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Outlook

• Introduction

• LHC Performance during Run 2 

• ATLAS and CMS Detectors

• Results presented in this talk:

• Search for high-mass di-lepton, di-jet and di-boson resonances

• Search for heavy charged boson W′→lν

• Multilepton searches

• Search for heavy neutral leptons from W’s

• Search for a right-handed gauge boson

• Search for compressed mass spectra

• Search for staus and disappearing tracks

• Anomalous quartic gauge couplings search
 2



• Resonances are the classic collider 
methodology in searches for new 
particles

• Approach: ’Look for an unexpected 
peak on a smooth background’

• One decay channel can be used to 
search for a wide range of models
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Why look for new physics ?

• Reconstruct 4-vectors of the decay 
products

• Combine them and plot the invariant 
mass

Many questions still unanswered

The search for new heavy particles 
important part of the LHC physics 
program and has been the focus of an 
intense effort to uncover BSM physics in 
a broad range of final states.



LHC Performance in Run 2

• LHC performed beyond expectations during Run 2 (2015-2018):

• Demonstrated reliable operation with 6.5 TeV beams

• Exploited 25 ns bunch spacing to operate with > 2500 bunches

•  Reached design luminosity LIP1/5 = 1034 cm-2s-1  and doubled it!

•  Delivered more than 160 fb-1 to ATLAS and CMS 
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The ATLAS Detector in Run 2
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•  ~ 94% recording efficiency
•  ~ 95% validation efficiency
•   Subdetectors efficiency 95-100%
•   Trigger efficiency ~100%
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Good for Physics criteria require all 
reconstructed physics objects to be of good 
data quality.



The CMS Detector in Run 2
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• ~ 94% recording efficiency
• ~ 95% validation efficiency

         



Search Results
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• All leptons (e, 𝜇, 𝜏) and jets are required to have a high transverse momentum (pT) - 
usually above 20 GeV (some > 200/500 GeV), when neutrinos are present in the final 
states a large missing transverse energy (ET,miss) amount (>200 GeV) is required.

• The signal processes are required to have large invariant mass of the final states 
leptons/jets (mll,mjj), or large transverse mass: 

• Jets are reconstructed using the anti-kt algorithm with different radius R (=0.4, 1)

• Some analyses use the particle-flow (PF) algorithm which reconstructs and 
identifies individual particles with information from the various elements of the 
ATLAS/CMS detectors.

• The main backgrounds (BG) to most analyses: Drell-Yan, top quarks, single-top, di-
boson (WW,WZ,ZZ), QCD multijet, W/Z +jets, ttH, fake leptons from QCD.

• In general data-driven methods used for background estimation, different 
parametrisation functions and 3D fits for modelling, and where this is not possible 
Monte Carlo simulation of specific processes is used.

• The background is reduced by applying kinematic criteria, dividing the analysis in 
several signal regions, trigger/detector requirements. 
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General Analysis Methodology 



Search for high-mass di-lepton resonances at ATLAS

• Searching for resonances decaying two e/𝜇 between 250 GeV - 6 TeV predicted by MSSM (spin-o 
H) / SSM (spin-1 Z’) / RS (spin-2 G) models

• No significant deviation from data-driven BG; limit set on a ZʹSSM at 95% CL > 5.1 TeV obs(exp) for 
combined e+𝜇
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arXiv:1903.06248

139 fb-1

• CMS results for di-lepton resonances with 36 fb-1 
can be found here

Theory uncertainty

https://arxiv.org/abs/1903.06248
https://link.springer.com/article/10.1007/JHEP06(2018)120


• Excited quarks (q∗) are predicted in models of 
compositeness and are a typical benchmark for qg 
resonances used in many di-jet searches.

• QCD BG - reduced by applying a kinematic 
requirement on the rapidity difference between the 
two leading jets: 

• No significant deviation from BG, limit set on a 
q* model at 95% CL > 6.7 TeV (6.4 TeV) obs(exp). 
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Search for high-mass di-jet resonances at ATLAS
139 fb-1    ATLAS-CONF-2019-007 

8.02 TeV (2016)

• CMS results for di-jet 
resonances with 80 fb-1 
can be found here

Gaussian signal

sliding window fit

poor BG estimation

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-007/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-17-026/index.html


• Models: Randall-Sundrum Warped Extra Dimensions with a spin-2 bulk graviton (Gbulk) having an 
enhanced branching fraction to massive particles. Heavy vector triplet (HVT) framework, which 
serves as a generalisation of models predicting spin-1 resonances.

