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Introduction to vector-like quarks (VLQs)
 Right-handed and left-handed components 
 of VLQ fields interact similarly via electroweak force

No chiral “V-A” structure in Lagrangian, but purely “V”
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Introduction to vector-like quarks (VLQs)

 VLQs appear in many BSM models:
    Little Higgs models

addressing naturalness problem: 
top-quark partner stabilizes Higgs-boson mass

    composite Higgs models
e.g. top quark and VLQ condensate driving 

electroweak symmetry breaking
    Grand Unified Theories
    Extra dimensions

Kaluza-Klein states of SM fields in extra dimensions
can have VLQ properties

 Right-handed and left-handed components 
 of VLQ fields interact similarly via electroweak force

No chiral “V-A” structure in Lagrangian, but purely “V”
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Introduction to vector-like quarks (VLQs)

 VLQs appear in many BSM models:
    Little Higgs models

addressing naturalness problem: 
top-quark partner stabilizes Higgs-boson mass

    composite Higgs models
e.g. top quark and VLQ condensate driving 

electroweak symmetry breaking
    Grand Unified Theories
    Extra dimensions

Kaluza-Klein states of SM fields in extra dimensions
can have VLQ properties

 Right-handed and left-handed components 
 of VLQ fields interact similarly via electroweak force

No chiral “V-A” structure in Lagrangian, but purely “V”

 VLQs can have charge 2/3, 1/3, 5/3 or 4/3 
 and decay to W, Z or H bosons (model-dependent)

→ rich phenomenology
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The Compact Muon Solenoid (CMS) detector

Tracker

Iron yoke

Superconducting 
magnet (3.8 T)

Muon chambersHadronic calorimeter 
(HCAL)

Electromagnetic 
calorimeter (ECAL)
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Introduction to vector-like T quarks

The CMS detector

Event reconstruction and W/top jet tagging

Search for T (charge 2/3) → bW, tZ, tH
single-lepton and multilepton channels

Search for T (charge 5/3) → tW+

same-sign dilepton channel

Summary
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Physics-object reconstruction
 Particle-flow (PF) algorithm combines information of all   
  subdetectors to reconstruct particles traversing the detector 
    
muons

relative isolation defined 
in cone of ΔR = 0.4 

electrons
relative isolation defined
in cone of ΔR = 0.3

Corrected for pile-up interactions 
on event-by-event basis

Relative isolation
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Physics-object reconstruction
 Particle-flow (PF) algorithm combines information of all   
  subdetectors to reconstruct particles traversing the detector 
    
muons

relative isolation defined 
in cone of ΔR = 0.4 

electrons
relative isolation defined
in cone of ΔR = 0.3

missing transverse energy (MET)

jets
anti-kT jet clustering with distance parameter 0.5 (AK5)
energy corrections (1-10% depending on pT and η)
resolution smearing in simulation
b-tagging using 'Combined Secondary Vertex' algo

Corrected for pile-up interactions 
on event-by-event basis

Relative isolation
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W-boson and top-quark jet tagging

 Decay of heavy quark → boosted decay products

Additional Cambridge-Aachen jet 
clustering, distance parameter 0.8
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W-boson and top-quark jet tagging

 Decay of heavy quark → boosted decay products

Additional Cambridge-Aachen jet 
clustering, distance parameter 0.8

Boosted W boson 
decaying to quarks 'W jet'q

q

pT > 200 GeV
Mass = [60,130] GeV
Exactly 2 subjets
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W-boson and top-quark jet tagging

 Decay of heavy quark → boosted decay products

Additional Cambridge-Aachen jet 
clustering, distance parameter 0.8

Boosted W boson 
decaying to quarks 'W jet'

Boosted top quark 
decaying to W→qq 
boson and b quark

'top-quark jet'

q

q

q

q

b

pT > 200 GeV
Mass = [60,130] GeV
Exactly 2 subjets

pT > 200 GeV (or 400 GeV)
Mass = [140,250] GeV
⩾ 3 subjets
Minimum pairwise mass > 50 GeV
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Introduction to vector-like T quarks

The CMS detector

Event reconstruction and W/top jet tagging

Search for T (charge 2/3) → bW, tZ, tH
single-lepton and multilepton channels

Search for T (charge 5/3) → tW+

same-sign dilepton channel

Summary

B2G-12-015
1311.7667v2
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Signal selection
 Strong pair production of TT with T → bW / tZ / tH leads to      
  signature with possibly multiple leptons

