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Non-resonant BSM phenomena

► Many new phenomena beyond the SM manifest themselves in non-resonant final states 

with multiple leptons, photons and/or jets, e.g.: 

► Dark matter (Talk by Isabelle) 

► Leptoquarks (Talk by Francesco) 

► Heavy neutrinos 

► Vector-like fermions 

► Excited fermions 

► Extra dimensions 

► … 

► Focus on recent results from searches for vector-like fermions, seesaw mechanism & 

excited leptons based on Run 2 data 

► And one exception: resonant interpretation of multilepton seesaw analysis  

(more about new resonances in Diego's talk)

�2
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https://indico.cern.ch/event/577856/contributions/3420265/
https://indico.cern.ch/event/577856/contributions/3419932/
https://indico.cern.ch/event/577856/contributions/3422668/


Maximilian Heindl11-Jul-2019 Non-resonant BSM searches at CMS

Theory: 

• Vector-like fermions arise in variety of different BSM models:  

SUSY, extra dimensions, … 

• Vector-like leptons and quarks are less bound by SM 

predictions and EWSB than other BSM models 

• Vector-like fermions help to resolve the hierarchy problem: 

• VLQs have higher contribution to Higgs mass  

corrections than VLLs 

• But VLQ limits are reaching the TeV scale due to their  

overall higher production cross-section than VLLs 

• Historically CMS has been more active in searching  

for VLQs, but there is a new VLL search now as well 

 

 

Vector-like fermions
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CMS EXO-18-005 

CMS B2G-18-005

VLL production

VLQ production

https://cds.cern.ch/record/2676354
https://cds.cern.ch/record/2680431
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Vector-like quarks: fully hadronic
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CMS B2G-18-005

2016: 36 fb-1

Theory: 
• Pair produced T/B VLQs with decays to 3rd generation SM quarks & W/Z/Higgs

Analysis: 

• Split in cut-based and in NN-based approach: maximize sensitivity for different decay modes 

• Background: multi-jet (QCD) from data-driven estimation 

• Final discriminator: HT (HT = Σ jet pT)

Submitted to PRD

Cut-based:  
  

Using substructure tools  
(W-tagging) and b-tagging 
 
  
Min. two energetic AK8 jets  
and min. two AK4 jets 
  

Catching resolved b-jets 
  

Bins of no. of W & no. of b-jets

Neural net:  
  

Boosted event shape tagger (BEST) 
for 6 jet categories:  
top, bottom, light, W, Z, H 
  
Four energetic AK8 jets  

  

Catching boosted top decays 
  

126 event categories 

  

Technique 

 
  
Selection 

  

Advantage 
  

Signal regions

https://cds.cern.ch/record/2680431
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Vector-like quarks: fully hadronic
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CMS B2G-18-005Results: 

 

 
 
 
 
 
 

 
 
 
 
 
 
 

2016: 36 fb-1

Submitted to PRD

NN-based

All possible signal regions  
for 4 jets based  

on 6 jet categories

Cut-based Cut-based

https://cds.cern.ch/record/2680431
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Vector-like quarks: fully hadronic
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CMS B2G-18-005Results: 

• Cut-based approach works better for T→bW, B→bH and B→bZ modes

• NN does better with T→tZ, T→tH and B→tW modes 

 
 
 
 
 
 

 
 
 
 
 
 
 

2016: 36 fb-1

Submitted to PRD

T quark limit: 
950 - 1370 GeV

B quark limit: 
920 - 1230 GeV

https://cds.cern.ch/record/2680431
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Vector-like leptons: multilepton
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CMS EXO-18-005

2016 + 2017: 77 fb-1

Theory: 

• BSM SU(2) mass degenerate doublet coupling to 3rd generation SM leptons:  

𝜏’+, 𝜏’− & 𝜈’𝜏 — N. Kumar & S. P. Martin 

• Pair-produced vector-like leptons decay  
via SM leptons/neutrinos & W/Z/Higgs 
 
 

Analysis: 

