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Resonance searches have been playing an important role in HEP 
Our understanding of  physics is incomplete. There are open questions … 

New physics theories have been proposed to explain these questions  
New resonances appear in a variety of  SM extensions (e.g. supersymmetry, grand 
unification  models, extra dimensions …) 

Looking for new resonances  predicted by these models is a good way to test them 
Resonance searches are the classic collider methodology in searches for new particles and 
their excitations 

The majority of  exotics searches follow this methodology 
Try to infer the presence of  a new particle by combining its decay products: 

Reconstruct 4-momentum 
of  decay products

Combine and make the 
invariant mass distribution
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Look for an 
unexpected peak on a 
smooth background

New Resonance

SM Background
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If  no significant deviations 
found, set 95% CL Limits on the 

BSM cross sections

Fit smoothly falling SM background 
to search new resonances
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NEW RESONANCE SEARCHES at ATLAS & CMS

Great variety of  recent searches for new resonances in ATLAS & CMS  

No chance of  covering everything here …. 

Included in this presentation (clickable link!):

Hadronic final states: 
• Dijet/Dibjet (ATLAS in backup & CMS) 
• Dijet+Lepton  (ATLAS) 
• Dijet+Photon  (ATLAS) 
• Dibjet+ISR (ATLAS & CMS in backup) 
• Dijet+ISR (photon +jets) (ATLAS & CMS) 

in backup 
• Pair-produced three-jets (CMS) in backup 
• Diboson (ATLAS) 
• TTbar (ATLAS  in backup & CMS) 
• HH to            (ATLAS) 
• VLQ Searches (ATLAS & CMS) in backup

Leptonic final states: 
• Dilepton (ATLAS) 
• Excited lepton+2 jets+2 Lepton (CMS) 
• Multilepton (CMS) in backup 
• Lepton+missing energy (ATLAS & CMS  

in backup) 
• WR+heavy neutrino (ATLAS in backup & 

CMS) 
• Long-lived particles (ATLAS) 
• Heavy neutral leptons(ATLAS)

Summary 
ATLAS & CMS

Results are performed using ~36fb-1 / ~80fb-1 / ~140fb-1 of  13 TeV pp collision  
Run2 data
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HADRONIC FINAL STATES
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DIJET SEARCHES
CMS-EXO-19-012

Narrow and broad resonances decaying to a pair of  jets 
Full Run 2 data : 137 fb-1 

 Invariant mass of  two ‘wide’ jets 
Add jets (within               ) to leading/subleading jet 

Background estimation : Ratio Method and Fit Method 
Ratio method: estimate background using mjj distribution 
in CR defined by a |   | sideband between two leading 
jets and valid from 2.4 TeV 
Fit method: Fit mass spectrum with a parametric function 
and used for mjj > 1.5 TeV

ΔR < 1.1

Δη

Separate limits for different final states: qq, gg, qg 
Dijets resonances shapes depending on the 
final state 
The listed models are excluded between 1.8 
TeV and the indicated mass limit by this 
analysis

A. Adiguzel
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ATLAS 
arXiv:1910.08447 
Limit: q* with 

masses < 6.7 TeV 
using 139 fb-1

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-012/
https://arxiv.org/abs/1910.08447
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Dijet resonances in events with identified 
leptons  
Use single lepton (electron or muon) trigger to 
extend mjj sensitivity below 1 TeV 
Background modeled with a five parameter 
function and by using sliding window fit 
(SWIFT) procedure 
Data is compatible with SM expectation

DIJET+LEPTON SEARCHES
ATLAS-CONF-2018-015

Limits on new resonances described by Gaussian signals

A. Adiguzel
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(pT>60 GeV)

: excluded below 0.5 TeV
         : excluded below a      mass of  2 TeVW ′�

ρT

Z ′�

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-015/
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DIJET+PHOTON SEARCHES arxiv:1901.10917

Low-dijet-mass events produced in association with a high 
transverse energy photon 
Use single photon trigger to lower the invariant mass 
threshold 

Single photon trigger : search for resonances with masses 
from 225 GeV to 450 GeV 

Combined trigger : search for resonances with masses 
from 450 GeV to 1.1 TeV 
Sliding window estimate 
Events are separated into four categories for further 
analysis: 

