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Some ideas for the Higgs 
nature conundruum 
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New fermions at the TeV scale! 

What are the requirements?

→ Should be compatible with the Higgs mass
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Still allowed by experiments! Appear in:Still allowed by experiments! Appear in:

- - Little higgs Little higgs or or composite higgs composite higgs 
- Warped - Warped extra-dimensionsextra-dimensions, Kaluza-Klein etc , Kaluza-Klein etc 
- Some non-minimal - Some non-minimal SUSY  scenariosSUSY  scenarios
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μ
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5
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Vector-like quarks and the SM 
extensions
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““Vector”Vector” like quarks: left and right chiralities work the same → VLQ current is  like quarks: left and right chiralities work the same → VLQ current is 

→ → gauge invariant mass term!gauge invariant mass term!  

  

⚬ ⚬ Multiple representationsMultiple representations
⚬ ⚬ Q = IQ = I33 + Y/2 + Y/2

Q γ
μQ



VLQ production

⚬⚬Pair-wise strong production:
      - depends only on the - depends only on the Q massQ mass

⚬ ⚬ Single production. QqW/Z vertex: . QqW/Z vertex: 
      - depends on the - depends on the Q massQ mass
      - depends on the - depends on the QqW couplingQqW coupling
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→ → Single production falls slower at high massesSingle production falls slower at high masses

→ → Can measure right handed and left-handed Can measure right handed and left-handed 
scenariosscenarios

PRD 88 094010

https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E88%252E094010&v=0c0ef559
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→ → Single production falls slower at high massesSingle production falls slower at high masses

→ → Can measure right handed and left-handed Can measure right handed and left-handed 
scenariosscenarios

Also possible: production through new resonances! 
 - see next talk from Robin!

PRD 88 094010

https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E88%252E094010&v=0c0ef559


VLQ decays

⚬⚬Depends on the Depends on the strength of the coupling strength of the coupling CC

⚬⚬Usual approximation of Usual approximation of Narrow WidthNarrow Width  

⚬⚬Large decay widths are possible:Large decay widths are possible:
→ → With large cocuplings in non minimal representationsWith large cocuplings in non minimal representations
→ → With new physics interveningWith new physics intervening
→ → See also for the large width benchmarks:See also for the large width benchmarks:
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arXiv 1805.06402

https://arxiv.org/ct?url=http%3A%2F%2Fdx.doi.org%2F10%252E1103%2FPhysRevD%252E88%252E094010&v=0c0ef559
https://arxiv.org/pdf/1805.06402.pdf


Probing the high-energy 
regime: boosted topologies
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VLQ mass VLQ mass at the scale of TeV → relativistic boost for heavy SM particles!→ relativistic boost for heavy SM particles!

→ → Decay particles in the radius :Decay particles in the radius :
DR ~ 2M/PT

Multiple narrow cone 
jets: Anti-KT with 
R=0.4(AK4)

A single large cone 
jet with R=0.8 (AK8)
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VLQ mass VLQ mass at the scale of TeV → relativistic boost for heavy SM particles!→ relativistic boost for heavy SM particles!

→ → Decay particles in the radius :Decay particles in the radius :
DR ~ 2M/PT

→ → Cleaning the jet  of the extraof the extra
soft radiation necessary, e.g.:soft radiation necessary, e.g.:

PruningPruning, , FilteringFiltering, , Soft dropSoft drop

CMS-DP-2015-043

https://cds.cern.ch/record/2051859?ln=en


Boosted objects: 
exploiting the jet structure
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→ → Exploit the Exploit the 2-prong 2-prong or or 3-prong 3-prong 
structure: structure: ττ22//ττ11 and  and ττ33//ττ22 variables  variables 

arXiv 1805.04758

http://arxiv.org/abs/1805.04758
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→ → Exploit the Exploit the 2-prong 2-prong or or 3-prong 3-prong 
structure: structure: ττ22//ττ11 and  and ττ33//ττ22 variables  variables 

→ → Presence of B-hadrons
in the jet: sub-jet clustering and b-in the jet: sub-jet clustering and b-
taggingtagging

b b

arXiv 1805.04758

http://arxiv.org/abs/1805.04758


Pair production
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PAS B2G-17-008

PAS B2G-16-019

arXiv 1805.04758

     In this talk: 

     Find other results here: 

  http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/index.html

https://cds.cern.ch/record/2264686
https://cds.cern.ch/record/2256747
http://arxiv.org/abs/1805.04758
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/index.html


Alberto Orso Maria Iorio 15

1 lepton from 
top or W decay

Same-sign leptons 
e.g. from 4 w-bosons

3 leptons, typically 
with a Z decay

VLQ pair: TT, BB → leptons  + jets

3 topologies: 

⚬⚬1 lepton  and >1 W/H jets , b-jets:and >1 W/H jets , b-jets:
  →   → TT irreducible backgroundTT irreducible background

⚬⚬2 leptons with same sign:  with same sign: 
  →   → Non prompt leptons: from control regionsNon prompt leptons: from control regions
  →   → Sign mis-id: from Z mass pairSign mis-id: from Z mass pair

⚬⚬3 leptons::
  →   → Non-prompt fakes from jets / Non-prompt fakes from jets / 
photon conversions, etc.photon conversions, etc.
  

arXiv 1805.04758

http://arxiv.org/abs/1805.04758
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3 topologies: 

⚬⚬1 lepton  and >1 W/H jets , b-jets:and >1 W/H jets , b-jets:
  →   → TT irreducible backgroundTT irreducible background

⚬⚬2 leptons with same sign:  with same sign: 
  →   → Non prompt leptons: from control regionsNon prompt leptons: from control regions
  →   → Sign mis-id: from Z mass pairSign mis-id: from Z mass pair

⚬⚬3 leptons::
  →   → Non-prompt fakes from jets / Non-prompt fakes from jets / 
photon conversions, etc.photon conversions, etc.
  

