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VLQ Searches at CMS

ÅWhat are vector-like quarks?

ÅHow do we search for them?

ÅSingle production searches (what have we found?)
ÅT2/3 ᴼtH, hadronic top

ÅT2/3 ᴼtZ , B-1/3 ᴼ bZ

ÅY-4/3 or  T2/3 ᴼbW

Å7ÈÁÔȭÓ ÃÏÍÉÎÇ ÎÅØÔȩ
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Å1ÕÁÒËÓ ÔÈÁÔ ÄÏÎȭÔ ÑÕÉÔÅ ÁÃÔ ÌÉËÅ ÑÕÁÒËÓȦ

ÅSpin ½, colored, charged particles with both left- and 
right -handed coupling to charged currents
ÅNo Yukawa coupling required for gauge invariant mass term: ά‪‪

ÅNot ruled out by SM fits that exclude 4 th gen chiral quarks

ÅVLQs form part of Little/Composite Higgs models
ÅUseful particles to stick in a loop!

ÅPair or single production 
ÅPair production through QCD

ÅSingle production through electroweak coupling
ÅWill dominate at high masses
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What are VLQs?
Weak multiplets (isospinhypercharge)

arXiv:1306.0572

https://arxiv.org/abs/1306.0572


ÅSearch for decays to 3rd gen quark and SM boson

ÅAlso potential for decays to quark + DM

ÅBranching ratios depend on isospin multiplet

ÅPair production searches set ʎx BR limits                        
depending on the VLQ mass

ÅSingle production searches also depend on coupling             

to SM quarks: set limits on ȿὧȟȿ
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What are VLQs?

PAIR PAIR

SINGLE
SINGLE

CMS pair production result (1311.7667) + single production recast (1409.0100)

Benchmarks for single production:

pp Tb,   T left-handed singlet
pÐ  4Ôȟ   4 ÒÉÇÈÔ-handed doublet 
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ÅExploit high particle masses! Many boosted decays simplify event topologies

ÅIdentify signal: reconstruct mass or rely on high Вὴ (signal >> Standard Model)

ÅW/Z/H tagging: groomed mass + subjet discrimination variables
ÅIn current analyses, always tag using anti-kT R = 0.8 jets with charged hadron subtraction

How do we search for VLQs?

Tag = +

W tagging:
Pruned1 mass window:   65 ɀ105 GeV
ʐȾʐ favoring two subjets2:  < 0.6 (analysis specific)

H tagging:
Pruned or softdrop3 mass window
1 or 2 b tagged subjets

EXO-15-002

Tag = b subjets+

pT > ~200 GeV

pT > 300 GeV

[1] 0912.0033, [2] 1108.2701 
[3] 1307.0007, 1402.2657

http://cds.cern.ch/record/2117062?ln=en
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ÅExploit high particle masses! Many boosted decays simplify event topologies

ÅIdentify signal: reconstruct mass or rely on high Вὴ (signal >> Standard Model)

ÅTop tagging: soft drop mass + subjet discrimination variables
ÅIn current analyses, always tag using anti-kT R = 0.8 jets with charged hadron subtraction

How do we search for VLQs?

Top tagging:
Softdrop mass window: 110 ɀ210 GeV
ʐȾʐ favoring 3 subjets: < 0.7 (analysis specific)

Tag = + + 1 b tagged    
subjet (optional)

JME-15-002

J. Thaler

pT > 400 GeV

http://cds.cern.ch/record/2126325?ln=en
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VLQ Single Production



Ȱ!"#$ ÍÅÔÈÏÄȱ ÆÏÒ multijet
background: three new regions 
from inverting tags

NA/N B = NC/ ND

Other backgrounds (ÔӶÔ, W+jets) 
modeled using simulation with 
correction to HT distribution
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ÅReconstruct M(T) by identifying boosted Higgs & top jets