Flavour inclusive and  2-b tag selection 
Combined trigger : mjj > 335 GeV and single photon 
trigger: mjj >169 GeV

Limits on      axial-
vector-dark-matter 

mediators as function 
of  coupling

A. Adiguzel
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-05/
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DIBJETS+ ISR SEARCHES
ATLAS-CONF-2018-052

Search for boosted resonances decaying to two b-quarks and produced in association with a jet 

Search range in  70 < mjj  < 230 GeV 

Complementarity to dijet + photon search (2 b-tag region)  

QCD estimation: 

Fit to data 

Validation in CR with 0-btagged jets

A. Adiguzel

NDM-2020
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• No new physics seen 
• Limits on      (DM mediator)Z′�

CMS-
EXO-17-024 

Limit on:  

using ~36 fb-1

gqϕ : 3.9
gqA : 2.5

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-052/
http://www.apple.com
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-024/
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DIBOSON SEARCHES
There are models predicting heavy resonances decaying to SM W/Z bosons 

Three specific benchmark models are used: 

A spin-0 radion decaying into         or 

A spin-1 Heavy Vector  Triplet Model provides signal such as   

A spin-2  graviton                                , Kaluza-Klein modes of  the Randall-Sundrum graviton 

Hadronic W/Z  decays can be distinguished  from gluon or quark initiated jets 

Similar strategy as di-jet search but boson tagging applied : a three-dimensional (jet mass, D2, ntrk) tagger using 

TCC jets 

arxiv:1906.08589v2
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Figure 8: Background-only fits to the dijet mass (mJJ) distributions in data after tagging in the combined (a) WW +W Z ,
and (b) WW + Z Z signal region. The shaded bands represent the uncertainty in the background expectation calculated
from the maximum-likelihood function. The lower panels show the significance, defined as the z-value as described
in Ref. [68]. Selected theoretical signal distributions are overlaid on top of the background.

shape of the signal, and N(✓) is a log-normal distribution for the nuisance parameters, ✓, modelling the
systematic uncertainty in the signal normalisation. The expected number of events is the bin-wise sum of
those expected for the signal and background: nexp = nsig + nbg. The expected number of background
events in dijet mass bin i, nibg, is obtained by integrating dn/dx obtained from Eq. (1) over that bin. Thus
nbg is a function of the dijet background parameters p1, p2 and p3. The expected number of signal events,
nsig, is evaluated from MC simulation assuming the cross-section of the model under test multiplied by the
signal strength, including the e�ects of the systematic uncertainties described in Section 8.

The significance of observed excesses over the background-only prediction is quantified using the local
p0-value, defined as the probability of the background-only model to produce a signal-like fluctuation at
least as large as that observed in the data. The most extreme p0 has a local significance of 1.8 standard
deviations, and is found when testing the HVT W 0 ! WW hypothesis at a resonance mass of 1.8 TeV.
This is within the expected fluctuation of the background.

Limits at 95% confidence level (CL) on the production cross-section times branching fraction to diboson final
states for the benchmark signals are set with sampling distributions generated using pseudo-experiments.
All systematic uncertainties are considered. The uncertainty in the W/Z-tagging e�ciency is dominant
at lower masses, while the uncertainty in the background modelling has largest impact at high masses.
Uncertainties in the jet pT scale are at the percent level but are subordinate across the full mass range. The
cross-section limits extracted for the di�erent benchmark scenarios in the WW +W Z and WW + Z Z signal
regions are shown in Figure 9 and Table 2. Table 3 presents the resonance mass ranges excluded at the
95% CL in the various signal regions and signal models considered in the search.
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W ′� → WZ / Z′� → WW

GKK → WW or ZZ

WW ZZ

Data in agreement with the background expectations in all channels 

No significant excesses are observed 

Best results so far : production of  a Gkk in the bulk RS model with                is excluded in the range 1.3 

TeV-1.8 TeV, at the 95 % CL

k /MPI = 1

CMS-
B2G-18-002 

  
: 20 (27) and 0.2 
fb for resonance 
masses between 
1.2 and 5.2 TeV, 
using ~ 80 fb-1