• All-hadronic final states coming from 1.2-5.5 TeV resonances decays via VV (V=W/Z)
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Search for high-mass di-boson resonances at CMS
CMS PAS B2G-18-00277 fb-1

No excess observed, upper limits in the 
cross section are between 27-0.2 fb for 
1.2TeV< mGbulk <5.2 TeV.
W’ and Z’  with masses < 3.8 TeV and 3.5 
TeV, resp. are excluded at 95% CL.

3D maximum likelihood fit

https://cds.cern.ch/record/2668755/files/B2G-18-002-pas.pdf


• Three specific benchmark models:

• a spin-0 radion 

• a spin-1 HVT Model (W’/Z’) 

• a spin-2 graviton GKK  

• Narrow resonances (mVV> 1.3 TeV) decaying into WW, WZ or 
ZZ boson pairs with mj1>500GeV,mj2>200GeV.

• The di-boson system reconstructed using pairs of high pT, 
large-radius jets

• No excess, exclusion limits set at 95% CL for mW’ > 3.6 TeV.

Search for high-mass di-boson resonances at ATLAS
ATLAS-CONF-2019-003139 fb-1
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Uncertainty in the BG  calculated from the
maximum-likelihood function

http://cdsweb.cern.ch/record/2667227/files/ATLAS-CONF-2019-003.pdf


• Exactly 3 (3L) or 4 and more (4L) high-pT leptons

• Type-III seesaw pairs (𝞢𝞢) of heavy fermions produce 
non-resonant tails in mT or LT+pTmiss together with a 
light scalar or pseudoscalar boson with a pair of top 
quarks 

• Light scalars/pseudoscalars (SUSY/DM) may create 
resonant di-lepton mass spectra in multilepton 
events w/o b-quark jets

• use of kinematic criteria for BG suppression: 
scalar sum of all lepton pT + missing ET

• No excess above the background, exclude heavy 
fermions below 880 GeV (930 GeV) obs(exp) for 
the lepton flavour democratic scenario. The 
branching ratio of new scalar (pseudoscalar) 
bosons to ee and 𝜇𝜇 above 0.003 (0.03) and 0.04 
(0.03) are excluded for masses between 15 − 75 
GeV and 108 − 340 GeV, resp. 
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Multilepton search at CMS CMS-PAS-EXO-19-002 

137 fb-1

https://cds.cern.ch/record/2668721/files/EXO-19-002-pas.pdf


• Sequential Standard Model (SSM) 
predicts a W’ with couplings to fermions 
identical to the WSM

• No significant deviation from SM BG, 
limit on WʹSSM at 95% CL > 6.0 (5.8) TeV 
obs(exp) for combined e+μ result.

• Also provide σ(visible) => provide general 
constraints on all Wʹ models 
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Search for heavy charged boson Wʹ→lν at ATLAS
139 fb-1

ATLAS-EXOT-2018-030

The CMS results can be found here

PDF, αs, renormalization &
 factorization scale uncertainties

https://arxiv.org/abs/1803.11133


• The problems of neutrino masses, matter–antimatter asymmetry and 
dark matter could be addressed by postulating right-handed neutrinos 
with Majorana masses below the EW scale.

• Search for heavy neutral leptons (HNL) produced through mixing 
with 𝜈e/𝜈𝜇 from Ws decaying in both prompt (𝜇𝜇e or ee𝜇) and 
displaced (𝜇𝜇 or 𝜇e) signatures. Results are consistent with 
background expectations:

• the prompt signature excludes coupling strengths above 4×10-5 in 
the mass range 10–50 GeV

• the displaced signature excludes coupling strengths down to 2×10-6 

(1.5×10-6) in the mass range 4.5–10 GeV assuming lepton-number 
violation (conservation)
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Search for heavy neutral leptons from W bosons at ATLAS
arXiv:1905.0978733-36fb-1

The CMS results for HNL with 36 
fb-1 here

displaced

prompt

https://arxiv.org/abs/1905.09787
https://arxiv.org/pdf/1802.02965.pdf


• In order to explain the neutrino mass generation look at the 
seesaw mechanism which can further be embedded into a 
Left-Right Symmetric Model which contains SM-singlet heavy 
neutrinos NR, and a right-handed gauge boson WR.

• Investigate the region where mWR ≫ mNR and NR is produced 
with large pT (highly boosted) and the decay products (l+jets) 
are very collimated

• Separate search in the e/𝜇 channel and make use of large-
radius jets containing electrons

• Lower limits are set in the WR and NR mass plane excluding 
mWR < 3.8–5 TeV for NR in the mass range 0.1–1.8 TeV
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Search for a right-handed gauge boson WR →NRl at ATLAS
arXiv:1904.1267980 fb-1

https://arxiv.org/abs/1904.12679


• SM extensions that include new states with nearly-
degenerate masses, these mass spectra are referred to 
as “compressed”.