→ different search channels according to leptons

B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton
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Single-lepton channel
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton

 1 isolated muon (|η| < 2.1, pT > 32 GeV, Irel < 0.12) 
  or 1 isolated electron (|η|<1.44 or 1.57<|η|<2.5, pT > 32 GeV, Irel < 0.10)
 ⩾ 3 AK5 jets (pT > 120, 90, 50 GeV, |η| < 2.4)
 ⩾ 1 W jet, or fourth AK5 jet with pT > 35 GeV
 MET > 20 GeV
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Single-lepton channel
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton

Simulated W+jets background normalized 
to control data sample (⩽ 3 jets but no W jet)

Separate scale factors for light-flavor and heavy-flavor 
components of simulated W+jets 

 1 isolated muon (|η| < 2.1, pT > 32 GeV, Irel < 0.12) 
  or 1 isolated electron (|η|<1.44 or 1.57<|η|<2.5, pT > 32 GeV, Irel < 0.10)
 ⩾ 3 AK5 jets (pT > 120, 90, 50 GeV, |η| < 2.4)
 ⩾ 1 W jet, or fourth AK5 jet with pT > 35 GeV
 MET > 20 GeV
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B-jet and jet multiplicities
well modeled by the simulation

 No explicit b-jet requirement, but b-jet multiplicity    
  enters as input variable in Boosted Decision Trees

B2G-12-015  T (charge 2/3)

Pull = (observed – expected) / (Sum in quadrature of syst. and stat. uncertainties) 

Uncertainties include luminosity, cross sections and correction factors
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Missing transverse energy and HT

well modeled by the simulation

B2G-12-015  T (charge 2/3)

no W jet

H
T
 = scalar sum of p

T
 of jetsMissing transverse energy

Single-muon channel 

⩾ 1 W jet
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Single-lepton channel: event yields

 Predicted number of events agree with observed,      
  within uncertainties

B2G-12-015  T (charge 2/3)

 ttbar and W+jets largest backgrounds
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Single-lepton channel: signal efficiencies

 Table: assuming 'nominal' branching fractions
BF(T → bW) = 50%, BF(T → tZ) = BF(T → tH) = 25%

B2G-12-015  T (charge 2/3)

approximate NNLO (HATHOR)

 pp → TT signal samples generated with Madgraph
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T-quark signal separated from SM background 
via Boosted Decision Trees (BDT)

 Separate BDT trainings for events with ⩾ 1 W jet    
   and without W jet, at every T-quark mass 

B2G-12-015  T (charge 2/3)

 Input variables
jet multiplicity, b-tagged jet multiplicity,
MET, HT (scalar sum of pT of all jets), 
pT lepton, pT third jet, pT fourth jet,
number and pT of W jets
number of top jets

For events with W jet
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BDT discriminator distributions 
show good discrimination power

B2G-12-015  T (charge 2/3)

Single-muon channel Single-electron channel

⩾ 1 W jet
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BDT discriminator distributions 
show good discrimination power

B2G-12-015  T (charge 2/3)

Single-muon channel Single-electron channel

⩾ 1 W jet

no W jet
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Multilepton channel: opposite-sign dileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Same sign (SS)

Trilepton

 2 isolated opposite-charged leptons (pT > 20 GeV) 
 ⩾ 1 dilepton pair with mass > 20 GeV
 MET > 30 GeV and ⩾ 1 b jet
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Multilepton channel: opposite-sign dileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Same sign (SS)

Trilepton

Missing transverse energy Number of jets
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Multilepton channel: opposite-sign dileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton

 2 isolated opposite-charged leptons (pT > 20 GeV) 
 ⩾ 1 dilepton pair with mass > 20 GeV
 MET > 30 GeV and ⩾ 1 b jet

OS1
 2 or 3 jets (pT > 30 GeV, |η| < 2.4)
 HT > 300 GeV, ST > 900 GeV (sum of HT, MET and pT of all leptons)
 dilepton pair mass veto in 15 GeV window around Z-boson mass

    suppresses DY background
 Smallest mass of (lepton,b-jet) system Mlb > 170 GeV

    suppresses ttbar background

Sensitive to TT→bWbW 
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Multilepton channel: opposite-sign dileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton

 2 isolated opposite-charged leptons (pT > 20 GeV) 
 ⩾ 1 dilepton pair with mass > 20 GeV
 MET > 30 GeV and ⩾ 1 b jet

OS1
 2 or 3 jets (pT > 30 GeV, |η| < 2.4)
 HT > 300 GeV, ST > 900 GeV (sum of HT, MET and pT of all leptons)
 dilepton pair mass veto in 15 GeV window around Z-boson mass

    suppresses DY background
 Smallest mass of (lepton,b-jet) system Mlb > 170 GeV

    suppresses ttbar background
OS2
 ⩾ 5 jets of which 2 b-tagged
 HT > 500 GeV, ST > 1000 GeV

Sensitive to TT→bWbW 
Sensitive to T→tZ decays
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Multilepton channel: same-sign dileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton

 2 isolated same-charged leptons (pT > 20 GeV) 
 ⩾ 1 dilepton pair with mass > 20 GeV
 MET > 30 GeV
 ⩾ 3 jets
 HT > 500 GeV, ST > 700 GeV  

Sensitive to T→tZ/tH decays
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Multilepton channel: same-sign dileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton

 2 isolated same-charged leptons (pT > 20 GeV) 
 ⩾ 1 dilepton pair with mass > 20 GeV
 MET > 30 GeV
 ⩾ 3 jets
 HT > 500 GeV, ST > 700 GeV  

Three main backgrounds
irreducible (SM processes with SS dileptons)
charge misidentification in OS dileptons 
non-prompt leptons (lepton misidentification)

Estimated from 
observed data

Sensitive to T→tZ/tH decays
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Multilepton channel: same-sign dilepton distributions
B2G-12-015  T (charge 2/3)

Number of jets Missing transverse energy

before MET cut
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Multilepton channel: same-sign dilepton ST distribution
B2G-12-015  T (charge 2/3)

before ST cut
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Multilepton channel: trileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton Sensitive to T→tZ/tH decays

 ⩾ 3 isolated leptons (pT > 20 GeV) 
 ⩾ 1 dilepton pair with mass > 20 GeV
 MET > 30 GeV
 ⩾ 3 jets
 HT > 500 GeV, ST > 700 GeV  
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Multilepton channel: trileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton

Two main backgrounds
irreducible (SM processes with trileptons)
non-prompt leptons (lepton misidentification) Estimated from 

observed data

Sensitive to T→tZ/tH decays

 ⩾ 3 isolated leptons (pT > 20 GeV) 
 ⩾ 1 dilepton pair with mass > 20 GeV
 MET > 30 GeV
 ⩾ 3 jets
 HT > 500 GeV, ST > 700 GeV  
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Multilepton channel: trilepton distributions
B2G-12-015  T (charge 2/3)

Number of jets Missing transverse energy

before MET cut
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Multilepton channel: event yields
B2G-12-015  T (charge 2/3)

 Predicted number of events agree with observed,   
  within uncertainties
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Multilepton channel: signal efficiencies

 Table: assuming 'nominal' branching fractions
BF(T → bW) = 50%, BF(T → tZ) = BF(T → tH) = 25%

B2G-12-015  T (charge 2/3)
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Systematic uncertainties
B2G-12-015  T (charge 2/3)

 Treated as nuisance parameters in statistical limit setting

normalization of signal and background simulation
luminosity 2.6%
cross sections

diboson, single top, W/Z+jets 50%
ttbar 8%

efficiency corrections
lepton trigger and identification 3%

jet energy scale and resolution
b-tagging efficiency
renormalization and factorization scale
jet-parton matching threshold
top-quark pT distribution

proton PDF uncertainties negligible
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Combined mass limits on vector-like T 
(charge 2/3) quarks

B2G-12-015  T (charge 2/3)

 Figure: assuming 'nominal' branching fractions
BF(T → bW) = 50%, BF(T → tZ) = BF(T → tH) = 25%
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Scanning branching fractions: combined limits
B2G-12-015  T (charge 2/3)
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Limits represented in 
branching-fraction triangles

B2G-12-015  T (charge 2/3)

Expected Observed

 Lower mass limits at 95% CL between 687 GeV 
and 782 GeV for all possible branching fractions 
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Weights of multilepton channel 
in combination of limits

