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QUO VADIS?
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● The Standard Model is not the ultimate description of Nature… but it’s still 
standing strong!

○ Precision measurements in the electroweak sector 
○ Observation of very rare processes (e.g. Bs  μμ, …)→
○ Higgs discovery and observation of most of its decay channels
○ …

● Some tantalizing hints of “chips” or “cracks” appeared here and there 
throughout the years

○ Yet, no evidence of something new have been observed so far

● We know something new must appear somewhere, but what’s the scale?

No easy answer
 

We have to dig further… 
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TOOLS FOR DISCOVERY
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● LHC has been spoiling us with its outstanding performances 
○ Aiming to 150/fb in Run2 @ 13 TeV

● With more data comes greater… challenges!
- increased number of simultaneous interactions

 → pile-up mitigation techniques
 → improvements in tools & techniques is key for discovery
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THIS TALK
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[J.Pilot]

Focus on a broad (and quite varied) set of searches for new physics in unique topologies:
● 4th generation of quarks
● new resonance production
● decays to 3rd generation SM quarks or gauge bosons

With something in common:
● Typically massive particles producing highly Lorentz-boosted SM objects

 → reconstruction and identification of hadronic decays critical to most searches

Z → qq
(pT ~ 1 TeV) 



ATLAS
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JET SUBSTRUCTURE
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● Common issue in most of the analyses: 
how to tell a W/Z  q→ q (or a t  q→ qb / H  b→ b) from a QCD jet?

1. Reconstruction
2. Grooming
3. Tagging

1.  Use the best possible combination of detector information 
to reconstruct jets

● Use as starting objects CMS standard 
particle-flow candidates

● Mitigate pileup with dedicated per-particle 
identification approach (PUPPI) 

CMS
● Standard use of Calo information for jets
● Recently introduced Track-CaloCluster 

objects as input to jet clustering
 Angular information taken from track, energy 

from calorimeter



ATLAS
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JET SUBSTRUCTURE
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● Common issue in most of the analyses: 
how to tell a W/Z  q→ q (or a t  q→ qb / H  b→ b) from a QCD jet?

1. Reconstruction
2. Grooming
3. Tagging

2.  Removal of soft and large-angle radiation (recover mass)

● modified Mass Drop Tagger 
(softdrop β=0, z=0.1)

CMS
●  Trimming (remove any R=0.2 subjet with less 

than 5% of the jet pT)



ATLAS
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JET SUBSTRUCTURE
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● Common issue in most of the analyses: 
how to tell a W/Z  q→ q (or a t  q→ qb / H  b→ b) from a QCD jet?

1. Reconstruction
2. Grooming
3. Tagging

3.  Assign a tag to a jet based on its likelihood to be “signal” or QCD

CMS
● Soft-drop mass
● N-subjettiness widely used to tag 2-prong W 

and 3-prong top jets from QCD
 Often used to define “purity” categories 

● Trimmed-jet mass
● 2-points energy density ratio (D2) used as well 

as N-subjettiness
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DIBOSON RESONANCES
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New heavy resonances coupling to vector (W/Z) and Higgs bosons postulated in many BSM models:
● extended gauge symmetry models 
● theories with warped extra dimensions 
● two Higgs doublet models 
● little Higgs models 
● composite Higgs models 
● …

Several VV and VH final states to play with:
- leptonic / semi-leptonic 
   good mass resolution and powerful constraints on low-mass→
- fully hadronic 
   large statistical power, strong large-mass results→

Typical search strategy is to look for bumps over falling background
- different background expectation approaches available
  mostly based on data
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DIBOSON – VV ALL HADRONIC
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Fully hadronic final state accessible to all WW/WZ/ZZ decays
almost exclusively dominated by QCD (>95%)

● 2 highly-energetic large radius jets, reconstructed with TCC
● Strongly affected by the tagging performance

○ D2 and mass used to tag W/Z 
○ Use of “dynamic” windows depending on jet pT 

to optimize search
● Background is estimated by fitting mJJ falling spectrum 

+ validating in control region 
ATLAS-CONF-2018-0162015+16+17 DATA
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DIBOSON – VH SEMILEPTONIC
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Combination of H  bb → + 0/1/2 lepton(s) Z/W final states 

● H  bb tagging→  to discriminate against electroweak/tt background
● V+jet background estimated in mass sidebands

+ corrections from simulation to account for mJ-mVH correlation

CMS-PAS-B2G-17-004

2HDM  (A  ZH)→

Dark-Matter



J.PAZZINI - 25th Rencontres Du Vietnam

DIBOSON – VW SEMILEPTONIC
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[J.Pilot]