• Testing 3 simplified models of R-parity-conserving 
SUSY with lightest partner a neutralino with mass 
similar to a chargino, heavier neutralino, or slepton. If 
stable - LSP is a dark matter candidate.

• pair production of SUSY particles via EW 
interactions (electroweakinos) with cascade 
decays to neutralinos and SM particles

• mass eigenstates are a mixture of wino, bino, and 
Higgsino fields, parametrised as M1, M2 and 𝜇

• extension of LEP results

• Looking at events with ET,miss, two same-flavour 
opposite-charge low pT leptons (e/𝜇) and hadronic 
activity from ISR.
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Searches for electroweak production of SUSY particles with 
compressed mass spectra at ATLAS

ATLAS-CONF-2019-014

139 fb-1

electroweakino+ISR slepton+ISR

http://cdsweb.cern.ch/record/2675954/files/ATLAS-CONF-2019-014.pdf


• Signal regions are defined to enhance the signal 
and reduce the BG: ET,miss > 200 GeV, the 
transverse mass is used 

• No excess, lower limits set on the chargino mass  
range from 162 GeV - 205 GeV for moderate mass 
splittings, and extend down to mass splittings of 2 
GeV - 2.6 GeV at the LEP chargino bounds. 

• Similar lower limits on degenerate light-flavour 
sleptons reach up to masses of 256 GeV and down 
to mass splittings of 590 MeV. Assuming Higgsino 
production masses below 162 GeV are excluded 
for mass splittings of 10 GeV. 

• High-mass limit expected to match CMS one 
once updated to full Run 2 luminosity.
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Searches for electroweak production of SUSY particles with 
compressed mass spectra at ATLAS



• Investigate models that conserve R-parity where 
sparticles are produced in pairs, and the LSP is 
stable and is a dark-matter candidate. 

• First ATLAS sensitivity study to direct stau pair 
production.

• Look at final states with two hadronically decaying 
taus and ET,miss 

• tag-and-probe method used for hadronically 
decaying taus corrections; ABDC method for 
multi-jet; for other BG MC simulation.

• Searches performed in two separate signal regions 
targeting low and high masses, no excess found, 
but broad exclusions obtained - stau masses from 
120-390 GeV are excluded at 95% CL for a 
massless LSP
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Search for direct staus decaying to hadronic taus at ATLAS
ATLAS-CONF-2019-018

139 fb-1

http://cdsweb.cern.ch/record/2676595/files/ATLAS-CONF-2019-018.pdf


• Two searches: (a) events with at least two jets, pT imbalance is inferred through the variable:

• (b) disappearing tracks (ST) produced by new long-lived charged particles

• A disappearing track is identified as a well reconstructed isolated track, disappearing within 
the volume of the CMS tracking detector.  
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Searches for new phenomena including disappearing 
tracks  at CMS

CMS-PAS-SUS-19-005 137 fb-1

gluino mediated light-flavor squark, bottom 
squark and top squark production

 direct production of light-flavor, bottom 
and top squark pairs

gluino decay via a long-lived χ ̃±1 

https://cds.cern.ch/record/2668105/files/SUS-19-005-pas.pdf
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Searches for new phenomena including disappearing 
tracks  at CMS

• No excess found, limits set at 95% CL, 
2.25 TeV, 1.77 TeV, 1.26 TeV and 1.225 
TeV are obtained from the inclusive 
MT2 search for gluinos, light-flavor 
squarks, bottom squarks and top 
squarks 

• The search for disappearing tracks 
extends the gluino mass limit to 2.46 
TeV. 



• Search for the production of events 
containing three W bosons in final states 
with three leptons (e/𝜇), or with two 
same-charge leptons + two jets

• 9 signal regions investigated
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 Anomalous quartic gauge couplings search at CMS

arXiv:1905.0424636 fb-1

https://arxiv.org/abs/1905.04246


• Limits on anomalous quartic gauge couplings are set, e.g. 

•                                               at 95% CL.

