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beyond the standard model

non-SUSY BSM

→high resonance masses

• similar motivations as SUSY 

• examples: 
• extra dimensions: warped extra 

dimension models where fermions 
propagate in the bulk

• composite Higgs: Heavy Vector 
Triplet model, with new W’±, Z’ states

• contributions to S and T 
parameters must be small

[Gfitter group, EPJC 72, 2205 (2012)]
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topology of a tt resonance

heavy resonances 
(M ~2 TeV):
• decay products pT~1TeV
• large Ɣ factor (>5 -10)
• jets overlap and merge
• special reconstruction 

techniques needed !

light resonances  
(M ~ 500 GeV): 

• “classical” event topology
lepton
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boosted t tagging

modeling of boosted variables at 13 TeV:
• semi-leptonic top selection
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• after initial difficulties at the start of Run II, 
things look very good now

[CMS-PAS-B2G-15-002]
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tt resonances: semi-leptonic [ATLAS-CONF-2016-014]

event selection
• three types of jets:

• small-R jets (R=0.4) 
• large-R jets (R=1) for top-tagging
• track jets (R=0.2) for b-tagging

• pT dependent lepton isolation
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[ATLAS-CONF-2016-014]

results:
• fit mtt distribution to data
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benchmark Z’ model:
• narrow width 1.2%:   

excl  0.7 TeV < m < 2 TeV      (Run 1: <1.8TeV)
• width 3%:                  

excl  0.7 TeV < m < 3.2 TeV   (Run 1: <2.3TeV)

tt resonances: semi-leptonic
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• t-tagging, b-tagging
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[CMS-PAS-B2G-15-002]tt resonances: semi-leptonic
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as ATLAS
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tt resonances: hadronic
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• top tagging
• subjet b-tagging
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top jet

[CMS-PAS-B2G-15-003]

NEW

background from data:
• invert substructure selection criterion on one jet (QCD region)
• measure mistagging probability of other jet
• parameterised in bins of b-tag and pT
• apply mistag rate in single t-tagged sample
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results:

tt resonances: hadronic

 Invariant Mass (GeV)tt
1000 2000 3000 4000 5000 6000D

at
a 

/ B
G

0.5
1

1.5

1000 2000 3000 4000 5000 6000

Ev
en

ts

1−10

1

10

210

310

410 y| < 1.0∆2 b-tags, |
 (13 TeV)-12.6 fb

CMS
Preliminary

Data
Non-Top Multijet

tSM t
1 TeV Narrow Z'
2 TeV Narrow Z'
3 TeV Narrow Z'
4 TeV Narrow Z'

 Invariant Mass (GeV)tt
1000 2000 3000 4000 5000 6000D

at
a 

/ B
G

0.5
1

1.5

1000 2000 3000 4000 5000 6000

Ev
en

ts

1−10

1

10

210

310

410

y| < 1.0∆0 b-tags, |
 (13 TeV)-12.6 fb

CMS
Preliminary

Data
Non-Top Multijet

tSM t
1 TeV Narrow Z'
2 TeV Narrow Z'
3 TeV Narrow Z'
4 TeV Narrow Z'

[CMS-PAS-B2G-15-003]

NEW



13

tb resonances: semi-leptonic
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• missing energy
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vector-like quarks: pair production

X5/3 in same-sign di-lepton final state:
• first VLQ result at 13 TeV
• clean same-sign lepton selection
• backgrounds from opposite-sign  
events with charge mis-measurements 
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vector-like quarks: pair production [ATLAS-CONF-2016-032]

X5/3, T2/3, B-1/3 in SS di-lepton  
+b-jet final state: 

• 8 signal regions, sensitive  
to different final states

• also sensitive to four-top production
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vector-like quarks: pair production

X5/3, T2/3, B-1/3 in SS di-lepton  
+b-jet final state: 

• results interpreted for all VLQ  
species (and four-top production)