Search in single lepton + large-radius jet final state 

● Bkg. estimated fully based on data, as an extension of the “classic” bump-hunt approach
 Bump-hunt in 2-dimensional plane of mJ-mVW, where signal is expected to peak in both
 Background not peaking in mVW and divided into two classes

- WV diboson production and tt   → peaking in mJ

- W+jet production  not → peaking in mJ

● Smooth 2D templates build with Kernel Estimator Approach: each generated event modeled with a 
dedicated Gaussian, smeared for response and resolution

JHEP 05 (2018) 088

x
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DIBOSON – COMBINATION
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[J.Pilot]

Both collaborations are covering an impressive set of complementary final states in their diboson search 
programmes 

Recently released results with the combination of 2015+16 diboson results from ATLAS

Wide interpretation of the results, with strong exclusion limits set:

● Model-independent limits on ZZ/WZ/WW/ZH/WH processes
● Model-dependent combination of VV+VH
● Grand-combination of X → VV/VH with X → ll/lv searches!

ATLAS-PRELIM-2018-016
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VECTOR-LIKE QUARKS
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Fermionic objects (4th gen. “quarks”), not chiral (“vector-like”)
 → can appear as singlets

● T , B
 → or multiplets

● (X5/3, T) , (B, Y4/3) , (X, T, B) , (T, B, Y)
 → Produced by QCD and Electroweak processes 

● Pair production  mostly model-independent + high cross-section→
● Single production  coupling to SM quarks is also involved!→

● Present in many extensions to the SM (little-Higgs, extra dimensions, etc)
● Good candidate for solving hierarchy problem, among others…



J.PAZZINI - 25th Rencontres Du Vietnam

VECTOR-LIKE QUARKS – PAIR PRODUCTION ALL HADRONIC
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Final state targeting all the hadronic decays of TT and BB
 

● Very interesting for B  bH→  – hard to probe in leptonic channels
● High multiplicity of small-radius jets (R=0.4) 

+ variable-radius reclustering technique  vRC jets→  
● A multi-class DNN is used to tag vRC jets as W/Z, H, t
● Final discriminator based on the matrix element method 

CERN-EP-2018-176
See talk by Erich Varnes 

(T2 parallel session)



J.PAZZINI - 25th Rencontres Du Vietnam

VECTOR-LIKE QUARKS – PAIR PRODUCTION COMBINATION

15

Recent combination of all 13 TeV TT/BB searches from ATLAS
● Powerful result as model-independent searches
● 0 / 1 / 2 / >2 lepton final states 
● Significant extension of the results from single searches 

thanks to the complementarity of the final states

● Exclusions for any considered branching ratio:
 m(T) < 1.31 TeV →
 → m(B) < 1.03 TeV

ATLAS-CONF-2018-032
See talk by Erich Varnes 

(T2 parallel session)
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VECTOR-LIKE QUARKS – SINGLE-B SINGLE-LEPTON 
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Single production of a B (or X5/3) VLQ, probed in single-lepton final state
● Categorization based on the topology 

(boosted t / boosted W / non-boosted W,t) 
and b-jet multiplicity

● Control region with no forward jets used to 
extrapolate the background shape to signal region

CMS-PAS-B2G-17-018

See talk by Stephanie Beauceron
(T2 parallel session)



J.PAZZINI - 25th Rencontres Du Vietnam

RESONANCES WITH TOP
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Resonances with top are a highly promising field for BSM searches:

● Top quark is in general a peculiar object in the SM:
- almost 1 Yukawa coupling to the Higgs potential 
- top-quark loops provide the largest corrections to the Higgs field, 
and play a major role in the hierarchy problem

● Many BSM models involving new bosonic resonance feature 
enhanced coupling to third gen. quarks

● Models typically involving higgs compositeness allow decays of new 
heavy resonances in VLQs + t quarks

● Final states are generally very rich:
● Searches for new resonances with top are often performed as 

bump hunt in the resonance mass peak
● in complex final states precise reconstruction of the candidate is 

close to impossible  some proxy to → energy measured in the 
detector (HT, ST) is also used.
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RESONANCES WITH TOP – Z’ → Tt
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Search for resonant production of a VLQ T and a SM t 
● Complex final state involving t + Ht/Zt/Wb 

