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Overview
Charged leptons: clear signature at hadron colliders
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Wide variety of BSM physics searches involve leptons:

• Super Symmetry (SUSY): stops, neutralinos, charginos…

• Dark Matter searches

• New resonances (W’, Z’, Gravitons…)

• Heavy or composite fermions

• Lepton Flavour Violation

2e+2µ event



Performance of the LHC & ATLAS detector
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• A total of 139 fb-1 collected during the 2015-18 period at √𝑠 = 13 TeV

• Currently in Long Shutdown 2, expect to start operations again by the end of 2021



Outline
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■ Search in high-mass same-flavor dilepton final state (Phys Lett 796 (2019) 68)

■ Search for a right-handed gauge boson decaying into a high-momentum heavy neutrino
and a charged lepton (Phys Lett B 798 (2019) 134942)

■ Search for a new heavy gauge boson resonance decaying into a lepton and missing
transverse momentum (Phys Rev D 100 (2019) 052013)

■ Search for Dark Matter in association with a single top quark and one or two charged
leptons (arXiv 2011.09308)

■ Search for pairs of scalar leptoquarks decaying into quarks and electrons or muons
(JHEP 10 (2020) 112)

■ Search for trilepton resonances from chargino and neutralino pair production (arXiv
2011.10543)

■ Search for lepton-flavor violation in different-flavor, high-mass final states (Phys Rev
D 98 092008 (2018))

https://arxiv.org/pdf/1903.06248.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-30/
https://arxiv.org/abs/2011.09308
https://link.springer.com/article/10.1007/JHEP10(2020)112
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2018-36/


Dilepton Search: Analysis Strategy

■ First ATLAS full Run-2 result

AIM

■ Search for “bumps” in the dielectron and 
dimuon invariant mass spectra

EVENT SELECTION

■ Look for events with exactly two electrons 
or two muons and an invariant mass below 
6000 GeV

CERN-EP-2019-030

Signal

Smooth 

Background

BACKGROUND ESTIMATION

▪ Largely dominated by the Drell-Yan process

▪ Fit parametric function to data to model background  (new with 

respect to previous versions of the analysis) 

▪ Leads to spurious signal uncertainties, but those have a small 

impact on the final result
SIGNAL MODELLING

▪ Generic signal modelling using a convolution of Breitt-Wigner and a 

Gaussian to parametrize for various pole mass and width values 

▪ Results interpreted in terms of Sequential Standard Model (SSM) 

and Heavy Vector Triplet (HVT)

arXiv 1903.06248
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Dielectron

Dimuon

http://dx.doi.org/10.1007/BF01552335
https://link.springer.com/article/10.1007%2FJHEP09%282010%29033
https://arxiv.org/pdf/1903.06248.pdf


Dilepton Search: Results

• Largest excess found at 264 GeV for 0-width with a local significance of 2.3σ for the 

combination of the dielectron and dimuon channels (assuming lepton flavor universality) 

• No significant deviations for larger widths 
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Dilepton Search: Exclusion Limits

• Model-independent calculated for various width scenarios

• Limits can be re-interpreted for specific models

• Results re-interpreted in terms of HVT couplings, and will eventually be combined with 

an analogous W’ search
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Heavy Neutrino search: arXiv 1904.12679
• Search for a right-handed gauge

boson ( 𝑊𝑅 ) decaying into a

boosted right-handed heavy

neutrino (𝑁𝑅 ) together with a

lepton in the context of a Left-

Right Symmetric model (LRSM)

• Focused on the regime where

the mass of the heavy neutrino

is less than 10% of the right-

handed gauge boson

• The decay products of the

heavy neutrino can be found

within a jet within a large-R(or

fat) jet

• For the electron channel the

energy deposit is included in the

large-R jet
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Decay products can be

Highly collimated and form a

“fat” jet

https://arxiv.org/abs/1904.12679
https://arxiv.org/abs/1607.03504


Heavy neutrino search: 𝑚𝑤𝑅

• Signal region is defined to be 

above 2 TeV in fat jet-lepton 

invariant mass

• A validation region is defined with 

eµ events

• Excess observed in the electron 

channel, but still in agreement 

with expectation
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Heavy neutrino search: Exclusion contour