[ATLAS-CONF-2016-032]
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vector-like quarks: pair production

T2/3 in lepton+jets final state: 

• optimised for T→tH + X  
(with H→bb) 

• signal characterised by  
high (b)-jet multiplicity 

• 11 categories based on
• jet multiplicity (>6 for signal)
• multiplicity of mass-tagged  

large-R jets(mJ>100GeV)
• b-tag multiplicity
• mass of two close b-jets

• high mass mbb>100 GeV
• low mass  mbb<100 GeV

[ATLAS-CONF-2016-013]

also sensitive to 4-top production!
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T2/3 in lepton+jets final state:
• inclusive search for all possible  
decay modes (many!)

• divide events in 16 categories  
(lepton, b-tag, W-tag)
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[CMS-PAS-B2G-16-002]vector-like quarks: pair production
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vector-like quarks: single production
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search for single T2/3→tH:
• first single VLQ result from CMS  

(and first at 13 TeV)
• forward jet tag
• boosted Higgs tag:

• softdrop mass 90< m < 160 GeV
• subjet b-tags
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vector-like quarks: single production [CMS-PAS-B2G-16-005]
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search for single T2/3→tH:
• all-hadronic final state
• boosted Higgs- and top-tags
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dilepton resonances
experimental challenges:
• lepton reconstruction at high momenta
• efficiency and fake rate calibration (extrapolation from low to high 

momenta)
• background estimation (extrapolation)
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• highest mass event: mee=2.9 TeV 

(0.3   events expected above 2 TeV) 
(0.08 events expected above 2.5 TeV) 

[CMS-PAS-EXO-15-005]
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dilepton resonances

NEW

[CMS-PAS-EXO-16-008]

search for di-tau resonances:
• first di-tau result at 13 TeV
• four final states considered: 𝜏h𝜏h,  𝜏μ𝜏h,  𝜏e𝜏h,  𝜏μ𝜏e
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high-mass dijet resonances
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[Phys. Rev. Lett. 116, 071801]
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[Phys. Lett. B 754, 302]
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high-mass dijet resonances
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highest di-object 
mass ever observed

[Phys. Lett. B 754, 302]
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high-mass di-b-jet resonances
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challenge:
• b-tagging efficiency at high pT 

(instrumental limitations)
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[Phys. Lett. B 759, 229]
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low-mass dijet resonances

NEWhot from the press:
• data scouting (trigger-object-level) search  

in mass region 450 - 900 GeV
• avoids high trigger pre-scales for full analysis 

• dedicated trigger-level jet calibration

[ATLAS-CONF-2016-030]
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low-mass dijet resonances

NEWresults:
• empirical function to fit the background spectrum
• analyse all possible mass intervals for excess
• most discrepant interval 574-685 GeV (0.8 σ)
• excludes gaussian excess with cross sections  

3 pb (450 GeV) to 0.7 pb (900 GeV)

[ATLAS-CONF-2016-030]
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low-mass di-b-jet resonances

NEW

[ATLAS-CONF-2016-031]

hot from the press:
• search in mass region  

570 - 1200 GeV

• b-tagged triggers  
→ full offline analysis
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low-mass dijet resonances

NEW

[ATLAS-CONF-2016-029]

alternative approach:
• exploit initial state photon for triggering dijets 

(isolated photon pT>120 GeV)

• excludes gaussian excess 
with cross sections  
100 fb (250 GeV)  
to 10-20 fb (1200 GeV)
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Model ℓ, γ Jets† Emiss
T

∫
L dt[fb−1] Limit Reference
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ADD GKK + g/q − ≥ 1 j Yes 3.2 n = 2 Preliminary6.86 TeVMD

ADD non-resonant ℓℓ 2 e, µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e, µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 3.6 n = 6 1512.015308.3 TeVMth

ADD BH high
∑
pT ≥ 1 e, µ ≥ 2 j − 3.2 n = 6, MD = 3 TeV, rot BH ATLAS-CONF-2016-0068.2 TeVMth

