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• Many extensions of physics beyond the standard model propose the 
existence of fermionic partners (top-partners) of the top quark.

• These quarks could be vector-like (T) or could originate in composite-Higgs 
models (T5/3).

• Vector like T quark search includes T decaying to bW, tZ and tH. The newly 
discovered Higgs boson is used as a probe for new physics.

• T5/3 pair production does not contribute significantly to the Higgs cross 
section, hence these quarks are consistent with the existence of a Higgs 
boson with a mass of 125 GeV.

• Just like top-partners, bottom-partners, bˈ, could exist, decaying to tW and 
bZ.

• CMS SUSY searches have been interpreted to set exclusion limits on the 
existence of bˈ. 

Introduction
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Search for vector-like top partners, CMS-B2G-12-015

 TT is pair produced through qq annihilation and gluon 
fusion.

•Vector-like quarks appear in many 
extensions of physics beyond the 
standard model, in models such as the 
Little Higgs, Extra Dimensions and 
MSSM.

•A vector-like quark, T is pair produced 
and decays to bW, tH and Zt.

•Leads to busy final states with multiple 
bosons and b-tagged jets.

3

3Thursday, August 15, 2013



• Tools used:

• Jet substructure variables are utilized to tag “top” and “W” jets.

• W tagging uses a jet-pruning algorithm which takes Cambridge-Aachen (CA) jets of 
distance parameter, R, of 0.8 as inputs.

• Jets from highly boosted top quarks are merged into one jet using a top-tagging 
algorithm.

• Analysis strategy:

• A boosted decision tree (BDT) is used to separate signal from SM background (96% 
of which originates from ttbar, W and Z boson production processes).

• Two separate event categories constructed based on the presence of a W tagged jet.

• The input variables to the BDT are: jet multiplicity, b-tag multiplicity, sum of the 
transverse momenta of the selected jets (HT),  missing ET, lepton pT, pT of the 3rd 
and the 4th jet.

•  W tagged events also utilize the pT of the W-jets and the number of top tagged jets.

Single lepton channel
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BDT distributions 
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Multi-lepton channel (≥ 2 leptons)
Construct various categories:

•Opposite sign lepton final state: main backgrounds are ttbar and ZJets.

•OS1: Constructed to be sensitive to the bWbW mode.
•Require 2 or 3 jets, a Z-veto, 1 b-tagged jet, missing ET > 30 GeV, HT  (sum of the pTs of all the 
selected jets) > 300 GeV,  ST (sum of the pTs of all the selected jets, sum of the pTs of all the 
selected leptons and MET) > 900 GeV and min(Mlb) > 170 GeV.

•OS2: Sensitive to modes with tH and tZ.
•Require at least 5 jets, 2 b-tagged jets, missing ET > 30 GeV, HT > 300 GeV and ST > 900 GeV.
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• min(Mlb) = smallest mass of lepton-b-
jet pairs. Sensitive to mass of the T. 

• min(Mlb) > 170 GeV.
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• HT = sum of the pTs of all the selected jets.

• ST = sum of the pTs of all the selected jets, sum of the 
pTs of all the selected leptons and MET.

• ST > 700 GeV, HT > 500 GeV

• Instrumental backgrounds or the non-prompt 
contribution determined directly from data.

•Same sign leptonic final state (SS):  Backgrounds are from SM 
processes with diboson and triboson decays and instrumental 
backgrounds from jets faking as leptons.

•Require ≥ 3 jets, 1 b-tagged jet, missing ET > 30 GeV, HT 

> 500 GeV and ST > 700 GeV.

•Multi-lepton/trilepton final state (≥ 3 leptons): Background 
processes include diboson and triboson decays and 
instrumental backgrounds from fake leptons.

•Require ≥ 3 jets, 1 b-tagged jet, missing ET > 30 GeV, HT 

> 500 GeV and ST > 700 GeV.

Multi-lepton channel (≥ 2 leptons)
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Yields for single lepton and multi-lepton channels

Single lepton channel:  likelihood 
computed using BDT distributions.