• Limits extracted in the 𝑚𝑁𝑅-𝑚𝑤𝑅 plane

• Slightly worse limits for the muon channel at high mass due to worse resolution

• Observed limits also shown for the resolved topology. The two approaches yield 

complementary results
10



Lepton+MET: Analysis Strategy 

• Possible additional charged gauge 

bosons 

• Its decay would produce a signature 

with a lepton and missing transverse 

energy coming from the neutrino

• Benchmark model used is the 

Sequential Standard Model

• No interference between W and W’ 

considered

AIM

Search for deviations from Standard Model predictions in the 

𝑚𝑇 distribution

EVENT SELECTION

Identify events with one high-pT lepton and large missing 

transverse energy

BACKGROUND ESTIMATION

▪ Events with prompt leptons are estimated through 

the use of Monte Carlo simulation 

▪ Backgrounds coming from non-prompt leptons are 

estimated through data-driven methods 

arXiv 1906.05609
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https://arxiv.org/abs/1906.05609


Lepton+MET: 𝑚𝑇 spectrum
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• Largest deviation found at 625 GeV in the muon channel with a local significance of
2.8σ (1.3σ global)

• Proceed to extract limits on the BSM model considered



Lepton+MET: Exclusion Limits

• Bayesian Limits with flat prior on the 

signal cross-section as well as model 

independent results on generic 

resonances with varying width values

13



2HDM+a Dark Matter search
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arXiv 2011.09308

• Searches for Dark Matter (DM) usually rely on the

presence of Weakly Interacting Massive Particle

(WIMP), which would show up as missing transverse

energy

• This paper considers a Two Higgs Doublet Model

(2HDM) with an additional pseudoscalar (a) towards

DM production

• Events with a single top quark are found to be

sensitive to 2HDM+a type of models, with the tW

diagrams providing the leading contributions to DM

production

• Three channels are defined to exploit the

characteristics of each of the final state, depending

on its topology: tW1L , tW2L and tj1L

tW diagrams

t-channel

Requirements for each Signal Region

https://arxiv.org/pdf/2011.09308.pdf


2HDM+a Dark Matter search
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• For each channel, Control Regions (CRs) are

defined to estimate the leading background in

the signal region. A background-only fit is then

performed, using the normalization to data in

the CRs

• In addition, Validation regions are used to verify

the extrapolation of the Monte Carlo simulation

estimate

• The main backgrounds are top pair and single-

top production, as well as W+jets

• A Boosted Decision Tree (BDT) score is used to

further sub-categorize Signal Regions

Signal, control and validation region definitions used in tW1L

Signal, control and validation region definitions used in tW2L



2HDM+a Dark Matter: Validation region
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tW1L

tW2L

tj1L

• Good agreement is found in the validation region between

expected and observed yields



2HDM+a Dark Matter: Results
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2HDM+a Dark Matter: Exclusion contours
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Scalar Leptoquark searches  
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• Leptoquarks (LQs) are one of the possible solutions to
the flavor anomalies observed at LHCb in B-meson
decays

• They couple both to quarks and leptons and can
mediate flavour-changing neutral current, enabling
violation of Lepton Flavour Universality

• These searches focus LQ pair production, leading to
final states with two same-flavor leptons and at least
two jets

ArXiv 2006.05872

ArXiv 2010.02098

https://arxiv.org/pdf/2006.05872.pdf
https://arxiv.org/pdf/2010.02098.pdf


Scalar Leptoquark search with b/c jets
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• Main background is Z/Drell-Yan+Jets, modelled

using Sherpa as it does a better job modelling the

extra jets

• Top pair production is the subleading background,

an eµ control region is used to validate its

modelling

• Leptoquark masses from 400 to 2000 GeV are

considered

• Events are categorized on the basis of the

number of c- or b-tagged jets

• A powerful discriminant variable in the search for

leptoquarks is the asymmetric mass, used to

define the sideband/signal region:

ArXiv 2006.05872

https://arxiv.org/pdf/2006.05872.pdf


Scalar Leptoquark search with b/c jets
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• The MC simulation of 

the Drell-Yan and top 

pair production 

processes is validated 

in control regions, which 

are also used to extract 

systematic uncertainties 

on the shape

No excess 

observed 

above 

Standard 

Model 

Expectation



Scalar Leptoquark search with b/c jets
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Limits are first extracted for each jet flavour and channel: c- and b-jet with 0, 1 and 2 tags, assuming a 100% branching ratio, and are 

shown as well as a function of the branching ratio chosen



Search for trilepton resonances
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arXiv 2011.10543

• SUSY can introduce processes that violate Baryon number 

(B) and lepton number (L) conservation

• This search uses an extended Minimal Supersymmetric 

Standard Model (MSSM) as a benchmark, including a third 

generation right-handed sneutrino that can break the B-L 

symmetry

• In this scenario, two candidates for lightest SUSY particle 

(LSP) are the chargino and the neutralino, which can 

decay to SM particles, producing final states with three or 

more charged leptons, with the target being the trilepton 

resonance 

Dominant background contributions are WZ,

ZZ and top pair production in association

with a Z boson

https://arxiv.org/abs/2011.10543


Search for trilepton resonances
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Three signal regions defined to target the different 

decay modes:

• SR3ℓ targets events with exactly three 

reconstructed leptons and a significant amount of 

missing energy

• SR4ℓ looks for events with four or more leptons 

and a moderate amount of missing energy, 

assumed to be coming from a neutrino produced in 

the decay of the additional neutralino/chargino

• SRFR targets processes where all 

neutralino+chargino decay products are products 

are fully reconstructible, including a second W, Z or 

Higgs candidate

Aim for trilepton events with 90 < mZℓ < 580 GeV



Search for trilepton resonances: Results
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• The data-driven fake lepton 

estimation uncertainty is 

dominant in many of the bins 

due to statistical limitations in 

the dataset, while 

experimental uncertainties 

are dominated by jet energy 

scale/resolution . Modelling 

uncertainties on the shape of 

the main background are 

also considered

• No significant deviations 

over Standard Model 

expectation are observed



Search for trilepton resonances: Exc. contours
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Assuming decays to any lepton flavour

Assuming only decays to electrons

Assuming only decays to muons



Lepton Flavour Violation 
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• Follow-up to the result with the 2015+16 dataset 
• Search in eμ,eτ and μτ final states at high mass
• No analogous CMS search for τ-final states

• Main background are Top quark in eμ and 
W+jets for the τ-final states

• Consider 1 and 3-prong hadronic taus, 
currently studying if 2-prong are possible

• Cross-section Limits extracted on LFV Z’ 
and RPV SUSY and converted to couplings 
limits, comparing to low-energy exp results

Phys. Rev D 98 

(2018) 112010

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.092008


Summary
• More analyses still to come with the full 

Run-2 dataset in the coming months!
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Dilepton Search: Systematics

Systematics for zero (10) % 
width 29



Lepton+MET: Systematics 
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Dilepton Search: HVT Exclusion Contour

▪ Limits extracted on the Fermion-Higgs/Vector Boson and Quark-lepton 

coupling parameter space

▪ Area outside the curve is excluded

▪ HVT bosons can couple to fermions (f), leptons (l), and Higgs (h) 

𝑔𝑓 = 𝑔𝑙 = 𝑔𝑞
𝑔ℎ = 0
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Dilepton Search: parametric 
function
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Search for trilepton resonances: systematics
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SR4l



Dilepton Search: 2-D width & mass scan
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Scalar Leptoquark search with top quarks
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ArXiv 2010.02098
• This search focuses on leptoquarks

decaying to electrons/muons+top quarks,

where the top decays hadronically

• It is optimized for LQ masses above 1 TeV,

where the outgoing top is heavily boosted

and a large-R jet can be used as proxy for it

• Control regions are used to extract the

background normalization from data

• Due to the higher complexity, a Boosted

Decision Tree is used to discriminate

between signal- and background-like events

https://arxiv.org/pdf/2010.02098.pdf


Scalar Leptoquark search with top quarks
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No significant excess is found in the observed data