ADD BH multijet − ≥ 3 j − 3.6 n = 6, MD = 3 TeV, rot BH 1512.025869.55 TeVMth

RS1 GKK → ℓℓ 2 e, µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass

RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 1504.055112.66 TeVGKK mass

Bulk RS GKK →WW → qqℓν 1 e, µ 1 J Yes 3.2 k/MPl = 1.0 ATLAS-CONF-2015-0751.06 TeVGKK mass

Bulk RS GKK → HH → bbbb − 4 b − 3.2 k/MPl = 1.0 ATLAS-CONF-2016-017475-785 GeVGKK mass

Bulk RS gKK → tt 1 e, µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 1505.070182.2 TeVgKK mass

2UED / RPP 1 e, µ ≥ 2 b, ≥ 4 j Yes 3.2 Tier (1,1), BR(A(1,1) → tt) = 1 ATLAS-CONF-2016-0131.46 TeVKK mass

SSM Z ′ → ℓℓ 2 e, µ − − 3.2 ATLAS-CONF-2015-0703.4 TeVZ′ mass

SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass

Leptophobic Z ′ → bb − 2 b − 3.2 Preliminary1.5 TeVZ′ mass

SSM W ′ → ℓν 1 e, µ − Yes 3.2 ATLAS-CONF-2015-0634.07 TeVW′ mass

HVT W ′ →WZ → qqνν model A 0 e, µ 1 J Yes 3.2 gV = 1 ATLAS-CONF-2015-0681.6 TeVW′ mass

HVT W ′ →WZ → qqqq model A − 2 J − 3.2 gV = 1 ATLAS-CONF-2015-0731.38-1.6 TeVW′ mass

HVT W ′ →WH → ℓνbb model B 1 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.62 TeVW′ mass

HVT Z ′ → ZH → ννbb model B 0 e, µ 1-2 b, 1-0 j Yes 3.2 gV = 3 ATLAS-CONF-2015-0741.76 TeVZ′ mass
LRSM W ′

R
→ tb 1 e, µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass

LRSM W ′
R
→ tb 0 e, µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 3.6 ηLL = −1 1512.0153017.5 TeVΛ
CI qqℓℓ 2 e, µ − − 3.2 ηLL = −1 ATLAS-CONF-2015-07023.1 TeVΛ

CI uutt 2 e, µ (SS) ≥ 1 b, 1-4 j Yes 20.3 |CLL | = 1 1504.046054.3 TeVΛ

Axial-vector mediator (Dirac DM) 0 e, µ ≥ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 140 GeV Preliminary1.0 TeVmA

Axial-vector mediator (Dirac DM) 0 e, µ, 1 γ 1 j Yes 3.2 gq=0.25, gχ=1.0, m(χ) < 10 GeV Preliminary650 GeVmA

ZZχχ EFT (Dirac DM) 0 e, µ 1 J, ≤ 1 j Yes 3.2 m(χ) < 150 GeV ATLAS-CONF-2015-080550 GeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 3.2 β = 1 Preliminary1.07 TeVLQ mass

Scalar LQ 2nd gen 2 µ ≥ 2 j − 3.2 β = 1 Preliminary1.03 TeVLQ mass

Scalar LQ 3rd gen 1 e, µ ≥1 b, ≥3 j Yes 20.3 β = 0 1508.04735640 GeVLQ mass

VLQ TT → Ht + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 T in (T,B) doublet 1505.04306855 GeVT mass

VLQ YY →Wb + X 1 e, µ ≥ 1 b, ≥ 3 j Yes 20.3 Y in (B,Y) doublet 1505.04306770 GeVY mass

VLQ BB → Hb + X 1 e, µ ≥ 2 b, ≥ 3 j Yes 20.3 isospin singlet 1505.04306735 GeVB mass

VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass

VLQ QQ →WqWq 1 e, µ ≥ 4 j Yes 20.3 1509.04261690 GeVQ mass

T5/3 →Wt 1 e, µ ≥ 1 b, ≥ 5 j Yes 20.3 1503.05425840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 3.2 only u∗ and d∗, Λ = m(q∗) 1512.059104.4 TeVq∗ mass

Excited quark q∗ → qg − 2 j − 3.6 only u∗ and d∗, Λ = m(q∗) 1512.015305.2 TeVq∗ mass

Excited quark b∗ → bg − 1 b, 1 j − 3.2 Preliminary2.1 TeVb∗ mass

Excited quark b∗ →Wt 1 or 2 e, µ 1 b, 2-0 j Yes 20.3 fg = fL = fR = 1 1510.026641.5 TeVb∗ mass

Excited lepton ℓ∗ 3 e, µ − − 20.3 Λ = 3.0 TeV 1411.29213.0 TeVℓ∗ mass

Excited lepton ν∗ 3 e,µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass

LRSM Majorana ν 2 e, µ 2 j − 20.3 m(WR ) = 2.4 TeV, no mixing 1506.060202.0 TeVN0 mass

Higgs triplet H±± → ℓℓ 2 e, µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass

Higgs triplet H±± → ℓτ 3 e,µ, τ − − 20.3 DY production, BR(H±±
L
→ ℓτ)=1 1411.2921400 GeVH±± mass

Monotop (non-res prod) 1 e, µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass

Multi-charged particles − − − 20.3 DY production, |q| = 5e 1504.04188785 GeVmulti-charged particle mass

Magnetic monopoles − − − 7.0 DY production, |g | = 1gD , spin 1/2 1509.080591.34 TeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 8 TeV

√
s = 13 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: March 2016

ATLAS Preliminary∫
L dt = (3.2 - 20.3) fb−1

√
s = 8, 13 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. Lower bounds are specified only when explicitly not excluded.

†Small-radius (large-radius) jets are denoted by the letter j (J).
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Excited quarks

t* → tg S=3/2

t* → tg S=1/2

b* → tW KL=1

b* → tW KR=1

b* → tW k=k=1

Observed limit 95%CL (TeV)
0 0,4 0,8 1,2 1,6 2

Vector-like quark single 
production                                                                                                                              

T → tH c(Wb)=1.5

T → tH c(Zt)=2.5

Observed limit 95%CL (TeV)
0 0,4 0,8 1,2 1,6 2

13 TeV

Vector-like quark pair 
production                                                                                                                              

Q → qW 

T → tH 

T → tZ 

T → bW 

B → bH 

B → bZ 

B → tW 

X5/3 → tW 

X5/3 → tW 

T → bW 

Observed limit 95%CL (TeV)
0 0,3 0,6 0,9 1,2 1,5

35 fb

25 fb
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7 fb
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8 TeV

13 TeV
4 fb

20 fb

Resonances to heavy 
quarks

Z’(1.2%) → tt

Z’(10%) → tt

gKK → tt

W’ → tb

W’ → tb Mν<MW’

W’ → tb Mν>MW’

Z’(1%) → tt

Z’(10%) → tt

Z’(30%) → tt

gKK → tt

Observed limit 95%CL (TeV)
0 0,5 1 1,5 2 2,5 3 3,5 4
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500 fb
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Resonances to 
dibosons

radion → HH

W’ → WH 

Z’ → ZH

GBulk → WW 

GBulk → ZZ

W’ → VW  HVT(B)

W’ → WH HVT(B)

Z’ → VH HVT(B)

Observed limit 95%CL (TeV)
0 0,5 1 1,5 2 2,5 3

8 TeV

13 TeV
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30 fb

B2G: new physics 
searches with heavy SM 

particles
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Excited quarks
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Observed limit 95%CL (TeV)
0 0,4 0,8 1,2 1,6 2