ÅRequire high jet activity: HT > 1100 GeV

T2/3 Ƃ tH: all hadronic

MP 105 ɀ135 GeV       MSD110 ɀ210 GeV          
ʐȾʐ< 0.6                                ʐȾʐ< 0.54
2 b tagged subjets 1 b tagged subjet

Limits on T singlet/doublet cross 
section with 25%/50% BR to tH, 
and couplings c(bW) and c(tZ)

B2G-16-005

A B

C D

Signal 
Region

( ÔÁÇȡ ς ÂȭÓ
0 top tags

H tag: 0-ρ ÂȭÓ
0 top tags

H tag: 0-ρ ÂȭÓ
1 top tag

|Ã |

Singlet Tb 

http://cds.cern.ch/record/2160371?ln=en


ÅSearch for T O tZᴼt + 2Љand B O bZ, reconstructing MT/B using leptons and boosted jets
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T2/3 Ƃ tZ: dilepton

ÅT O tZ with 3 top quark decays

ÅAt least one b tagged jet per event

B2G-16-001

Diagrams J. Thaler

2 jets + 1 b jet
pT(t) > 150 GeV

1 W jet + 1 b jet
MP + ʐȾʐ< 0.6
pT(t) > 150 GeV

1 top jet
pT(t) > 400 GeV
MSD+ ʐȾʐ< 0.69

: ᴼ ςʈor 2e: M(ЉЉ) = 70 ɀ110 GeV
max pT(Љ) > 115 GeV        ɝR(ЉЉ) < 0.9 ɀ1.1

Categorized by boosted objects, or by 
lepton flavor for non-boosted topologies. 

Reconstruct M(t) from relevant jet 
combination, then M(T) from top & Z

http://cds.cern.ch/record/2199567?ln=en


Background in MT/B ÄÉÓÔÒÉÂÕÔÉÏÎ ÍÏÄÅÌÅÄ ÕÓÉÎÇ ÔÈÅ Ȱɻ-Ratio MÅÔÈÏÄȱ ÉÎ Á ÃÏÎÔÒÏÌ ÒÅÇÉÏÎ ×ÉÔÈ ÎÏ Â ÔÁÇÇÅÄ ÊÅÔÓȢ

ÅSearch for T O tZᴼt + 2Љand B O bZ, reconstructing MT/B using leptons and boosted jets
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T2/3 Ƃ tZ: dilepton
B2G-16-001

ɻ= MT/B(MC in signal region)

MT/B(MC in control region)

OR

ɻ= MT/B(passing b tag)

MT/B(failing b tag)

Systematic uncertainties for b 
tagging, Z flavor fractions, and 
residual non-closure

http://cds.cern.ch/record/2199567?ln=en
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T2/3 Ƃ tZ: dilepton

For unit b-associated couplings:

ÅExclude T singlet below 1350 GeV 

ÅExclude B singlet below 1120 GeV

ÅFirst :ȭ ᴼ 6,1 ÒÅÓÕÌÔ ÆÒÏÍ CMS
Å%ØÏÔÉÃ ÐÒÏÄÕÃÔÉÏÎ ÍÏÄÅȡ :ȭ ᴼ tT ᴼ ttZ

ÅProbing-ɉ:ȭɊ ρȢυ ɀ2.5 TeV

Coupling limits for c(bW), c(tZ), and c(tW) based on T/B singlet or doublet models

B2G-16-001

|Ã | |Ã | |Ã |

Singlet Tb Doublet Tt 

Limits on T singlet or doublet cross section, with BR(tZ) = 25% or 50%

Singlet Bb 

http://cds.cern.ch/record/2199567?ln=en
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ÅReconstruct M(Y) from b jet and leptonic W decay

ÅRequire a light flavor forward jet to tag single VLQ production

Y-4/3 Ƃ bW : single lepton

Background modeling cross-checked in ÔӶÔand W + jets enriched control 
regions. Empirical reweighting applied to correct modeling of pT(t) in ÔӶÔ
simulation and HT in W + jets simulation.