Gbulk → W W(ZZ )

https://arxiv.org/pdf/1808.07858.pdf
https://arxiv.org/abs/1906.05977
https://arxiv.org/abs/1906.05977
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-024/
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TTBAR RESONANCES
Full Hadronic channel  provides the best sensitivity along with single lepton 
The first search: combines all three decay topologies of  the ttbar system: dilepton, 
single lepton, and fully hadronic

Exclusions:   

- Topcolor     model up to 3.8 (width of  1 %), 5.25 (width of  10 %), 6.65 (width of  30%)TeV 

- KK gluon up to 4.55 TeV

CMS-B2G-17-017
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Z′�

ATLAS 
Phys. Rev. D 99 
(2019) 092004 

Limit on  
  : 3.1-3.6 TeV 

KK gluon : 3.4 TeV 
Z′�

https://arxiv.org/pdf/1810.05905.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.092004
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 SEARCH FOR THE                         PROCESS via VECTOR BOSON FUSION HH → bbbb
ATLAS-CONF-2019-030

bbbbHiggs boson pair production via vector boson fusion in the       final 
state using 126 fb-1  
Limits on the production cross-section are set for a heavy scalar 
resonance in the context of  an extended Higgs sector 
Used a combination of  b-jet triggers 
Dominate backgrounds: multijet (modelled using data) and ttbar 
(modelled using simulation) 
No significant excess above the SM expectation 

The largest deviation from the background-only hypothesis is 
observed at 550 GeV with a local significance of  1.5 standard 
deviations 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2019-030/
http://www.apple.com


NDM-2020 LEPTONIC FINAL STATES

!12



NDM-2020

HIGH MASS DILEPTON RESONANCES
EXOT-2018-08

Search for heavy resonances decaying to leptons 

Updated result with full Run 2 data 

mll > 225 GeV to go beyond the Z peak 

Fitting mll distribution by a smooth background 

parameterisation and BW   (Gauss + CB) function for 

the signal with given mX ,      : Γx

The ATLAS Collaboration / Physics Letters B 796 (2019) 68–87 71

Table 2
The relative impact of ±1σ variation of systematic uncertainties on the signal yield in percent for zero (10%) relative width signals 
at the pole masses of 300 GeV, 2 and 5 TeV for dielectron and dimuon channels. Sources of uncertainties leading to an impact smaller 
than 0.5% on the signal yield at any point of the mass spectrum are not shown. A signal is injected at the cross-section limit.

Uncertainty source for mX [GeV] Dielectron Dimuon

300 2000 5000 300 2000 5000

Spurious signal ±12.5 (12.0) ±4.6 (10.8) ±0.1 (1.0) ±11.7 (11.0) ±3.8 (3.5) ±2.1 (2.2)

Lepton identification ±1.6 (1.6) ±5.6 (5.6) ±5.6 (5.6) ±1.8 (1.8) +12
−10

!
+12
−10

"
+25
−20

!
+25
−20

"

Isolation ±0.3 (0.3) ±1.1 (1.2) ±1.1 (1.1) ±0.4 (0.4) ±0.4 (0.4) ±0.4 (0.5)

Luminosity ±1.7 (1.7) ±1.7 (1.7) ±1.7 (1.7) ±1.7 (1.7) ±1.7 (1.7) ±1.7 (1.7)

Electron energy scale −1.7
−4.0

!
+1.0
−1.8

"
−1.9
−6.0

!
+1.7
−2.9

"
+0.1
−0.4 (±0.8) – – –

Electron energy resolution +7.9
−8.3

!
+1.1
−0.9

"
+9.0
−11.8

!
+0.7
−0.5

"
+0.4
−0.9 (±0.1) – – –

Muon ID resolution – – – +0.8
−2.3

!
+0.3
−0.8

"
+0.9
−1.3

!
+0.7
−1.1

"
+0.6
−0.4

!
+0.5
−0.3

"

Muon MS resolution – – – +2.8
−3.8

!
+1.0
−1.3

"
+3.2
−3.0

!
+2.6
−2.4

"
±2.4 (2.1)

‘Good muon’ requirement – – – ±0.6 (0.6) +9.0
−8.2

!
+9.0
−8.2

"
+55
−35

!
+55
−35

"

the dilepton invariant mass distribution for a signal resonance with 
intrinsic width that is negligible compared with the detector res-
olution (zero-width signal) is obtained from the mass resolution 
only.

