/10.1016/j.physletb.2017.12.006


Searching for vector-like quarks (VLQs)

• VLQs predicted in many BSM models that address the naturalness

 coloured, fractionally-charged fermions, left- and right-handed components 

have same weak isospin (“vector-like")

• Both fractional (-1/3, 2/3) and “exotic” (-4/3, 5/3) charges possible

• Pair (single) production via QCD (EW) interactions

 Single: model dependent (EW coupling), dominate high-mass

 Pair: model independent (QCD), typically leading low mass

TB (B-4/3, Y) (T5/3, X)

• Most searches assume:

 VLQs couple only to SM particles

 VLQs decay always to a boson 

(W,Z,H) and 3rd generation quarks

• Rich phenomenology at the LHC based on t, b, H, W, Z signature
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TT/BB→2 SS and 3 leptons

• Wide search for new phenomena

 vector-like quark, exotic four-top-quark, 

2HDM and top-coupled DM production

CERN-EP-2018-171

https://arxiv.org/abs/1807.11883
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TT/BB→2 SS and 3 leptons

• Wide search for new phenomena

 vector-like quark, exotic four-top-quark, 

2HDM and top-coupled DM production

• Cut & count in 6 (8) validation (signal) regions 

with selection on MET, HT, number of leptons, 

jets and b-jets: achieve very low SM background

CERN-EP-2018-171

https://arxiv.org/abs/1807.11883
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TT/BB→2 SS and 3 leptons

• Wide search for new phenomena

 vector-like quark, exotic four-top-quark, 

2HDM and top-coupled DM production

• Cut & count in 6 (8) validation (signal) regions 

with selection on MET, HT, number of leptons, 

jets and b-jets: achieve very low SM background

• Data-driven backgrounds:

 Fake/non-prompt e/μ backgrounds estimated 

using a matrix method

 Charge mis-ID backgrounds (for same-sign 

dilepton events) estimated via rate measured 

in data
validation regions

CERN-EP-2018-171

https://arxiv.org/abs/1807.11883
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TT/BB→2 SS and 3 leptons

• Wide search for new phenomena

 vector-like quark, exotic four-top-quark, 

2HDM and top-coupled DM production

• Cut & count in 6 (8) validation (signal) regions 

with selection on MET, HT, number of leptons, 

jets and b-jets: achieve very low SM background

• Data-driven backgrounds:

 Fake/non-prompt e/μ backgrounds estimated 

using a matrix method

 Charge mis-ID backgrounds (for same-sign 

dilepton events) estimated via rate measured 

in data

• Constrain T (B) masses at 95% C.L. at around 1 TeV in the singlet scenario

• Limits in the 2HDM interpretation: probing masses from 0.4 - 1 TeV

signal regions
CERN-EP-2018-171

https://arxiv.org/abs/1807.11883
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TT/BB→1 lepton, 2 SS and 3 leptons

JHEP 08 (2018) 177• Generic search for TT/BB decaying to jets and one, 

two same-sign and three leptons

• Heavy VLQs decay products often merged: quantify 

jet internal structure with N-prong hypothesis

• Single lepton: 16 categories of events with/without 

H/W-jets (~60% efficiency) and b-jets

• Event yield in the 2SS dilepton and ST in 4 trilepton 

categories based on lepton flavour

• MC simulation-based (data-driven) for prompt 

(instrumental) backgrounds

• Exclude T (B) quarks at 95% C.L. with masses below 

1200 (1170) GeV in the singlet and 1280 (940) GeV

in the doublet branching fraction scenario

https://link.springer.com/article/10.1007/JHEP08(2018)177


TT/BB→Z(→ll)t/b+X
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• Search for VLQs which targets their decays into a Z-

boson and a 3rd generation quark

• ≥2 e/μ, with one pair consistent with Z-boson decay, 

≥2 jets and ≥1 b-tagged jets

• four signal regions defined:

 3 dilepton signal regions with 0 / 1 or ≥2 large-

radius jets 

 1 trilepton signal region with ≥1 b-tagged jets

• Backgrounds from MC, corrected in the fit using 

specific CRs for tt/Z+jets, tt+X and diboson

• Final discriminants: HT, mass of Zb-system and 

scalar sum of small-R jet and lepton transverse 

momenta (ST)

• Exclude T (B) quarks at 95% C.L. with masses below 

1030 (1010) GeV in the singlet and 1210 (1140) GeV

in the doublet branching fraction scenario

CERN-EP-2018-145

https://arxiv.org/abs/1806.10555
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TT/BB→fully hadronic

CERN-EP-2018-176• Search for VLQs which targets targets all decay 

modes of T/B with 0 leptons

• Uses high-pT variable-radius reclustered (vRC) jets

• vRC-jets are tagged as V, H, or top, based on a 

multi-class DNN-tagger.