Vector-like quark single 
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T → tH c(Wb)=1.5
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Observed limit 95%CL (TeV)
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Observed limit 95%CL (TeV)
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B2G: new physics 
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Thank you for your attention
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35

tt resonances: semi-leptonic

8 TeV  
combination
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• muons
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e-mu resonances [CMS-PAS-EXO-16-001]
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tt resonances: semi-leptonic

Z’

top jet

b
Wu

d

b

W μ
ν

leptonic top• top tagging
• b-tagging

• b-tagging
• lepton isolation

lepton isolation:
• mini-isolation: 
 
 
 

• 2D isolation:

chosen
empirically

desired value

[CMS-PAS-B2G-15-002]



•they are quarks: coloured, charged, spin 1/2 particles

•no difference between chiralities: they couple to left- and right- 
handed charged currents (in the same way)

➡VL quarks can have mass terms without violating gauge 
invariance! 

•not constrained through  
Higgs discovery 

•new motivation through  
di-photon excess 

•decay modes: 
T→ tH, tZ, bW  
B→bH, bZ, tW

39

vector-like quarks

g

g

T’

T’

what are VLQ:

X5/3→ tW
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vector-like quarks
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vector-like quarks: single production

Z/W

T

q

g

q

H

t
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forward jet

production cross-section:

• higher cross sections at high masses
• allows to set limits on model parameters

[Phys. Rev. D 88, 094010]
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vector-like quarks: single production T→tH

background estimation
• entirely data-driven (shapes and normalisation)
• background region: no forward jet, subjet b-tag veto

region signal sideband
number of subjet b-tags (H cand.) exactly 2 exactly 1
number of forward jets at least 1 exactly 0

[CMS-PAS-B2G-15-008]
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vector-like quarks: pair production [ATLAS-CONF-2016-13]

effective mass
• scalar sum of lepton, jets,  
missing energy

• used to discriminate  
signal and background
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vector-like quarks: pair production [ATLAS-CONF-2016-13]

results
• all decay branching modes  
scanned in steps of 5%

• sensitive to all decays
• 1.9 sigma excess for BR(T→tH)=1
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X5/3 in same-sign di-lepton final state:
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X5/3 in lepton+jet final state:
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T2/3 in lepton+jets final state:
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[ATLAS-CONF-2016-13]
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[ATLAS-CONF-2016-37]
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[ATLAS-CONF-2016-035]
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[CMS-PAS-EXO-16-008]
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[ATLAS-CONF-2016-029]
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[ATLAS-CONF-2016-030]ATLAS Preliminary

[GeV]jetp
T

100 200 300 400 500 600 700 800 900 1000

Fr
ac
tio
na
lJ
ES

un
ce
rta
in
ty

0

0.02

0.04

0.06

0.08

0.1

correctionin situ= 0.4, EM+JES +Ranti-kt
= 13 TeVsData 2015,

η = 0.0
Total Uncertainty, Trigger
Total Uncertainty, Offline

in situ JESAbsolute
JESin situRelative

Trigger Flav. composition
Trigger Flav. response
Trigger Pileup, average 2015 conditions
Trigger data-derived correction

[GeV]jjm
400 600 800 1000 1200

> jj
)/
<m

jj
(m

σ

0.03

0.035

0.04

0.045

0.05

0.055

0.06

0.065

0.07

0.075

Pythia 8 QCD
|y*| < 0.6

ATLAS Simulation Preliminary



54

[ATLAS-CONF-2016-030]
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low-mass di-b-jet resonances [ATLAS-CONF-2016-031]
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James Dolen Special B2G meeting - Fermilab - April 7, 2016

Jet grooming

3

7

Trimming, Filtering - Recluster jet with smaller distance 
parameter. Condition based subjet removal.
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Figure 8: The average jet mass hMi as a function of the number of reconstructed primary vertices for W-jet signal
and multijet background, before and after grooming using anti-kt, R = 1.0 trimmed with fcut = 0.05 and Rsub = 0.2.
The slopes of straight line fits are provided in each case: for ungroomed jets this is ⇠ 2 GeV per vertex, while for
trimmed jets it is flat.