B2G-16-006

pT(Љ) > 40 GeV
MET > 50 GeV
MT > 130 GeV

Central b jet, pT > 200 GeV
ɝה(Љ, b) > 2

Isolated lepton
ɝR > 1.5 from any jet

Forward jet, pT > 30 GeV

http://cds.cern.ch/record/2202815?ln=en
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ÅReconstruct M(VLQ) from b jet and leptonic W decay

ÅRequire a light flavor forward jet to tag single VLQ production

Y-4/3 Ƃ bW : single lepton
B2G-16-006

1 event:
2215 GeV

Strong observed limit based on 2.3/fb. For unit c(bW):

ÅExclude T2/3 (Y-4/3 ) singlet below 1.7 GeV (1.4 GeV)

http://cds.cern.ch/record/2202815?ln=en


ÅCMS has a robust search-program for vector-like quarks

ÅMany searches met or exceeded the sensitivity of Run 1 with 2.3/fb of data 
collected in 2015

ÅLooking beyond SM quark-boson final states to dark matter, diphotons, etc.

ÅSubstructure methods are well integrated to VLQ searches which are a                                                         
testing ground for new algorithms
ÅPUPPI

ÅDecorrelatedtaggers

ÅDouble b tagger

ÅDeep learning?

Å2016 data results (coming soon!) will strongly                                                         
constrain models with M(VLQ) 1-2 TeV

Julie Hogan  ɀBOOST 2016

Whatõscoming next ?
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Backup



ÅSearch for X5/3 ᴼtW in same-sign 2Љand Љ+jets final states

ÅSearch for T2/3 ᴼbW (50%), tZ (25%), tH (25%) in Љ+jets
ÅInclusive analysis targeting singlet VLQ decay combination

ÅSingle lepton final state will be joined by boosted Higgs, 2Љ, and 3Љstates
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Љ+jets: 88O 4W + 2b, 44O  6 final states! Reconstructing M(VLQ) with 1Љ+ jets 
becomes unfeasible. Maximize sensitivity by categorizing according to jet tags: 
(e, ʈ) x (0, 1, 2, 3+ b jets) x (0, 1+ W jets).  

W jet : MP + ʐȾʐ< 0.55 (X5/3 ), 0.6 (T2/3 )

VLQ Pair Production
B2G-15-006
B2G-16-002

SS 2Љ: cut & count in lepton 
categories, data-driven non-
prompt/charge mis-ID bkgd

8Ⱦ8Ⱦ 4Ⱦ4Ⱦ

http://cds.cern.ch/record/2114805?ln=en
http://cds.cern.ch/record/2141070?ln=en


Modeling of jet pT or HT Ѐ ВpT corrected with empirical reweighting, common strategy in early Run 2 for MadgraphLO 
HT-binned simulation
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VLQ Pair Production
B2G-15-006
B2G-16-002

MG LO W+jets

ÅSearch for X5/3 ᴼtW in same-sign 2Љand Љ+jets final states

ÅSearch for T2/3 ᴼbW (50%), tZ (25%), tH (25%) in Љ+jets
ÅInclusive analysis targeting singlet VLQ decay combination

ÅSingle lepton final state will be joined by boosted Higgs, 2Љ, and 3Љstates

http://cds.cern.ch/record/2114805?ln=en
http://cds.cern.ch/record/2141070?ln=en


Љ+jets: Template fit in tag categories. MC background 
modeling with closure tests in dedicated control 
regions based on Љɀ2nd jet angular separation 

Discriminant min[M(Љ,b)] has decay-specific 
shape but is well modeledand excellent for (t/b)W!