B2G-12-015  T (charge 2/3)

Expected Observed
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Introduction to vector-like T quarks

The CMS detector

Event reconstruction and W/top jet tagging

Search for T (charge 2/3) → bW, tZ, tH
single-lepton and multilepton channels

Search for T (charge 5/3) → tW+

same-sign dilepton channel

Summary

B2G-12-012
1312.2391v2
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Signal selection
B2G-12-012  T (charge 5/3)

 2 isolated same-sign leptons 
(|η| < 2.4, pT > 30 GeV, muon Irel < 0.20, electron Irel <0.15) 

 ΔR(lepton,top-jet) > 0.8
 Dilepton Z-boson veto M(ee) < 76 GeV or M(ee) > 106 GeV
 Trilepton Z-boson veto using mass of pair of lepton and 'loose' lepton     
  (pT > 15 GeV, muon Irel < 0.40, electron Irel <0.60)
 Number of constituents Nc ⩾ 7

AK5 jet, lepton = both 1 constituent
W boson = 2 constituents
top jet = 3 constituents 

 HT > 900 GeV (scalar sum of pT of all jets and leptons)
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Signal selection
B2G-12-012  T (charge 5/3)

 2 isolated same-sign leptons 
(|η| < 2.4, pT > 30 GeV, muon Irel < 0.20, electron Irel <0.15) 

 ΔR(lepton,top-jet) > 0.8
 Dilepton Z-boson veto M(ee) < 76 GeV or M(ee) > 106 GeV
 Trilepton Z-boson veto using mass of pair of lepton and 'loose' lepton     
  (pT > 15 GeV, muon Irel < 0.40, electron Irel <0.60)
 Number of constituents Nc ⩾ 7

AK5 jet, lepton = both 1 constituent
W boson = 2 constituents
top jet = 3 constituents 

 HT > 900 GeV (scalar sum of pT of all jets and leptons)

Signal efficiency 10-13% for strong pair production 
of T5/3 quarks with masses in [750-1000] GeV



4747

Three main background sources
Irreducible 

SM processes with prompt same-sign dileptons:
diboson, ttW, ttWW, ttZ, W±W±, WWW from simulation 

B2G-12-012  T (charge 5/3)
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Three main background sources
Irreducible 

SM processes with prompt same-sign dileptons:
diboson, ttW, ttWW, ttZ, W±W±, WWW from simulation 

B2G-12-012  T (charge 5/3)

Lepton charge misidentification in OS leptons (ttbar, DY)
- electron charge misid probability R (~10-3, dependent on 

pT and η) determined from data DY events in Z mass 
window

- NSS, charge misid = NOS after full selection x R 
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Three main background sources
Irreducible 

SM processes with prompt same-sign dileptons:
diboson, ttW, ttWW, ttZ, W±W±, WWW from simulation 

B2G-12-012  T (charge 5/3)

Lepton charge misidentification in OS leptons (ttbar, DY)
- electron charge misid probability R (~10-3, dependent on 

pT and η) determined from data DY events in Z mass 
window

- NSS, charge misid = NOS after full selection x R 

Non-prompt leptons (lepton misidentification)  
estimated from data using “Tight-Loose method”
a) Ntight / Nloose determined from data:

• for prompt leptons from DY events in Z mass window
• for non-prompt leptons from bkg enriched sample

MET < 25 GeV, transverse mass(lepton,MET) < 25 GeV, 
⩾ 1 jet with pT > 40 GeV and ΔR > 1.0 w.r.t lepton

b) events with ⩾1 loose leptons weighted with these ratios 
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Systematic uncertainties influencing acceptance

B2G-12-012  T (charge 5/3)

luminosity 2.6%
cross sections 

WZ 17%, ZZ 5.1%, ttW 32%
other rare backgrounds 50%

lepton trigger (1%), reconstruction and identification (1% 
per lepton)

pile-up 
            signal 3%
            background: 3-6%
jet energy scale 
            signal: 2%
            background: 3-6% for AK5 jets
            constant 3% for CA8 jets
charge misidentification background 20%
non-prompt lepton background 50%
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Same-sign dilepton event yields
B2G-12-012  T (charge 5/3)