• Selection: min. 3 light leptons (μ, e) or 2 light leptons and 1 tau 

• Inclusive approach: Binning in no. of light leptons, no. of taus,  

opposite/same sign (OS/SS) pairs, pTmiss & LT (LT = Σ lepton pT) 

• Irreducible backgrounds are estimated from MC 

• Simultaneous non-prompt light lepton & tau estimation via  

data-driven technique (Matrix Method) 

• All major backgrounds are validated in dedicated control regions

Submitted to PRD

https://cds.cern.ch/record/2676354
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.92.115018
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Vector-like leptons: multilepton
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Results:       excluding masses in the range of 120-790 GeV   

• First result on the doublet model 

• Most sensitive channel: 2e/μ(SS) + 1𝜏

CMS EXO-18-005

 
 
 
 
 
 
 
 
 
 
 
 
 
 

2016 + 2017: 77 fb-1

Submitted to PRD

https://cds.cern.ch/record/2676354
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Type-III seesaw: multilepton
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CMS EXO-19-002

Full Run 2:  
137 fb-1

Theory: 

• Seesaw mechanism is a possible explanation  

for very low neutrino masses in SM 

• Type-III model: BSM SU(2) triplet (𝛴0, 𝛴+ & 𝛴−)  

— C. Biggio & F. Bonnet 

• Heavy fermions are pair produced, mass  

degenerate and decay via SM  

leptons/neutrinos & W/Z/Higgs

Analysis: 

• Multilepton final states: min. 3 isolated light leptons (μ, e) 

• Inclusive approach: binning instead of cutting in no. of leptons, no. of opposite sign same 

flavor (OSSF) pairs, OSSF mass, LT+pTmiss (LT = Σ lepton pT) & MT (transverse mass)
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https://cds.cern.ch/record/2668721
https://arxiv.org/abs/1107.3463v3
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Results:         
 
 
 
 
 
 
 
 
 

Type-III seesaw: multilepton
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CMS EXO-19-002

Full Run 2:  
137 fb-1

Analysis: 

• Irreducible backgrounds are estimated from MC 

• Non-prompt background is estimated via data-driven technique (Matrix method) 

• Inclusive approach requires robust background estimation: 

all major backgrounds are validated in dedicated control regions
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Additional resonant signal: 
• New (pseudo-)scalar boson 

produced with top-pair  

• Resonant decay into e+e- / μ+μ- pair 

• Bins of no. of leptons, OSSF mass, 

no. of b-jets & ST (ST = Σ all object pT) 

• Diego's talk about new resonances 

 

   

 

 

Type-III seesaw (& more): multilepton
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CMS EXO-19-002Results:          

• Excluding masses below 880 GeV  
for flavor democratic scenario 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Excited leptons
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JHEP04 (2019) 015  

CMS EXO-18-013

Theory: 

• Fermions might not be fundamental particles, but composite objects 

bound below a high energy scale Λ  

• This would lead to excited lepton/quark states  

produced via contact interaction 

• For a given compositeness scale the photonic decay mode  

is sensitive to low excited lepton masses, the hadronic mode  

is better for searches focusing on higher masses 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Excited leptons: leptons + photon
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JHEP04 (2019) 015Analysis: 

• Selection: two isolated same flavor leptons (μ, e) and one isolated photon  

• Background: DY+ɣ estimated with MC, DY + non-prompt photon  
with data-driven technique 

• Using the min. & max. lepton-photon masses as the final discriminator 

variables (because of lepton-photon pair ambiguity)

Results:         excluding compositeness scales below 25 TeV for excited lepton masses around 1 TeV 

• Exclusion curves drops rapidly for higher masses 

• Comparable limits for electron & muon flavor 

 
 

Signal DY+ɣ

2016: 36 fb-1

e flavor

https://link.springer.com/article/10.1007/JHEP04(2019)015
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Results:         excluding compositeness scales below 13 TeV for excited lepton masses around 2 TeV 
• Better sensitivity than photon channel search for high mass regime 

