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Introduction
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• All Standard Model fermions are chiral: their masses are not gauge invariant, 
and arise from the Higgs coupling. 

• Vectorlike (i.e.non-chiral) fermions – a new form of matter. 

• Masses allowed by SU(3)c×SU(2)W×U(1)Y gauge symmetry, ⇒ 
naturally heavier than the t quark. 

• Produced as 

IsopinHypercharge

Notation

T ! +2/3

B ! �1/3

X ! +5/3

Y ! �4/3

G Cacciapaglia, A. Deandrea (arXiv:1007.2933)



Run1 Searches
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Michael Peskin’s representation

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G

2.  Exclude Triangles not Points

• LHC Run1 focused on pair 
production of VLQ, with typical 
constraints of mQ~ 750 GeV 

• Searches have been performed 
in all the full phase space of a 
triangle with all possible 
combinations of B.R

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
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Selected analyses



SS

T2/3 quark, leptons+jets

• Single lepton: 1 isolated lepton (e/mu) 

• Hadronic W-tag and top-tagging  

• Strategy: BDT 

• 0 W: Njets, Nbtags, HT, MET, lepton pT, pT,j3 and pT,j4  

• ≥ 1 W: 0 W variables + NWjet, pT,WJet, NtopJets

7

T→bW, tZ, tH
CMS-PAS-B2G-12-015Physics Letters B 729 (2014) 149

• Multileptons: Categorized into four mutually exclusive 
channels optimized using ST, HT, min(mlb), NJets, bjets .. 

• OS dilepton offZ (dominant signal = T→bW) 

• OS dilepton onZ (dominant signal = T→tZ) 

• SS dilepton (dominant signal = T→tZ, tH) 

• Trileptons (dominant signal = T→tZ, tH) 

• Strategy: Binned Likelihood fit for 12 different channels 

• OS onZ, OS offZ, SS  x ee, eµ, µµ = 9 

• Trileptons = eee, µµµ+eeµ, µµµ = 3

https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
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T2/3 quark, inclusive search
CMS-PAS-B2G-12-015

Expected Observed

Combine limits: A mass bound of [687, 782] GeV is set at 95% CL for all possible BR.

Benchmark point, tW:bZ:bH=0.50:0.25:0.25 : 696(Obs),  773(Exp)

770

700 785

706 782

Physics Letters B 729 (2014) 149

813

https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
https://twiki.cern.ch/twiki/bin/view/CMS/B2G12015PasPlots
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T2/3 quark, all hadronic
CMS-PAS-B2G-14-002

T→tH, H→bb

• Special substructure analysis using subject b-tagging 

• Tag tops and Higgs using HEP top-tagger (cone 
size = 1.5) 

• HT>720 GeV, sub-jets in HT have pT>150 GeV 

• In addition to double b-tagging, require mH>60 GeV

747

701

Expected

Observed
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B-1/3 quark, l+jets
B→tW, bZ, bH

• Selection 
• One isolated lepton (muon or electron) 

• ≥ 4 high pT jets, ≥ 1 b-jet, MET > 20 GeV 

• Boosted jets consistent with W, Z, H jets: 
➡  pT>200 GeV, 50 < Mjet < 150 GeV

• Strategy 
• Events are categorized by number of V-

tagged jets (0, 1 and ≥2 V-tag categories) 
in ST bins.

0 Vtag 1 Vtag ≥2 Vtag

Similar bins for muon channel

CMS-PAS-B2G-12-019

ST = plT + �pjetT + Emiss
T

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
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Combine e+µ limits: A mass bound of [582, 732] GeV is set at 95% CL for all possible BR.

ObservedExpected

CMS-PAS-B2G-12-019

B-1/3 quark, l+jets

732792

Benchmark point, tW:bZ:bH=0.50:0.25:0.25 : 700(Obs),  689(Exp)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12019
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B-1/3 quark, multileptons  
CMS-PAS-B2G-13-003• Event selection: 

‣ ≥ 3 isolated leptons (τl = e or µ, 
≤1τh) 

• Classification:  

‣ number of leptons, taus, b-jets 

‣ # of opposite-sign same flavor 
(OSSF) 
- OSSF0 = µ+µ+e- 

- OSSF1 = µ+µ-µ- and µ+µ-e- 

- OSSF2 = µ+µ-e-e+ 

‣ on/off Z: OSSF in Z window 
(75–105 GeV)? 

• Use ST in multiple exclusive 
channels

4 lep, ≥1b-tag, OSSF on Z 

3 lep, ≥1b-tag, OSSF off Z 

BB→tWtW

BB→bZbZ

http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
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CMS-PAS-B2G-13-003

B-1/3 quark, multileptons  
B→tW, bZ, bH

ObservedExpected

A mass bound of [520, 785] GeV is set at 95% CL for all possible BR.

