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Vector-Like Quarks (VLQ)
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Vector-like quarks (VLQ): predicted by 
many new physics models aimed at solving 
hierarchy problem (Composite Higgs, LiFle 
Higgs…). 

•  “Vector-like”: leJ- and right-handed 
components have the same  
quantum numbers. 

•  “Quarks”: spin-½ fermions. 
 
VLQs couple to Standard Model par=cles. 

•  They can arise in mul=plets. 
•  ATLAS searches focus on singlets or 

doublets, and on T+2/3 and B-1/3.  
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VLQ Production and Decay
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VLQs can be produced in pairs or singly. 
•  Pair: Model independence. 
•  Single: Higher cross sec=on at high mass. 

For these searches, we assume: 
•  VLQs couple only to SM par=cles. 
•  VLQs decay always to a boson (W,Z,H) 

and 3rd genera=on quark (t,b). 

 arXiv:1306.0572 
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Pair-Produced VLQs
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Strategy for pair-produc=on is to target different final states with 
op=mized analyses.  Pair searches are rela=vely model independent. 

 

All searches use 36 I-1 of 13 TeV ATLAS data, taken in 2015-2016. 
 

Analysis Reference 
TT*àH(àbb)t + X CERN-EP-2018-031 
TTàW(àlν)b + X JHEP 10 (2017) 141 
BBàW(àlν)t + X CERN-EP-2018-088 
TTàZ(àνν)t + X JHEP08(2017)052 
TT/BBàZ(àll)t/b + X CERN-EP-2018-145 
(TT/BB) Trilepton/ 
Same-sign dilepton 

CERN-EP-2018-171 
 

(TT/BB) Fully-hadronic CERN-EP-2018-176 

CombinaUon of all-above: ATLAS-CONF-2018-032 

Brand 
New! 

*Charge conjuga=on is implied here and elsewhere. 
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TT/BBàZt/b+X
Goal: Target decays with at least 2 
leptons consistent with Z boson decay. 
 
Pre-selecUon: 

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

•  ≥ 2 jets and ≥ 1 b-tagged jets 

Four signal regions defined: 
•  3 dilepton signal regions with  

pT
ll  > 250 GeV and ≥ 2 b-tagged jets 

•  0/1 large-radius calo jets with  
HT > 800 GeV 

•  ≥ 2 large-radius calo jets with  
HT > 1150 GeV  

•  1 trilepton signal region (≥ 3 e/μ) with 
pT

ll  > 200 GeV and ≥ 1 b-tagged jets 
 
•  Final Discriminants: HT, mZb, and ST 

 

2 leptons & 
1 large-R jet 

3 leptons 
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TT/BBàZt/b+X (2)
Backgrounds: Backgrounds from 
simula=on, corrected in fit using 
control regions for: 

•  Top quark pairs 
•  Z+jets 
•  Top quark pairs + X  
•  Diboson 
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Fully-Hadronic VLQ
Goal: Target all decay modes of T/B 
with 0 leptons. 
 

SelecUon: 
•  0 e/μ & ≥ 4 high-pT R=0.4 jets 
•  ≥ 2 b-tagged jets 
•  40 GeV < ET

miss < 200 GeV 
•  HT > 1250 GeV 
•  ≥ 2 high-pT variable-radius 

reclustered (vRC) jets 
ü  Good for busy final states! 

vRC-jets are tagged as V, H, or top, 
based on a mulU-class DNN-tagger. 
 

V-, H-, t-, and b-tagged mul=plicity 
defines the 12 signal regions above. 
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Fully-Hadronic VLQ (2)
MulU-jet Backgrounds: “ABCD” method 
•  NC*NB / NA, calculated bin-by-bin.  
 

Top Backgrounds: Simula=on 
•  Floa=ng normaliza=on in the final fit 

of background to data. 
 

Final Discriminant: “Signal LLH” 
•  Summed matrix element calculaUon 

of VLQ signal likelihood. 
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Trilepton/Same-sign Dilepton VLQ
Goal: Target all ≥2 e/μ decay modes of T/B 
 

SelecUon: 8 1-bin signal regions with selec=ons on HT, ET
miss, nleptons and nb-jets 

 
Data-driven Backgrounds:  
•  Fake/non-prompt e/μ backgrounds es=mated using a matrix method 
•  Charge mis-ID backgrounds (for same-sign dilepton events) es=mated via 

rate measured in data. 
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VLQ Combination

All 13 TeV pair-produc=on analyses with 
36.1 w-1 are combined. 