as the mass, will have a distribution for a given jet. The Q-jets configuration optimised in Ref. [26]
is adopted in this study. The high mass in W-jets tends to persist during the re-clustering while the
mass of QCD jets fluctuates. A sensitive observable to this trend is the coe�cient of variation of
the mass distribution for a single jet, called the volatility [25, 26], ⌫↵Q. The superscript ↵ denotes the
rigidity, which controls the sensitivity of the pair selection to the random number generation used
in the clustering.

For all 27 jet collections and grooming algorithms described in Sect. 6.1, the full list of substructure
variables described above are computed. The distributions of the three variables ⌧wta

21 , C(�=1)
2 and D(�=1)

2 are
shown in Figs. 10–12 for anti-kt, R = 1.0 jets trimmed with fcut = 0.05 and Rsub = 0.2, after applying the
68% signal e�ciency mass window requirement. This grooming algorithm is referred to in the remainder
of this paper as ‘R2-trimming’. At this stage no jet mass calibrations have been applied for any of
the grooming configurations. Also shown are the correlations between the jet mass and each of these
variables, shown separately for the W-jet signal and multijet background, in both cases before applying
the 68% signal e�ciency mass window requirement. No truth-matching between the subjets and the
quarks from the W decay is required, such that the signal sample contains both full W-jets and jets made
of fragments of the W-decay, generally because the W-decay is not completely captured in the R = 1.0 jet.
The background jets within the signal sample are particularly visible in the low-mass region of Fig. 10(b),
where the distributions echo those seen in the background sample.

22

Algorithmic jet substructure techniques designed to remove isolated 
soft radiation in jets (contamination from ISR, UE, pileup)

QCD jet 
mass before 

grooming  Boosted W jet 
mass before 

grooming

Improved jet mass 
resolution for boosted 

heavy object

Reduces measured 
QCD jet mass (improves 

discrimination)

Reduces jet mass 
dependence on 

pileup

jet grooming

=0) (GeV)β (z=0.1, SD.m
0 100 200

A.
U

.

0

0.05

0.1

0.15

0.2

0.25 CMS
Simulation Preliminary

13 TeV

η, 
T

AK8, flat p
>=20, 25nsµ<

 R(t,q) < 0.6∆

<600 GeV, 100%
T

Top, 470<p
<800 GeV, 97%

T
Top, 600<p

<1000 GeV, 99%
T

Top, 800<p
<1400 GeV, 95%

T
Top, 1000<p

<600 GeV, 96%
T

QCD, 470<p
<800 GeV, 96%

T
QCD, 600<p

<1000 GeV, 94%
T

QCD, 800<p
<1400 GeV, 90%

T
QCD, 1000<p



57

jet shapes

energy patterns within a jet:
• characterise multi-prong properties
• many definitions and varieties 

n-subjettiness: 
 

• how consistent is jet with  
having N subjets

• ratios discriminate hypotheses: 𝜏2/𝜏1

many other on the market:
• energy correlation functions
• Q-jet volatility
• …

1τ/2τ
0 0.2 0.4 0.6 0.8 1

 N
or

m
al

iz
ed

 D
is

tri
bu

tio
n

0

0.1

0.2

0.3

, Pythia6LWL W→X 
  + <PU> = 22 + sim.
  + <PU> = 12 + sim.
W+jets, MG+Pythia6
  + <PU> = 22 + sim.
  + <PU> = 12 + sim.

 = 8 TeV, W+jetssCMS Preliminary Simulation, 

CA R=0.8
 < 350 GeV

T
250 < p

|<2.4η|

[CMS-PAS-JME-13-006]



58

boosted t tagging

performances:
• several variables scanned 
individually
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