770

691 680502 520

785

http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689


Run 2 Preparation
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• Single production is extremely important to 
target higher masses due to its relatively high 
x-section 

• e.g, Doublet (Y,B) production which can 
explain the deviation in Z->bb forward-
backward asymmetry, if b-quarks couples to 
(Y,B) 

• Pair Production

(arXiv:1306.0572)

Luca Panizzi	
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Conclusion

• CMS is very actively pursuing the search 
program for VLQ 

• Many interesting analyses with more and more 
stringent limits   

• Extensive use of jet substructure techniques 

• Legacy results for the Run 1 combinations to 
come, stay tuned : 

           https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G!

• Getting ready for data at higher energy !

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G
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Backup
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B-1/3 quark, OS dilepton  

• Selection 
• Two OS isolated leptons (muon or electron), 

60<M(ll)<120 GeV, pT(ll)>150 GeV 

• ≥ 1 b-jet with pT > 20 GeV 

• Background estimate with data driven method

• Strategy 
• Reconstruct invariant mass of B candidate in 

both e and µ 

• Fit simultaneously in both channels to test for 
presence of signal.

CMS-PAS-B2G-12-021

B→tW, bZ

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12021
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
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B→tW, bZ (OS dilepton channel)
• Signal templates of M(B) mass distribution are prepared with different admixtures of the 

B → bZ and B → tW final states, assuming  
                                   BR(B → bZ) + BR(B → tW) = 100%. 

B → bZ, with 100% BR Dependence on BR(B → bZ)

        700(Obs),  680(Exp) dilepton channel is  
sensitive, unlike l+jets

CMS-PAS-B2G-12-021

B-1/3 quark, OS dilepton  

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G12021
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
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B-1/3 quark, SS dilepton  

• Final state 
• In BB→tW+tW-, tW+bH, bHbH→bW+W-

bW+W- 

• Two W bosons decaying hadronically 
and other two leptonically => same-
sign lepton pair + 6jets 

• ≥ 4 jets, MET >30 GeV

• Strategy 
• Search in all three channel: ee, eµ, µµ 

• Binned ST into five bins 

• [200,400], [400,600],[600,800],
[800,1200],[≥1200] GeV

CMS-PAS-B2G-12-020

B→tW, bZ, bH

http://cds.cern.ch/record/1748343?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
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B-1/3 quark, SS dilepton  
CMS-PAS-B2G-12-020

B→tW, bZ, bH

ObservedExpected

800 798

Benchmark point, tW:bZ:bH=0.50:0.25:0.25 : 641(Obs),  646(Exp)

http://cds.cern.ch/record/1748343?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
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T2/3 quark, hadronic/leptonic
CMS-PAS-B2G-14-003

T→tH(→γγ)
• Event Selection • Strategy 

• Exploit the narrow resonance of H→γγ, by fitting 
the peak in Mγγ distribution 

• ST > 1000 GeV
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T2/3 quark, hadronic/leptonic
CMS-PAS-B2G-14-003

T→tH(→γγ)

exp. limit = 607 GeV !
obs. limit = 540 GeV

• Search is limited by statistics, yet a 
very powerful analysis for Run 2
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T5/3 Top Partners  
CMS-PAS-B2G-12-012• Pair production of charge 5/3 top 

partner with 100% decay to tW→bW
+
W

+
 

• Striking signature: same-sign 
dileptons, where hadronically 
decaying T5/3 can be reconstructed 

!

• Selection: 
‣ Two same-sign leptons (e or µ)  outside Z 

window  

‣ 5 or more “constituents” in addition to the 
two SS leptons 

‣ constituent=lepton, jet, W-tagged jet (2), 
or top-tagged jet (3) 
- Use W-tagger and HEP top-tagger with CA8 jets 

(CMS-PAS-JME-10-013) 

‣ HT > 900 GeV (jets+leptons)

W22 ++±± bll

SS DIL + 
≥ 2 jets

http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1333700?ln=en
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T5/3 Top Partners  
CMS-PAS-B2G-12-012

• Strategy: Mass reconstruction 

• Backgrounds 

‣ Same-sign prompt leptons (WZ, 
ZZ, ttV, ttWW, W± W±) 

‣ Opposite sign prompt leptons with 
charge misidentification 

‣ Same sign non-prompt leptons 
(from heavy flavor or conversions) 

• Counting experiment 

‣ 6.6 ± 2.0 expected vs. 11 observed 

‣ Exclude the T5/3 up to masses of 
770 GeV 

http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en
http://cds.cern.ch/record/1524087?ln=en