As we probe higher mass, shift search to scalar 
ВpT of jets, leptons, MET.
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VLQ Pair Production
ÅExclude M(X5/3 ) < 950 GeV, 

stronger than 8 TeV

ÅExclude M(T2/3 ) < 750 GeV, 
comparable with 8 TeV

ÅExclude T2/3 ᴼbW < 876 GeV

B2G-15-006
B2G-16-002

SR

CR

8Ⱦ8Ⱦ 4Ⱦ4Ⱦ

http://cds.cern.ch/record/2114805?ln=en
http://cds.cern.ch/record/2141070?ln=en
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ÅSearch for single T2/3 ᴼtH with T mass reconstruction

T2/3 Ƃ tH, leptonic top

Background shape is modeled 
from data in a control region 
with only 1 subjet b tag in the 
Higgs jet, and no forward jets

B2G-15-008

MSD90 ɀ160 GeV      pT(e/ʈ) > ~50 GeV          

2 b-tagged subjets far in ɝR or Ð from jet

Forward jets are a key tag
for single production!

http://cds.cern.ch/record/2143233?ln=en
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T2/3 Ƃ tH, leptonic top B2G-15-008

Set cross section limits for LH and RH T2/3 associated 
with t or b assuming unit couplings. Also set coupling 
limits versus M(VLQ) for cL/R(bW) and cL/R (tZ)

First single production result from CMS!

M(T) fitted in the 
signal region with 
background yield 

constrained from a 
simultaneous fit to 

data in the sideband 
region. 

Signal efficiency optimal 
for high masses where 
Higgs is very boosted.

Singlet Tb |Ã |

http://cds.cern.ch/record/2143233?ln=en
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B2G-15-006
pT(Љ) > 40, 30 GeV
M(ЉЉɊ Є ςπ 'Å6ȟ Ѓ χφȢρ 'Å6 ÏÒ Є ρπφȢρ 'Å6 ɉquarkonia & Z veto)
-ɉЉȟ ÎÏÎ ÓÁÍÅ-sign extra lepton) not in Z window +/- 15 GeV
Mini-isolation for e, relative isolation for ʈ
Electron charge measurements agree across algorithms

HT > 900 GeV
Number of constituents (AK 0.4 jets + leptons) >= 5
3+ AK 0.4 jets pT(j) > 300, 150, 100 GeV
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B2G-15-006
pT(Љ) > 80 GeV
Mini-isolation for e, relative isolation for ʈ

-ÉÎ ɝ2ɉЉ,j) > 0.4 OR Ð (Љ,j) > 40 GeV

ɝ2ɉЉ,j2) > 1.0
MET > 100 GeV
4+ AK 0.4 jets pT(j) > 200, 90, 30, 30 GeV
1+ b tagged jets
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B2G-15-006
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B2G-16-002
pT(Љ) > 40 GeV
Mini-isolation for e and u

-ÉÎ ɝ2ɉЉ,j) > 0.4 OR Ð (Љ,j) > 40 GeV

ɝ2ɉЉ,j2) >1.0
MET > 30 GeV
3+ AK 0.4 jets pT(j) > 300, 150, 100 GeV

Veto on H tagged jet (MSD& 1 b tagged 
subjet) for combination with boosted H 
analysis
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B2G-16-002
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B2G-16-002
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B2G-15-008

pT(Љ) > 47(ʈ), 50(e) GeV

-ÉÎ ɝ2ɉЉ,j) > 0.4 OR Ð (Љ,j) > 40 GeV
2+ AK 0.4 jet > [250 GeV, 70 GeV] for echannel, [100 GeV, 50 GeV] for ʈ
1+ forward AK 0.4 jet
ST = jet pT + lepton pT + MET > 400 GeV
H tagged AK 0.8 jet: soft drop mass 90 ɀ160 GeV, 2 b tagged subjets
ɝ2ɉЉ,H) > ρȢπȟ ɝ2ɉt,H) > 2.0
pT(t) > 100 GeV
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B2G-15-008
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B2G-16-005 H tagged AK 0.8 top tagged AK 0.8
MP 105 ɀ135 GeV       MSD110 ɀ210 GeV          
ʐȾʐ< 0.6                                ʐȾʐ< 0.54
2 b tagged subjets 1 b tagged subjet
HT > 1100 GeV, 4+ AK 0.4 jets


