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*Focused on Vector-Like Quark searches



Vector-Like Quarks (VLQ)

• What are Vector-Like Quarks ? 
– New colored and charged fermions

– Left and right-handed components 
transform identically under SU(2)weak

– Can exist in different SU(2) objects

– Can be produced by pair

– Decay to 3rd generation of quarks
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Why looking for VLQs?

• Theoretically interesting 
– Predicted by several beyond-standard models (BSM)

(Composite Higgs, Little Higgs, Extra dimensions…)

– Most of them solve the hierarchy problem

• Not ruled-out by recent Higgs measurements 
– Unlike the existence of a 4th quark that 

would increase Higgs cross sections

• Rich phenomenology at LHC
– Produced by pair with gluon initial state

– Decaying to 3rd generation quark and Higgs/W/Z boson

– Kinematics and cross-section depend on a few parameters:
VLQ mass (mT) and its branching ratio (or models)

• Reachable at LHC
– VLQ mass at TeV scale is motivated in most BSM
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ATLAS VLQ searches

• In this contribution, I will present 4 ATLAS analyses:

1. Zt+X analysis [arxiv:1705.10751]

• Final state: 1 lepton + high-ET
miss

• Optimized for and   

• Luminosity: 36.1 fb-1

2. Wb+X analysis [arxiv:1707.03347]

• Final state: 1 lepton + boosted W

• Optimized for

• Luminosity: 36.1 fb-1

3. HT+X analysis [ATLAS-CONF-2016-104]

• Final state: 0,1 lepton + high-ET
miss + b-jets

• Optimized for and 

• Luminosity: 13.2 fb-1

4. SS+b-jets analysis [ATLAS-CONF-2016-032]

• Final state: same-sign leptons + b-jets

• Optimized for 

• Luminosity: 3.2 fb-1
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W
Large-R jet

T5/3≡X

https://arxiv.org/abs/1705.10751
https://arxiv.org/abs/1707.03347
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-104/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-032/


Zt+X analysis - Strategy

• Optimized for

• 1 signal region

– Based on the following final state: 
1ℓ(e,μ) + ≥4 jets + ET

miss

– And several optimized selections:
• Tight cuts on missing transverse energy (ET

miss ,HT
miss) and 

its combination with other objects ( mT
W, amT2, mT2

τ, … )

• At least 1 b-tagged jet

• At least 2 large-R jets with high pT and large mass

• Dominant background:  𝑡ҧ𝑡and W+jets

24.08.2017 Simon Berlendis - Search for new particles 5

EXOT-2016-15

Control Regions:

• 2 control regions used to correct 
the background modeling:

– Orthogonal to the signal region

– One 𝑡ҧ𝑡-enriched region (TCR) and one
W+jets-enriched region (WCR)

– Used to fit the 𝑡ҧ𝑡and W+jets background
normalization ( μ𝑡ҧ𝑡and μ𝑊 )

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-15/


Zt+X analysis – Background fit

• Bkg-only fit in control regions:
– μ𝑡ҧ𝑡= 1.05 ± 0.17 and μ𝑊 = 0.70 ± 0.10

• Cross-checks in 3 Validation regions
– Based on 1 large-R jet

– Enriched in either 𝑡ҧ𝑡(TVR), 𝑊+jets (WVR) 
or single-𝑡(STVR) process

– No significant mismodelling observed 
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EXOT-2016-15

WCR

WVRWVR

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-15/


Zt+X analysis - Results

– No significant excess is observed in the 
validation and signal region

– Statistically-dominated uncertainty 

– Leading systematic uncertainty:
• 𝑡ҧ𝑡modelling (MC generator difference, 

fragmentation, radiation … )

• Single-top modelling
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EXOT-2016-15

• 95% CL observed limits:

– 𝑚𝑇>1.17TeV for Br(T->Zt)=1 

– 𝑚𝑇>0.89TeV for singlet model

– 𝑚𝑇>1.06TeV for doublet model

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-15/


Wb+X analysis - Strategy

• Focused on decay channel with one W boson 
decaying leptonically and the other one hadronically

• 1 signal region based on the following final state:
1ℓ(e,μ) + ≥3jets + ≥1b-jets +  ≥1large-R jets + Et

miss

– W-tagging techniques on trimmed large-R jets

– Large activity (ST)

– And small distance between lepton 
and reconstructed neutrino

• Dominant background:  𝑡ҧ𝑡
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EXOT-2016-14

Signal Region:

• mT
lep estimated by reconstructing𝑇ത𝑇system

– Neutrino PZ
νestimated by solving: 

– And using 𝜒2minimization and Et
miss value

– mT
lep is then reconstructed by minimizing:

• A profile likelihood fit is then performed 
on mT

lep distribution

W
Large-R jet

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-14/


Wb+X analysis - Background

• Background estimation:
– 𝑡ҧ𝑡, single-𝑡, W+jets, VV, 𝑡ҧ𝑡+V estimated by Monte Carlo

– QCD Multijet background estimated by Matrix Method

• 𝑡ҧ𝑡-enriched control region (CR)
– Orthogonal to the signal region

– Based on a low ST requirement
(1.0< ST <1.8TeV)

– Constrain 𝑡ҧ𝑡bkg normalization 
and modeling uncertainties

– Results : 

• 𝑡ҧ𝑡normalization scaled to 
0.93 ± 0.16

• 𝑡ҧ𝑡modelling uncertainty 
constrained  by up to 50% 
of its initial size
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EXOT-2016-14

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-14/


Wb+X analysis - Results

• No significant excess was observed

• Uncertainty dominated by the data statistics 

• Major systematic uncertainties come from 
𝑡ҧ𝑡and single-𝑡modelling

• 95% CL observed limits on mT and mB:

– 𝑚𝑇>1.35TeV for Br(T->Wb)=1 

– 𝑚𝑇>1.17TeV for singlet model

– 𝑚𝐵>1.25TeV for Br(B->Wt)=1 

– 𝑚𝐵>1.08TeV for singlet model
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EXOT-2016-14

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2016-14/


Ht+X analysis - Strategy

• Optimized for decay channel

• 20 Signal Regions:

– Based on the following final states: 

• 1ℓ(e,μ) + ≥5 jets + ≥2b-jets 
+ ET

miss >20GeV + (ET
miss + mT

W)> 60 GeV

• 0ℓ(e,μ) + ≥6 jets + ≥2b-jets 
+ ET

miss >200GeV + Δϕ(ET
miss,j)>0.4

– And split on different requirement on:

• The effective mass : 

• Number of jets (j) et b-jets (b)

• Number of high-mass large-R jets (J)

• Mass of the closest b-jets mbb

• Minimum of transverse mass between ET
miss 

and the three leading b-jets
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ATLAS-CONF-2016-104

Signal regions

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-104/


Ht+X analysis – Background

• Profile likelihood fit on meff distribution
in order to improve the bkg modelling
– 𝑡ҧ𝑡+Heavy Flavor bkg normalization 

is scaled by:

• μ𝑡ҧ𝑡+≥c−jets = 1.5 ± 0.4

• μ𝑡ҧ𝑡+≥b−jets = 1.2 ± 0.3

– 𝑡ҧ𝑡-modelling uncertainty is
highly reduced

• Background estimated validated in 
15 Validation Regions
– Based on less number of jets

– Significant improvement in 
Monte Carlo modelling

– Several cross checks show a robust 
post-fit bkg prediction
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ATLAS-CONF-2016-104

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-104/


Ht+X analysis - Results

• No significant excess above the Standard Model 
expectation

• 95% CL observed combined limits:

– 𝑚𝑇>1.20TeV for Br(T->Ht)=1 

– 𝑚𝑇>1.02TeV for singlet model

– 𝑚𝑇>1.16TeV for doublet model
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ATLAS-CONF-2016-104

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-104/


SS+bjets analysis - Strategy

• Focused on TT, BB or XX pair-production

– With the following final state

• ℓ±ℓ±(ℓ) + ≥2jets + ≥ 1b-jets

– 8 Signal Regions split in: 

• Jet Activities : 

• Number of b-jets

• And missing transverse energy 

• Extra interest due to a modest excess
seen at 8 TeV in run 1
– Combined significance estimated around 2.5 σ

– Goal : Confirm or disconfirm the excess
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ATLAS-CONF-2016-032
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8 TeV results :

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-032/
http://arxiv.org/abs/1504.04605


SS+bjets analysis - Background

• Background composition:

– True same-sign leptons (𝑡ҧ𝑡+V, VV,Χ)

• estimated by Monte Carlo

– Fake/non-prompt lepton

• coming from light hadron or 
heavy-flavor hadron decay

• Estimated by Matrix Method
combined with a likelihood approach

– Electron charge mis-identification
• Coming from photon conversion or

from tracker charge mis-reconstruction

• Estimated by weighing opposite-sign 
di-electron events

• Background estimation validated in
different validation regions
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ATLAS-CONF-2016-032

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-032/


SS+bjets analysis - Results

• No significant excess above the SM predictions

– 8 TeV excess not confirmed

• 95% CL observed limits 

– 𝑚𝑇>0.78TeV for singlet model

– 𝑚𝐵>0.83TeV for singlet model

– 𝑚𝑋>1.02TeV
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ATLAS-CONF-2016-032

here: T5/3≡X

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2016-032/


Results summary

• Current summary of VLQ searches:
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– Limits on mT is now above 1.0 TeV whatever the assumptions on the branching ratios