 Predicted number of events agree with observed,  
  within uncertainties

T5/3 mass 800 GeV
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HT distribution after full selection (w/o HT cut)
 Expected and observed spectra agree

B2G-12-012  T (charge 5/3)
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Illustration: vector-like quark mass variable
 T5/3 quark mass can be reconstructed via       
  combination of top jets, W jets and AK5 jets

B2G-12-012  T (charge 5/3)



5454

Limits assuming BF(T5/3 → tW+) = 100%

 Observed (expected) lower mass limit at 95% CL: 
800 GeV (830 GeV)

B2G-12-012  T (charge 5/3)

 Event yields from all lepton (ee, eμ, μμ) channels combined
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Introduction to vector-like T quarks

The CMS detector

Event reconstruction and W/top jet tagging

Search for T (charge 2/3) → bW, tZ, tH
single-lepton and multilepton channels

Search for T (charge 5/3) → tW+

same-sign dilepton channel

Summary
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Summary
 Searches performed for vector-like quarks (top partners)     
  with the CMS detector in pp collisions at sqrt(s) = 8 TeV
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Summary
 Searches performed for vector-like quarks (top partners)     
  with the CMS detector in pp collisions at sqrt(s) = 8 TeV

search for T (charge 2/3) → bW, tZ, tH
single lepton and multilepton

→ observed lower mass limit between 687 GeV and 
782 GeV for all possible branching fractions  

 

B2G-12-015
1311.7667v2
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Summary
 Searches performed for vector-like quarks (top partners)     
  with the CMS detector in pp collisions at sqrt(s) = 8 TeV

search for T (charge 2/3) → bW, tZ, tH
single lepton and multilepton

→ observed lower mass limit between 687 GeV and 
782 GeV for all possible branching fractions  

search for T (charge 5/3) → tW+

same-sign dilepton

→ observed lower mass limit of 800 GeV 

B2G-12-015
1311.7667v2

B2G-12-012
1312.2391v2
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Summary
 Searches performed for vector-like quarks (top partners)     
  with the CMS detector in pp collisions at sqrt(s) = 8 TeV

search for T (charge 2/3) → bW, tZ, tH
single lepton and multilepton

→ observed lower mass limit between 687 GeV and 
782 GeV for all possible branching fractions  

search for T (charge 5/3) → tW+

same-sign dilepton

→ observed lower mass limit of 800 GeV 

 Stay tuned for new searches in the next LHC runs!
T (charge 2/3) expected reach at 14 TeV with 3000/fb: 

5σ discovery: 1.48 TeV
95% CL exclusion: 1.85 TeV 

B2G-12-015
1311.7667v2

B2G-12-012
1312.2391v2

CMS PAS 
FTR-13-026



BACKUP
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BDT discriminator for 
events without b jets

B2G-12-015  T (charge 2/3)

Single-muon channel Single-electron channel

⩾ 1 W jet

no W jet
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Smallest Mlb for opposite-sign dileptons
B2G-12-015  T (charge 2/3)
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B-tagged jet multiplicity in control region

B2G-12-015  T (charge 2/3)

Single-muon channel Single-electron channel
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Missing transverse energy and HT

well modeled by the simulation

B2G-12-015  T (charge 2/3)

no W jet

Single-electron channel 

H
TMissing transverse energy

⩾ 1 W jet
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Jet pT spectrum well modeled 
by the simulation

B2G-12-015  T (charge 2/3)

no W jet

Single-muon channel 

Jet 2Jet 1

⩾ 1 W jet
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Jet pT spectrum well modeled 
by the simulation

B2G-12-015  T (charge 2/3)

no W jet

Single-electron channel 

Jet 2Jet 1

⩾ 1 W jet
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T signal approximate NNLO 
cross sections (HATHOR) 

B2G-12-015  T (charge 2/3)
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Limits represented in 
branching-fraction triangles

B2G-12-015  T (charge 2/3)

Expected Observed

Single-lepton channel
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Multilepton channel: opposite-sign dileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton

S
T

H
T
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Multilepton channel: opposite-sign dileptons (OS1)
B2G-12-015  T (charge 2/3)



7171

Signal efficiency vs T mass (OS1)

B2G-12-015  T (charge 2/3)
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Multilepton channel: opposite-sign dileptons
B2G-12-015  T (charge 2/3)