• V-, H- (VV,VH,HH), t-, and b-tagged multiplicity 

defines the 12 signal regions

• Multi-jet Backgrounds: “ABCD” method, top from 

MC with floating normalisation

• Discriminant: “Signal LLH” matrix element of VLQ 

signal likelihood in 12 signal regions

• Exclude B quarks at 95% C.L. with masses below  

~1 TeV in the singlet and doublet BRs scenarios

https://arxiv.org/abs/1808.01771
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Combination of VLQ searches

CERN-EP-2018-205• Combination of seven pair-production searches 

at 13 TeV using 36.1 fb-1

• Significantly extends the reach of individual 

searches

• Singlet T (B) quarks at 95% C.L. excluded for 

masses below 1.31 (1.22) TeV and mT(B) < 1.37 

(1.37) TeV in the doublet scenario

https://arxiv.org/abs/1808.02343
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Combination of VLQ searches

• Combination of seven pair-production searches 

at 13 TeV using 36.1 fb-1

vector-like T

CERN-EP-2018-205

https://arxiv.org/abs/1808.02343
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Combination of VLQ searches

• Combination of seven pair-production searches 

at 13 TeV using 36.1 fb-1

vector-like T

CERN-EP-2018-205

(Boosted) top quark(s)

https://arxiv.org/abs/1808.02343
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Combination of VLQ searches

• Combination of seven pair-production searches 

at 13 TeV using 36.1 fb-1

vector-like T

CERN-EP-2018-205

(Boosted) top quark(s)

High-pT b-jet(s)

https://arxiv.org/abs/1808.02343
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Combination of VLQ searches

• Combination of seven pair-production searches 

at 13 TeV using 36.1 fb-1

vector-like T

CERN-EP-2018-205

(Boosted) top quark(s)

High-pT b-jet(s)

https://arxiv.org/abs/1808.02343
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Combination of VLQ searches

• Combination of seven pair-production searches 

at 13 TeV using 36.1 fb-1

CERN-EP-2018-205

(Boosted) top quark(s)

vector-like T

https://arxiv.org/abs/1808.02343
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Combination of VLQ searches

• Combination of seven pair-production searches 

at 13 TeV using 36.1 fb-1

vector-like T vector-like B

CERN-EP-2018-205

https://arxiv.org/abs/1808.02343
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single VLQ: B→bH(→γγ)

• Search for single B →Hb in the diphoton decay 

mode using 2015+2016 and 2017 data (79.8 fb-1)

• t-channel production characteristic: 2 photons, 

forward jet and high pT b-jet

ATLAS-CONF-2018-024

https://cds.cern.ch/record/2628759
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single VLQ: B→bH(→γγ)

• Search for single B →Hb in the diphoton decay 

mode using 2015+2016 and 2017 data (79.8 fb-1)

• t-channel production characteristic: 2 photons, 

forward jet and high pT b-jet

• Higgs backgrounds from MC, non-resonant 

continuum (γγ+jet) from data-driven estimate

• Shape of discriminant mγγb  of continuum is 

estimated from mγγ data sidebands

ATLAS-CONF-2018-024

https://cds.cern.ch/record/2628759
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single VLQ: B→bH(→γγ)

• Search for single B →Hb in the diphoton decay 

mode using 2015+2016 and 2017 data (79.8 fb-1)