• Limits are also set on the production of axion-like particles in association with a 
W boson and mass points between ma = 200-480 GeV are excluded
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 Anomalous quartic gauge couplings search at CMS



• Presented latest search results in ATLAS and CMS 

• no evidence for BSM physics observed yet

• Many new analyses of the complete Run 2 

• ATLAS Exotic Results  , ATLAS SUSY Results 

• CMS Exotic Results , CMS SUSY Results

• Large effort to improve analyses beyond luminosity: 

• physics objects reconstruction and identification 

• background estimation methods 

• generalisation and unexplored phase space 

• ATLAS & CMS are currently in shut-down upgrading their subdetectors for Run 3
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Summary and Outlook

Expecting major results improvements in Run 3!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO
http://cms-results.web.cern.ch/cms-results/public-results/publications/SUS/index.html


Backup Slides
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High-mass di-lepton uncertainties
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High-mass di-lepton exclusion contours
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WR analysis uncertainties & signal vs BG comparison



• Searching for resonances → two high pT isolated e/𝜇

• mll > 120 GeV

• Main backgrounds: DY, real leptons from tt, single top 
quark, di-boson and DY+𝜏𝜏 processes
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Search for high-mass di-lepton resonances at CMS
36 fb-1

JHEP 06 (2018) 120

https://link.springer.com/article/10.1007/JHEP06(2018)120


• Limits set on the masses of various 
hypothetical particles:

• Z’SSM (Z’𝞇) a lower mass limit of 4.50 (3.90) 
TeV is set at 95% CL

• The lightest Kaluza-Klein graviton arising 
in the Randall-Sundrum model of extra 
dimensions: is excluded at 95% CL below 
2.10, 3.65, and 4.25TeV for different 
coupling parameters
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Search for high-mass di-lepton resonances at CMS



• Trigger on high pT jets

• Form jets from particle flow candidates (anti-kT 
algorithm, R = 0:4).

• Choose 2 with highest pT, combine 
subleading jets within ΔR <1.1

• A high-mass search:

•  mjj>1.8 TeV using particle-flow di-jets 
reconstructed offline

• Main QCD background estimated both by:

•  fitting the data with an empirical 
functional form and 

• with a new data-driven method via a Δ𝜂 
sideband
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Search for high-mass di-jet resonances at CMS
   CMS PAS EXO-17-026 

78 fb-1



• No evidence for resonant particle production. 

• Generic upper limits are presented on the 
product of the cross section, the branching 
fraction, and the acceptance for narrow q-q, q-g, 
and g-g resonances that are applicable to any 
model of narrow di-jet resonance production.
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Search for high-mass di-jet resonances at CMS
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Multilepton search at CMS
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Multilepton search at CMS

The MT distribution in the WZ 
enriched control selection (upper 
left), the LT distribution in the 
misidentified lepton enriched 
control selection (upper right), the 
LT distribution in the ttZ enriched 
control selection (lower left), and the 
ST distribution in the ZZ enriched 
control selection (lower right). The 
lower panels show the ratio of 
observed to expected events. The 
hatched grey band in the upper 
panels and the light gray bands in 
the lower panels represent the total 
(systematic and statistical) 
uncertainty in each bin, whereas the 
dark grey bands in the lower panels 
represent the statistical uncertainty 
only. The last bins contain the 
overflow events in each distribution. 

The ATLAS results can be found here

http://cdsweb.cern.ch/record/2621484/files/ATLAS-CONF-2018-020.pdf


• Search for high-electric-charge objects

• Dirac magnetic monopoles

• Can explain charge quantisation

• Look for events with a single highly ionising 
particle in TRT and pencil-shape deposit in ECal

• Trigger used in the selection:

• HW: RoI in ECAL (ET > 22 GeV)

• SW: high ionisation in corresponding TRT 
region

• Background: overlapping charged particles and 
noise in TRT straws (high fHT values); high-energy 
electrons and noise in EM calorimeter cells (high 
w values)

• The estimated and observed event yields are 
consistent with the BG
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Search for magnetic monopoles at ATLAS arXiv:1905.10130

34.4 fb-1

Exclude monopoles with m > 1.8 TeV

https://arxiv.org/abs/1905.10130
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ATLAS Run 2 Detector Status
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 41

SM particles interaction with the CMS detector
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Rapidity definition:

Sliding Window Fit (SWiFt) tries to obtain the background estimate in each bin by fitting a constrained region 
which is referred to as a ‘window’, instead of fitting the full spectrum.

Neglecting the signal contribution in regions B and D, 
and assuming that variables x and y are uncorrelated, 
the number of QCD events in the signal region can be 
evaluated as NA = NB × NC /ND.

Some statistical methods used in analyses explained here.

Tag and probe tool described here.

https://cds.cern.ch/record/2285058/files/ATL-PHYS-SLIDE-2017-797.pdf
https://twiki.cern.ch/twiki/bin/view/CMSPublic/TagAndProbe