– VLQ B phase space region is not fully covered yet – Need dedicated interpretations



Conclusion

• The search for pair-production of VLQs at LHC is highly motivated

• 4 different ATLAS searches were presented in this contribution
– Based on different final states and strategy

– No significant excess – 95% CL limits were estimated

• Still not the end of the story ! 
– A few analyses are updating to full 2016 data 

– New 2017 data will increase our sensitivity

• Joint effort to combine the VLQ results
– Combined limits with the results 

from the different analyses

• New efforts on adding single-VLQ 
signal interpretation
– Larger cross section at high mass 

– Sensitive to VLQ couplings
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Zt+X Wb+X Ht+X SS+b

Combined
limits



Backup
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Vector-Like Quarks
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Source: http://www.ectstar.eu/sites/www.ectstar.eu/files/talks/Panizzi.pdf



Zt+X Variable definition

• mT
W: transverse mass of leptonic W

• mT2 : transverse mass with two visible branches (pTa/b) and two inviable branches (qTa/b)

– amT2  : a,b = lepton and two b-jets with the highest b-tagged output

– mT2
τ : a,b = τcandidate jet and the charged lepton

• HT,sig
miss : used to reduced events with ET

miss mis-reconstructed 

– Ht
miss is the vectorial sum of the leptons and jets transverse momenta
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Zt+X Validation ttbar
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Zt+X
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Wb+X
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Ht+X Discriminant variable



Ht+X Signal and Control region defintion
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Ht+X meff
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SS+bjets : Variable
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SS+bjet
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Charge mis-identification: Method

• Based on the Charge flip rates 

– Defined as the probability of one electron to have its charge mis-identified

– Parameterized on Pt and|η|

• Then, assuming a true number of opposite-sign dielectron events, we have:

• NSS
reco can be estimated by weighting NOS

reco by:

• Charge flip rate estimation on enriched pp→Z→ee data events:

– 𝑚𝑒𝑒∈[𝑚𝑧−𝑋,𝑚𝑧+𝑋]

• ex: X=10GeV in CMS T5/3 

– Count the number of 𝑒+𝑒−and same-sign 𝑒±𝑒±

– Charge flip rates estimated by Likelihood minimization

ℒ𝜖|𝑁,𝑁𝑠𝑠=𝑃𝑜𝑖𝑠𝑠𝑜𝑛(𝑁𝑠𝑠|𝑁,𝜖)
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ϵ1 charge flip rate of 1st electron
ϵ2 charge flip rate of 2nd electron



Fake/non-prompt lepton estimation method

• Lepton definition:

– The fake estimation methods rely on the definition of lepton criteria: 
loose and tight criteria
• Tight = loose + isolation + identification criteria

• Matrix method:

𝑁𝑡
𝑁ത𝑡
=𝑀 𝑁𝑟𝑒𝑎𝑙

𝑁𝑓𝑎𝑘𝑒
𝑀=

𝜖𝑟 𝜖𝑓
(1−𝜖𝑟) (1−𝜖𝑓)

– 𝑁𝑓𝑎𝑘𝑒is estimated by weighting 𝑁𝑡and 𝑁ҧ𝑡with the elements of M-1

– Generalized for 2 and 3 leptons

• Efficiency estimation:

– 𝝐𝒇estimated on enriched fake lepton region

• SS Dileptonregion: Tight muon + 1 loose lepton (V+jets and ttbar)

– 𝝐𝒓estimated on enriched real lepton region

• Dilepton region: Z mass window (Z->ll)

– Parameterized in Pt and |η| of the leptons
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𝑡=tight
ҧ𝑡=loose but not tight



Real and fake efficiency measurement and systematic

• Efficiency estimation:

– 𝝐𝒇estimated on enriched fake lepton region

• Single lepton region: Low MET and MT (multijet background)

• SS Dileptonregion: Tight muon + 1 loose lepton (V+jets and ttbar)

– 𝝐𝒓estimated on enriched real lepton region

• Single lepton region: High MET and MT (W+jets)

• Dileptonregion: Z mass window (Z->ll)

• Real lepton contribution are subtracted from fake region

– Systematic uncertainty associated to this subtraction

• Kinematic dependence: 
– Efficiency usually parameterized in Pt and |η| of the leptons

– Trigger can also contain isolation/identification criteria
The efficiencies can be split for different trigger 

– Other kinematic dependence can be also taken into account (ex: Ptjet, ∆R(l,jet)…)
or be taken as a systematic (ex: HT)
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