• Comparable limits for electron & muon flavor 

 
 

 

Excited leptons: leptons + jets
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CMS EXO-18-013Analysis: 

• Selection: two energetic same flavor  
leptons (μ, e) and min. two AK4 jets 

• Background: DY and ttbar estimated with MC 

• Using the four-body mass as the final  
discriminator variable 

4−10

3−10

2−10

1−10

1

10

210

Ev
en

ts
 / 

10
0 

G
eV Preliminary CMS

 (13 TeV)-1fb77.4
Data W+Jets
tt  = 10 TeVΛ* M = 2 TeV µ
DY  = 5 TeVΛ* M = 5TeV µ
Single Top syst. + stat. uncert.
Multi-Boson

1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
jj) / GeVµµFour-Body Mass (

0
0.5

1
1.5

2

D
at

a 
/ M

C

0 1000 2000 3000 4000 5000 6000 7000
Mass / GeV

0

5000

10000

15000

20000

25000

30000

 / 
G

eV
Λ

 (13 TeV)-1fb77.4

CMS
Preliminary

95% CL upper limits
Observed
Median expected
68% expected
95% expected

-1 35.9 fbγll

2016 + 2017: 77 fb-1q

l

l∗

l

q

q

q
Λ

Λ

μ flavor

μ flavor

https://cds.cern.ch/record/2667479


Maximilian Heindl11-Jul-2019 Non-resonant BSM searches at CMS

Conclusion

► No evidence for new non-resonant phenomena has been found (so far) 

during the Run 2 period of the LHC 

► But strong limits on various BSM models have been set  

► CMS has a broad program searching for these phenomena in a variety of 

different final states 

► CMS is prepared for Run 3 and  

HL-LHC era for potential discovery  

of these phenomena
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BACKUP
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CMS detector
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Reco. efficiencies: 

• Electron: ~90%  

• Muon: ~95% 

• Tau: ~70% 

• Jet: ~99% 

• Photon: ~90% 

Energy resolution: 

• Electron: ~3-5%  

• Muon: ~1-3% 

• Tau: ~5% 

• Jet: ~10-20% 

• Photon: ~1-5%

© CERN CDS

© CMS Public

© CMS Public
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B2G-18-005
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• HT and single jet trigger 

• Cut-based jet pT:  

• AK8: 200 GeV  
• AK4: 30 GeV 

• NN jet pT: 400 GeV

Inclusive NN SR

Other cut-based SR

BEST neural net
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B2G-18-005
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Systematics
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EXO-18-005
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• Isolated single electron/muon trigger 

• Electron pT:  

• Leading lepton: 38 GeV  

• Trailing lepton: 20 GeV 

• Muon pT:  

• Leading lepton: 28  GeV  
• Trailing lepton: 20 GeV 

• Tau pT: 20 GeV

Other SR

Other CR
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EXO-18-005
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EXO-19-002
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• Muon pT:  

• Leading lepton: 26 − 29  GeV  
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• Jet pT: 30 GeV
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EXO-19-002
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JHEP04 (2019) 015
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• Double electron and single muon trigger 

• Electron pT: 35 GeV 

• Muon pT: 35 GeV 

• Photon pT: 35 GeV

SR

Systematics
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JHEP04 (2019) 015
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SR table and 
other limit 
(e flavor)

SR table and other limit (μ flavor)
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EXO-18-013
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• Single electron/photon and  
single muon trigger 

• Electron pT:  

• Leading lepton: 230 GeV 

• Trailing lepton: 35 GeV 

• Muon pT:  

• Leading lepton: 53 GeV 
• Trailing lepton: 25 GeV 

• Jet pT: 50 GeV
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EXO-18-013
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SR table

Important systematics: 
• Pile-up: <10% 
• PDF: 5-60% 

• Renormarlization/factorization scale: 10-30% 
• MC statistics: up to 40%

• Electron & Muon energy scale: <1% 
• Electron resolution: <3% 

• Muon resolution: <5% 
• Luminosity: 2.5%