 → Multiple boosted jet categories are used to target all the final states 

● Main backgrounds controlled in V/H mass sidebands
- W+jet extracted from 0-b category
- tt extracted from >=1 b category

CMS-PAS-B2G-17-015
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RESONANCES WITH TOP – W’ → Tb/Bt
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Recent search for resonant production of a VLQ and a SM 3rd gen. quark 
● Targeting the T Ht / B Hb→ →  decays  → fully boosted Htb final state
● All-hadronic final state involving ~all taggers

1. top-tagging 
2. Higgs-tagging 
3. b-tagging

● QCD background estimated in anti-tagged control-regions 
● Final fit is performed on the fully reconstructed candidate mass mHtb
● Exclusion up to W’ < 1.6 TeV under the 100% BR(Tb) assumption

CMS-PAS-B2G-18-001
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SUMMARY AND OUTLOOK
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● The results on BSM searches presented here are only a small fraction of the physics 
production by CMS and ATLAS, and only covering a limited slice of the final states 
available and probed by the two collaboration!

● The development of the tools and the theoretical understanding of the tagging of boosted 
final states is a central ingredient for achieving optimal results in this challenging final 
states
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SUMMARY AND OUTLOOK
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● The end of Run2 just a few months ahead of us
 → real turn-point in the LHC program, with an unprecedented dataset of p-p 

collisions of ~150/fb at 13 TeV

● Being prepared to get the most out of it is paramount! 
 → Work in the CMS and ATLAS collaborations is already at full swing to be prepared 

to get the best results out of this impressive dataset, improving the tools, and 
optimizing the analysis strategies

● So, more than ever so far… 

End of 
LHC Run2

We’re 
here!
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SUMMARY AND OUTLOOK
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● The end of Run2 just a few months ahead of us
 → real turn-point in the LHC program, with an unprecedented dataset of p-p 

collisions of ~150/fb at 13 TeV

● Being prepared to get the most out of it is paramount! 
 → Work in the CMS and ATLAS collaborations is already at full swing to be prepared 

to get the best results out of this impressive dataset, improving the tools, and 
optimizing the analysis strategies

● So, more than ever so far… 

STAY TUNED!

End of 
LHC Run2

We’re 
here!
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cảm ơn
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BACKUP
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VECTOR-LIKE QUARKS – PAIR PRODUCTION IN LEPTONS
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Pair production of a pair of BB or TT, in (OS and SS) leptonic final states

TT/BB  Wt/b + x (SS)→

● Targeting the presence of at least one Z  ll →
decay. 

● 4 signal regions to accept events in all possible 
final states

● Background from MC simulation, corrected by 
a simultaneous fit using dedicated CRs

TT/BB  Zt/b + x (OS)→

● Challenging topology targeting VLQ and other 
interesting signals (as 4 top production)

● 8 single-bin signal regions with selections on HT, 
missing pT, n. leptons and n. b-jets

● Data-driven Backgrounds:
- Fake/non-prompt e/μ backgrounds estimated 
using a matrix method
- Charge mis-ID backgrounds (for same-sign 
dilepton events) estimated via rate measured in 
data.

CERN-EP-2018-145

CERN-EP-2018-171
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RESONANCES WITH TOP – Z’ → tt
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Model-independent search of tt resonance in 0/1/2 lepton(s) final states

     Semi-leptonic

● 2 large-radius top-tagged jets
● Jet rapidity and b-tag of 

subjets used to categorize
● Non-top multijet bkg 

estimated with mistag rate 
evaluated inverting τ3/τ2 cut

     Fully-hadronic

● 2 jets: 0 or 1 top-tagged
● 1 Loosely-isolated lepton
● Large missing pT  final state →

reconstructed by Χ2

● SM W+jet production 
suppressed with dedicated 
BDT

         Di-leptonic

● 2 jets, at least one b-tag
● 2 OS loosely-isolated leptons
● Large missing pT  S→ T used for 

signal extraction
● Categorization by lepton-jet 

angular distance

CMS-PAS-B2G-17-017
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EXITED QUARKS
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PLB 778 349
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EXITED QUARKS
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CMS-PAS-B2G-16-028
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RECONSTRUCTION
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RECONSTRUCTION

30



J.PAZZINI - 25th Rencontres Du Vietnam

RECONSTRUCTION
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RECONSTRUCTION
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PU MITIGATION
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VECTOR-LIKE QUARKS
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DIBOSON MODEL
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CMS GROOMING
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CMS TAGGING
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DOUBLE-B TAGGER
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DOUBLE-B TAGGER
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