VLQ pair: TT, BB → leptons  + jets

2 leptons

arXiv 1805.04758

http://arxiv.org/abs/1805.04758


⚬ ⚬ Combination of all  of all 
three analysesthree analyses

⚬⚬Also interpreted in terms ofAlso interpreted in terms of
branching ratios of B/Tof B/T

⚬⚬95%CL exclusion limit
for singlet (Doublet)for singlet (Doublet)

  T with T with mmT T < 1200(1280)< 1200(1280)

  B with B with mmBB < 1140(1170) < 1140(1170)
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VLQ pair: TT, BB → leptons  + jets

arXiv 1805.04758

http://arxiv.org/abs/1805.04758


VLQ pair searches: X5/3X5/3

⚬ ⚬ Sought with Sought with same-sign lepton pair
and and > 3 leptons  topologiestopologies

⚬ ⚬ Low SM backgrounds, mostly Low SM backgrounds, mostly non-prompt:
charge mis-ID and fake lepton.charge mis-ID and fake lepton.

⚬ ⚬ 95% CL exclusion 95% CL exclusion Left(Right) handed couplings: handed couplings:

    XX5/35/3 with  with mmX X < 1320(1300)< 1320(1300)
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PAS B2G-17-008

PAS B2G-16-019

https://cds.cern.ch/record/2264686
https://cds.cern.ch/record/2256747


Single production
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     In this talk: 

     Find other results here: 

  

JHEP 06(2018)031

PLB 781(2018)574

PAS B2G-17-018

http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/index.html

http://dx.doi.org/10.1007/JHEP06(2018)031
http://dx.doi.org/10.1016/j.physletb.2018.04.036
https://cds.cern.ch/record/2628654
http://cms-results.web.cern.ch/cms-results/public-results/publications/B2G/index.html
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G/index.html


Single VLQ production: T → tZ(nn)

⚬⚬Z decayingto Z decayingto lepton pair

⚬⚬top quark to top quark to hadrons, in diferent regimes:
→ → lower T masses = unmerged top quarkslower T masses = unmerged top quarks

Alberto Orso Maria Iorio 20

PLB 781(2018)574

http://dx.doi.org/10.1016/j.physletb.2018.04.036


Single VLQ production: B→ bH(bb)

⚬⚬H H decays to a decays to a bb pairbb pair::
→ → 2 b-tagged sub-jetssub-jets

⚬⚬Low mass and high mass analyses Low mass and high mass analyses 
→ → diferent HT requirementsdiferent HT requirements

⚬⚬QCD background from Higgs mass sideband from Higgs mass sideband

Alberto Orso Maria Iorio 21

JHEP 06(2018)031

http://dx.doi.org/10.1007/JHEP06(2018)031


Single T and B: narrow and 
wide width interpretations

⚬⚬Limits Limits cross section x branching fractions cross section x branching fractions as as 
function of the function of the T, B mass ( LH and RH couplings)

⚬⚬Vary Vary resonance width (1-30% mX): : 
changes in acceptance and shapeschanges in acceptance and shapes

Alberto Orso Maria Iorio 22

PLB 781(2018)574 JHEP 06(2018)031

http://dx.doi.org/10.1016/j.physletb.2018.04.036
http://dx.doi.org/10.1007/JHEP06(2018)031


Single VLQ production: B/X5/3 → tW

⚬⚬Single VLQ production to tW: → B and XSingle VLQ production to tW: → B and X5/3 5/3 fnal state fnal state 

⚬⚬boosted and resolved top quarks consideredtop quarks considered

→ → best combination of jets using a best combination of jets using a cc2 observable2 observable

Alberto Orso Maria Iorio 23

WW top-tagtop-tag

PAS B2G-17-018

https://cds.cern.ch/record/2628654


Results on single B/X5/3

⚬⚬Simultaneous Simultaneous fit to signal and control regions: 

→ → with or without 1 “forward” jet at high |with or without 1 “forward” jet at high |hh||

→ → results in results in narrownarrow and  and wide widthswide widths(10-30%)(10-30%)

Alberto Orso Maria Iorio 24

PAS B2G-17-018

https://cds.cern.ch/record/2628654


Summary
⚬⚬Vector-like quarks: Vector-like quarks: simplest fermionic top partners  still still compatible with datastill still compatible with data

→ → consequence to several SM extensions at the scale of the TeVconsequence to several SM extensions at the scale of the TeV

⚬⚬Sought after in Sought after in pair and and single  productionproduction

  No evidence yet, still many more topologies to probe with the full Run-II Data!, still many more topologies to probe with the full Run-II Data!
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