 

Significantly extends the reach of 
individual searches! 

 
Excludes mT(B) < 1.31 (1.03) TeV for any 

considered branching raUo! 
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Singly-Produced VLQ

Analysis Lumi (I-1) Reference 
TàWb 3.2 ATLAS-CONF-2016-072 
T/BàZ(t/b) 36.1 CERN-EP-2018-145 
BàH(àγγ)b 79.8 ATLAS_CONF_2018_024 

Brand 
New! 

Single produc=on has model dependence: 
•  Results today shown with a generalized coupling strength, κ=0.5. 
•  More informa=on found in: Nucl. Phys. B 876 (2013) 376,  

JHEP 12 (2014) 097 
   

13 TeV results in the search for single producUon include 
2015, 2016, and 2017 data! 

11 

1st  
=me at 
ATLAS 



Signal 
Higgs background 
Continuum background

mB

mγγb [GeV]

mγγb [GeV]mB

Final discriminant
mγγ [GeV]

Higgs

window

Data sidebands

mH

Shape
Floating normalization

Fixed to MC prediction

300

300

0

105 160

Ev
en

ts
Ev

en
ts Ev

en
ts

b B
b

H

γ

γ

qq

Z

Single BàHb
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Goal: BàHb in the diphoton decay mode 
 

SelecUon: 2 photons, ≥ 1 forward jet,  
≥ 1 b-tagged jet, mγγb > 300 GeV, and |y*| < 1.1. 
 

Backgrounds: Higgs backgrounds from simula=on, 
con=nuum (e.g. γγ+jet) background from data-driven 
es=mate.    



Single BàHb (2)
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With κ=0.5, a single vector-like B is excluded below 1210 GeV. 
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Single TàZt
Goal: Target ≥2 e/μ decay modes 
consistent with Z boson decay. 
 

Two signal regions with ≥ 1 b-tagged and 
≥ 1 forward jets: 
•  Dilepton: pT

ll  > 200 GeV, ≥ 1 top-
tagged large-radius jet,  
(HT + Et

miss) < mZt 
•  Trilepton: pT

ll  > 150 GeV,  
pT

l, lead > 200 GeV, HT x njets < 6 TeV 

•  Backgrounds: Constrained in the fit 
by dedicated control regions. 

14 

ℓ

ℓ

 [GeV]Ztm
400 600 800 1000 1200 1400 1600 1800 2000D

at
a 

/ B
kg

. 

0.5

1

1.5

Ev
en

ts
 / 

20
0 

G
eV

0

10

20

30

40

50

60

70

80

90 ATLAS
-113 TeV, 36.1 fb

lSP 2
SR
Post-Fit

Data

= 0.5)Tκ(900 GeV, 
Single-T x 3

Z+jets
tt
Diboson
+Xtt

Other
Uncertainty



Conclusions

ATLAS has a broad VLQ program, and has had many public results 
within the last year. 
 
Today I have focused on the most recent of these results in pair and 
single produc=on of VLQs. 
 
No evidence of VLQs has yet emerged, but the full run-2 dataset 
could be hiding new discoveries! 
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VLQ Combination

CombinaUon includes all the featured analyses, and also… 

TTàW(àlν)b + X 

BBàW(àlν)t + X 
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VLQ Combination

CombinaUon includes all the featured analyses, and also… 
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VLQ Combination

CombinaUon includes all the featured analyses, and also… 

TTàW(àlν)b + X 
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VLQ Combination

CombinaUon includes all the featured analyses, and also… 
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Single VLQ Production ATLAS/CMS

The ATLAS BàH(àγγ)b is comparable to CMS BàH(àbb)b at  
high mass and stronger at low mass.   
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Additional Singly-Produced TàZt Results
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The results of the search 
interpreted in terms of:  
•  Couplings to SM par=cles 

(W, Z) 
•  The mixing angle between 

T quark and top quark.  

Singlet 
Model BRs 

Singlet 
Model BRs TàZt = TàHt 



Pair-Production T(B)àZt(Zb) Results   

The results in terms of a grid of branching ra=os  
for both T and B VLQs. 

 
Exclusions of mVLQ > 1.2 (1.3) TeV in the Z-corner for B (T). 



Fully-Hadronic VLQ: DNN-tagging 



Fully-Hadronic VLQ: Signal Regions



Fully-Hadronic VLQ: Results

Results for the  
Fully-Hadronic VLQ Search 



Same Sign Dilepton/Trilepton

Pair-produced VLQ Results for the Same Sign 
Dilepton/Trilepton Search 