• t-channel production characteristic: 2 photons, 

forward jet and high pT b-jet

• Higgs backgrounds from MC, non-resonant 

continuum (γγ+jet) from data-driven estimate

• Shape of discriminant mγγb  of continuum is 

estimated from mγγ data sidebands

• Using a generalized coupling value κ=0.5 and 

doublet BRs of 50% for B→Hb(Zb), vector-like       

B quarks with mB< 1210 GeV are excluded

ATLAS-CONF-2018-024

https://cds.cern.ch/record/2628759


32

Top quarks and Dark Matter

• In a large class of models, DM consists of stable

WIMPs (χ) which may be pair-produced at LHC

with a spin-0 scalar (ϕ) or pseudo-scalar (a)

mediator produced in assocation with top quarks

 Probing mediator mass within 10-500 GeV

 Coupling between mediator and DM set to 1
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Top quarks and Dark Matter

• In a large class of models, DM consists of stable

WIMPs (χ) which may be pair-produced at LHC

with a spin-0 scalar (ϕ) or pseudo-scalar (a)

mediator produced in assocation with top quarks

• Search for top+DM (tt + χχ) covering all top-pair 

decay modes: all-hadronic, lepton+jets and 

dileptonic final states

• Dedicated CRs to constrain tt,W/Z+jets for each 

pT
miss bin

 all-hadronic: categorisation based on MVA 

“Resolved Top Tagger” that identifies top → 3 jets

 lepton+jets: CRs in order to control 

Z(νν)/W(lν)+jets, cuts to suppress dileptonic 

decays

CERN-EP-2018-183 

http://arxiv.org/abs/1807.06522
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Top quarks and Dark Matter

• In a large class of models, DM consists of stable

WIMPs (χ) which may be pair-produced at LHC

with a spin-0 scalar (ϕ) or pseudo-scalar (a)

mediator produced in assocation with top quarks

• Search for top+DM (tt + χχ) covering all top-pair 

decay modes: all-hadronic, lepton+jets and 

dileptonic final states

• Dedicated CRs to constrain tt,W/Z+jets for each 

pT
miss bin

 all-hadronic: categorisation based on MVA 

“Resolved Top Tagger” that identifies top → 3 jets

 lepton+jets: CRs in order to control 

Z(νν)/W(lν)+jets, cuts to suppress dileptonic 

decays

• Exclude (pseudo-) scalar DM mediator with masses 

of 160 (220) GeV (assuming mχ=1 GeV)

• Better sensitivity for spin-0 mediators than DM+jets 

(considered the most sensitive signature!)

CERN-EP-2018-183 

http://arxiv.org/abs/1807.06522


Conclusions

• Top quark: ideal to probe several new theories extending the Standard Model

• Both ATLAS and CMS have a broad search program using top/b-quarks with many 

public results in the last months: no evidence for new physics has yet emerged

• Challenging and rare decay modes are exploited:

 generic searches using all possible top-quark pair final states

 dedicated resolved/boosted channels

 jet substructure and jet reclustering

 event categorisation/background rejection using MVAs

 combination of searches and various interpretations of the results

• Looking forward to new results using 2017/18 data thanks to LHC great performance
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Conclusions

• Top quark: ideal to probe several new theories extending the Standard Model

• Both ATLAS and CMS have a broad search program using top/b-quarks with many 

public results in the last months: no evidence for new physics has yet emerged

• Challenging and rare decay modes are exploited:

 generic searches using all possible top-quark pair final states

 dedicated resolved/boosted channels

 jet substructure and jet reclustering

 event categorisation/background rejection using MVAs

 combination of searches and various interpretations of the results

• Looking forward to new results using 2017/18 data thanks to LHC great performance

and thank you for your attention!
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BACK-UP
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4 tops in SS dilepton/trilepton events

• Excess info: More than half of the excess is observed in events with two muons, 

three b-tagged jets and HT around 700 GeV.

• the kinematic properties of the events were compared with the expectations from 

the BSM four-top-quark production benchmark models, and found to agree poorly 

with all of them, particularly in the b-tagged jet multiplicity



Resonances with the 3rd generation quarks

Eur. Phys. J. C 78 (2018) 565
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Resonances decaying into 3rd generation quarks

CMS-PAS-B2G-17-017

https://cds.cern.ch/record/2621631
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TT/BB→fully hadronic

CERN-EP-2018-176
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Dark Matter and tops

July 2018: CMS-PAS-B2G-17-018

https://cds.cern.ch/record/2628654
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Single VLQs