To allow for a generic resonance search, a fiducial region at 
particle level is defined following the selection criteria applied 
to the reconstructed lepton candidates: each electron and muon 
candidate needs to pass |η| < 2.5 and ET (pT) > 30 GeV, and the 
dilepton mass has to satisfy mtrue

ℓℓ > mX − 2$X , where mX and $X
represent the pole mass and width of a hypothetical resonance X , 
respectively. This selection is added in order to reduce the model 
dependence from off-shell effects.

The nominal combined reconstruction and identification effi-
ciency in the fiducial region is extracted from the DY sample and 
thus assumes the kinematics of a spin-1 boson. For the dielec-
tron (dimuon) channels, it varies from 64% (54%) at 225 GeV to 
74% (38%) at 6 TeV for the zero-width signals. For a spin-1 sig-
nal with 10% relative width, the efficiency changes by less than 
0.5% relative to a signal with zero width for both channels over 
most of the considered invariant-mass range. Only above 5 TeV in 
the dimuon channel are the variations as large as 2% in absolute 
efficiency. For the spin-0 and spin-2 samples, width-related varia-
tions are below 1%. For the dielectron channel, spin-0 and spin-2 
efficiencies are higher than the corresponding spin-1 values by at 
most 4%. For the dimuon channel, efficiencies for spin-0 and spin-2 
signals are at most 1% lower than the corresponding spin-1 values. 
The systematic uncertainties of the overall efficiency are due to 
the uncertainties in the trigger, isolation, identification, and recon-
struction efficiencies.

The smooth functional form for the background is based on 
fit performance studies on a MC background template. The asso-
ciated uncertainties are also estimated through these studies. In 
order to minimise the statistical uncertainties in this procedure, 
the background template for DY is produced from large-statistics 
samples simulated only at generator level and smeared by the ex-
perimental dilepton mass resolution, described in the previous sec-
tion, with mass-dependent acceptance and efficiency corrections 
applied. A similar procedure is applied to the generator-level dilep-
ton mass distribution in the tt̄ sample exploiting the larger number 
of events from the generator-level mass distribution. The distribu-
tions from the diboson and single-top simulated samples and, in 
the electron channel, a template for multi-jet and W + jet pro-
cesses are also considered. All MC-based contributions are scaled 
by their respective cross-sections and summed together to obtain 
the background template for the choice of the smooth functional 
form.

In order to select the background functional form, a fit to the 
dilepton mass background template is performed, under the signal 
plus background hypothesis, for various functional forms, following 
the procedure outlined in Ref. [47]. The chosen functional form is 
the one with the smallest absolute number of fitted signal events 
(‘spurious signal’), which are determined as a function of mℓℓ:

fℓℓ(mℓℓ) = fBW,Z (mℓℓ) ·
#
1 − xc$b · x

%3
i=0 pi log(x)i

, (1)

where x = mℓℓ/
√

s and parameters b and pi with i = 0, ..3 are 
left free in the fit to data and independent for dielectron and 
dimuon channels. The parameter c is 1 for the dielectron and 
1/3 for the dimuon channel. The function fBW,Z (mℓℓ) is a non-
relativistic Breit–Wigner function with mZ = 91.1876 GeV and 
$Z = 2.4952 GeV [48]. The normalisation of the background func-
tion is such that the integral a corresponds to the total number of 
background events. To further validate this functional form an ex-
tra degree of freedom (i = 4) is added to the fit function before 
the final data analysis, to check if it improves the likelihood value 
of the fit by more than 2σ . To check the fit stability in the high-
mass region, signal injection tests are performed at various mass 
points. No significant bias in the number of extracted signal events 
is observed.

Uncertainties related to the background modelling are propa-
gated into the determination of the spurious signal. Smooth tem-
plates for systematic shape uncertainties are produced using the 
same procedure as for the nominal templates. The uncertainties 
considered include variations due to PDFs [11] and normalisa-
tion of the tt̄ background component [49]. Uncertainties on the 
multi-jet and W + jet background contributions [11] are also con-
sidered in the dielectron channel. For the selected function, the 
largest spurious signal (accounting for all systematic variations) is 
required to be less than 30% of the statistical uncertainty in the 
fitted signal yield (from the background distribution) for the zero-
width signal. This criterion is relaxed to 50% for signals of greater 
width. The systematic uncertainty of the background estimate is 
mass dependent and corresponds to a functional interpolation be-
tween the highest maxima among the spurious-signal-yield distri-
butions for all systematic variations. The spurious-signal yield is 
calculated independently for the relative signal width assumptions 
between zero and 10% in steps of 0.5%.