Multi-lepton channel: use 
predicted and expected 

number of events in 12 bins 
to compute likelihood. 
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Combined limit
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Combined limit

Expected Limit Observed Limit

Scanning 22 branching fraction scenarios
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Search for top partners with charge 5/3 in the same 
sign dileptonic final state, CMS-B2G-12-012

•Signal:

•T5/3 decaying to tW is assumed to have 100% 
branching fraction.
•Same signed dileptons arise from W decays.

•Background processes:

•Same signed prompt leptons: from rare SM 
processes. Contribution is obtained from 
simulated events. 
•Opposite sign prompt leptons: from charge 
misidentification. Estimated from data.
•Instrumental backgrounds: from jets 
misidentified as leptons arising from multi-jet or 
ttbar processes. Estimated from data.
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Yields and exclusion limits
PSS: prompt same sign

12

Yields computed by requiring:
•2 SS leptons
•Z-veto
•Number of jet constituents (based 
on the presence of a “W” or “top” 
jet) ≥ 5
•HT  (sum of the pTs of all the 
selected jets and leptons) > 900 GeV
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Mass reconstruction

• Mass reconstruction allows one to ascertain the precise nature of the 
heavy top-partner.

• In the the case of the top-partner, T5/3, mT5/3 is reconstructed in the 
following way:

• If there exists a CA “top” jet (in 22% signal events), then is it 
combined with the hadronically decaying “W” jet or 2 AK5 jets with 
an invariant mass within 20 GeV of mW.

• In the absence of CA “top” jets,  two Ws are reconstructed (from CA 
“W” jets in 80% signal events or AK5 jets with an invariant mass 
within 20 GeV of mW ) and combined with a jet.  The invariant mass 
of the “top” jet is required to be within 30 GeV of the top-quark 
mass.
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 Reinterpretations from RPV SUSY search 
(SUS-12-027) for bˈ searches

•Dedicated bˈ search being carried out in CMS.
•However, RPV SUSY searches can be interpreted as bˈ->tW and bˈ->bZ 
searches.
•Events classified into 3 and 4 lepton categories.

ST distributions for 4 leptons and 3 leptons categories with 
requirements on opposite sign same flavor (OSSF) leptons.
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Exclusion limits

Points to the left of the curve 
are excluded at 95% confidence 

level.

Exclusion limit for 50% branching 
ratio of bˈ->tW and bˈ->bZ.
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Conclusion

• Several interesting searches for exotic top-parters have been carried 
out at CMS.

• These searches are relevant for a plethora of non-SUSY extensions of 
the Standard Model.

• More 8TeV results are in the pipeline.

Model considered Branching fraction scenario Exclusion limit

Vector-like T quark 50% bW, 25% tH, 25% tZ 696 GeV

T5/3 100% tW 770 GeV

 bˈ 50% tW, 50% bZ 715 GeV
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Back-up Slides
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Search for vector-like top partners, CMS-B2G-12-015
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Search for vector-like top partners, CMS-B2G-12-015
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Search for vector-like top partners, CMS-B2G-12-015
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Search for vector-like top partners, CMS-B2G-12-015

21Thursday, August 15, 2013



22

Search for vector-like top partners, CMS-B2G-12-015
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Search for top partners with charge 5/3 in the same 
sign dileptonic final state, CMS-B2G-12-012

Non-prompt contribution computed using data driven techniques.
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 Reinterpretations from RPV SUSY search 
(SUS-12-027) for bˈ searches

Yields for 4 lepton events24
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 Reinterpretations from RPV SUSY search 
(SUS-12-027) for bˈ searches

Yields for 3 lepton events
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Combined search for the quarks of a sequential 
fourth generation (EXO-11-098).
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Combined search for the quarks of a sequential 
fourth generation (EXO-11-098).
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28

Search for a vector-like quark of charge −1/3 and 
decaying to bZ (EXO-11-066)

bˈ -> bZ with 100% branching fraction
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Search for a vector-like quark of charge −1/3 and 
decaying to bZ (EXO-11-066)
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30

Search for a vector-like quark of charge −1/3 and 
decaying to bZ (EXO-11-066)
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