Single lepton

Multilepton

Opposite sign (OS1)

Opposite sign (OS2)

Same sign (SS)

Trilepton

S
T

H
T
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Signal efficiency vs T mass (OS2)

B2G-12-015  T (charge 2/3)
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Same-sign dilepton channel

B2G-12-015  T (charge 2/3)
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Signal efficiency vs T mass (same-sign dilepton)

B2G-12-015  T (charge 2/3)
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Trilepton channel

B2G-12-015  T (charge 2/3)
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Signal efficiency vs T mass (trilepton)

B2G-12-015  T (charge 2/3)
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Signal efficiency vs T mass (multilepton)

B2G-12-015  T (charge 2/3)
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Signal efficiency vs T mass 
(multilepton + lepton+jets [1])

B2G-12-015  T (charge 2/3)
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Signal efficiency vs T mass 
(multilepton + lepton+jets [2])

B2G-12-015  T (charge 2/3)



8181

Mass limits on vector-like T (charge 2/3) quarks 
in multilepton channel

B2G-12-015  T (charge 2/3)

 Figure: assuming 100% branching fraction to tZ
BF(T → tZ) = 100%, BF(T → bW) = BF(T → tH) = 0%
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Mass limits on vector-like T (charge 2/3) quarks 
in multilepton channel

B2G-12-015  T (charge 2/3)

 Figure: assuming 100% branching fraction to tH
BF(T → tH) = 100%, BF(T → bW) = BF(T → tZ) = 0%
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Mass limits on vector-like T (charge 2/3) quarks 
in multilepton channel

B2G-12-015  T (charge 2/3)

 Figure: assuming 100% branching fraction to bW
BF(T → bW) = 100%, BF(T → tH) = BF(T → tZ) = 0%
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Limits represented in 
branching-fraction triangles

B2G-12-015  T (charge 2/3)

Expected Observed

Single-lepton channel



8585

Mass limits on vector-like T (charge 2/3) quarks 
in lepton+jets channel

B2G-12-015  T (charge 2/3)

 Figure: assuming 'nominal' branching fractions
BF(T → bW) = 50%, BF(T → tZ) = BF(T → tH) = 25%
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Scanning branching fractions 
in lepton+jets channel

B2G-12-015  T (charge 2/3)
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Mass limits on vector-like T (charge 2/3) quarks 
in multilepton channel

B2G-12-015  T (charge 2/3)

 Figure: assuming 'nominal' branching fractions
BF(T → bW) = 50%, BF(T → tZ) = BF(T → tH) = 25%



8888

Scanning branching fractions 
in multilepton channel

B2G-12-015  T (charge 2/3)
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Mass limits on vector-like T (charge 2/3) quarks 
with all channels

B2G-12-015  T (charge 2/3)

 Figure: assuming 100% branching fraction to tZ
BF(T → tZ) = 100%, BF(T → bW) = BF(T → tH) = 0%
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Mass limits on vector-like T (charge 2/3) quarks 
with all channels

B2G-12-015  T (charge 2/3)

 Figure: assuming 100% branching fraction to tH
BF(T → tH) = 100%, BF(T → bW) = BF(T → tZ) = 0%
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Mass limits on vector-like T (charge 2/3) quarks 
with all channels

B2G-12-015  T (charge 2/3)

 Figure: assuming 100% branching fraction to bW
BF(T → bW) = 100%, BF(T → tH) = BF(T → tZ) = 0%



9292

Number of selected events (OS1)

B2G-12-015  T (charge 2/3)



9393

Signal efficiency (OS1)

B2G-12-015  T (charge 2/3)
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Number of selected events (OS2)

B2G-12-015  T (charge 2/3)
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Signal efficiency (OS2)

B2G-12-015  T (charge 2/3)
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Number of selected events (same-sign dilepton)

B2G-12-015  T (charge 2/3)
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Signal efficiency (same-sign dilepton)

B2G-12-015  T (charge 2/3)
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Number of selected events (trilepton)

B2G-12-015  T (charge 2/3)



9999

Signal efficiency (trilepton)

B2G-12-015  T (charge 2/3)



100100

HT distribution cross-check
 Expected and observed spectra agree after requirement   
  of same-sign dileptons, Z-boson veto and ⩾ 2 jets

B2G-12-012  T (charge 5/3)
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