The impact of systematic uncertainties on the signal yield is 
shown in Table 2. Only systematic uncertainties which change the 
fitted signal yield by more than 0.5% at any point in the mass 
spectrum are considered. The largest systematic uncertainty at low 
mass in both channels originates from the spurious signals. The 

Electron channel

Muon channel

Model dependent               limits: 
E6 motivated bosons         :  mX > 4.5 and 4.8 TeV 

         : mX > 5.1 TeV 

ee ⊕ μμ

⊕

!13

Data are compatible with SM expectation

Z′�
ψ,χ

Z′�
SSM

A. Adiguzel

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-08/
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SEARCH FOR EXCITED LEPTONS WITH TWO LEPTONS  
AND TWO JETS FINAL STATES 

CMS-PAS-EXO-18-013

1. Introduction 1

1 Introduction
The standard model (SM) of particle physics describes observations very well, but it does not
provide an explanation for the observed three generations of the fermion families. Attempts
to explain the observed hierarchy have led to a class of models postulating that quarks and
leptons may be composite objects comprised of more fundamental constituents [1–9]. In these
models the fundamental constituents are bound by an asymptotically free gauge interaction
that becomes strong at a characteristic scale L. Such compositeness models predict the ex-
istence of excited states of quarks (q⇤) and leptons (`⇤) at the characteristic scale of the new
binding interaction. Since these excited fermions couple to the ordinary SM fermions, they
could be produced via contact interactions (CI) in collider experiments, with subsequent decay
to ordinary fermions through the emission of a W/Z/g boson, or via a CI to other fermions.

q

l

l⇤

l

q

q

q
⇤

⇤

Figure 1: Feynman diagram for the production of an excited lepton in association with a SM
lepton in a hadron collider. It subsequently decays via a CI to one SM lepton and two resolved
jets.

Searches at LEP [10–13], HERA [14], and the Tevatron [15–18] have found no evidence for ex-
cited leptons. At the Large Hadron Collider (LHC) at CERN, previous searches performed by
the ATLAS [19, 20] and CMS collaborations [21, 22] have also found no evidence of excited lep-
tons. The maximum L value excluded experimentally corresponds to 25 TeV from a recent ``g
analysis using 35.9 fb�1 of proton-proton collisions at 13 TeV [23]. The same analysis excluded
excited electrons and muons with masses below 3.7 TeV and 3.8 TeV for M`⇤ = L, respectively.

In this note, a search for excited leptons (e⇤ and µ⇤) is presented using the decay via CI. This
analysis focuses on the production of two same-flavour leptons of which one is excited and the
other one corresponds to a SM lepton. The excited lepton decays subsequently via CI to a SM
lepton, of the same flavour as the accompanying lepton, and a quark pair, yielding two jets.
The decay is illustrated in Fig. 1.

This analysis complements other searches for excited leptons in the ``g or ``Z final states and
is most sensitive at large values of M`⇤ and/or L. The reason is illustrated in Figure 2 showing
the strong growth of the relative decay width of the CI decay in two leptons and two jets as a
function of M`⇤/L in comparison to the other possible decay modes.

The data utilized for this analysis were recorded with the CMS detector in the years 2016
(35.9 fb�1) and 2017 (41.5 fb�1), and correspond to a total integrated luminosity of 77.4 fb�1

of proton-proton collisions at a center-of-mass energy of 13 TeV.

Excited leptons decaying via contact interaction to 2 leptons 

and 2 jets 

No significant excess in either channel 

Excited electrons (muons) up to masses of  5.6 (5.7) TeV 

are excluded

9. Summary 11
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Figure 8: Cross section limits on excited leptons using the M``jj distribution for the electron
(left) and muon (right) channels. The expectation from the model is represented by two cases,
L = M`⇤ and L = 10 TeV for which the signal events are simulated. The cross section scales
with L.
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Figure 9: Limits on the compositeness scale L for the electron (left) and muon (right) channels.
In addition, the L limits from a recent CMS search in the ``g channel [23] are shown as a blue,
dashed line. The latter addresses only the scenario of f = f 0 while the hadronic CI channel is
sensitive to this and the scenario f = � f 0. The model is not valid in the hatched area.

2 Electron + 2 jets 2 Muon + 2 jets

!14
A. Adiguzel

http://www.apple.com
https://cds.cern.ch/record/2667479/files/EXO-18-013-pas.pdf
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LEPTON AND MISSING TRANSVERSE ENERGY 
EXOT-2018-030

A heavy charged boson resonance decaying into charged 
lepton and a neutrino  
Full Run 2 data : 2015 - 2018, corresponding to 139 fb-1 

Selected events with single-electron and single-muon triggers 

The discriminating variable: 

No significant excess above the SM background, upper limit 
on                                         are set at 95 %  CL             

1 Introduction

One of the main goals of the Large Hadron Collider (LHC) remains the search for physics beyond the
Standard Model (SM). Much progress has been made in this search thanks to a broad program that
encompasses many di�erent final states. Leptonic final states provide a low-background and e�cient
experimental signature that brings excellent sensitivity to new phenomena at the LHC. In this article, the
results of a search for resonances decaying into a charged lepton and a neutrino are presented, based on
139 fb�1 of proton–proton (pp) collisions at a center-of-mass energy of 13 TeV. The data were collected
with the ATLAS detector during the 2015–2018 running period of the LHC, referred to as Run 2.

The search results are interpreted in terms of the production of a heavy spin-1 W 0 boson with subsequent
decay into the `⌫ final state (` = e or µ). Such production is predicted in many models of physics beyond
the SM as in Grand Unified Theory models, Left–Right symmetry models [1, 2], Little Higgs models [3], or
models with extra dimensions [4, 5], most of which aim to solve the hierarchy problem. The interpretation
in this article uses a simplified model, referred to as the Sequential Standard Model (SSM) [6], in which
the W 0 boson couples to fermions with the same strength as the W boson in the SM but with suppressed
coupling to SM bosons. Alternative interpretations in terms of generic resonances with di�erent fixed
widths (�/m between 1% and 15%) are also provided for possible reinterpretation in the context of other
models. Finally, results are also presented in terms of model-independent upper limits on the number of
signal events and on the visible cross section.

Previous searches for W 0 bosons have been carried out at the LHC in leptonic, semileptonic, and hadronic
final states by the ATLAS and CMS collaborations. The most sensitive searches for W 0 bosons are those in
the e⌫ and µ⌫ channels [7, 8], with the most stringent limits to date being set by ATLAS and CMS in the
analysis of about 36 fb�1 of pp collisions at

p
s = 13 TeV. A lower limit of 5.2 TeV is set on the W 0 boson

mass in the electron channel [7] and 4.9 TeV in the muon channel [8], at the 95% confidence level (CL) in
the SSM.

The search relies on events collected using single-electron or single-muon triggers with high transverse
momentum thresholds. The dominant background source originates from Drell–Yan (DY) production
of W bosons. Discrimination between signal and background events relies on the transverse mass (mT)
computed from the charged-lepton transverse momentum (pT) and the missing transverse momentum
(whose magnitude is denoted Emiss

T ) in the event:

mT =
q

2 pT Emiss
T (1 � cos �`⌫) ,

where �`⌫ is the angle between the charged lepton and missing transverse momentum directions in the
transverse plane.1 Final interpreted results are based on a statistical analysis in which the shape of the
signal and both the shape and normalization of the background expectations are derived from Monte
Carlo (MC) simulation, except for the background contribution arising from jets misidentified as leptons
or from hadron decays. The results presented in this article, compared with those from Ref. [7], benefit
from: an increase in the integrated luminosity by a factor of four; several upgrades in reconstruction
software, including a new algorithm for electron reconstruction [9] and an improved treatment of the

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. The pseudorapidity
is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Angular distance is measured in units of �R ⌘

p
(�⌘)2 + (��)2.

2
Assuming SM couplings for the                                  
TeV in the electron and muon channels, 
respectively.  
                  TeV in the tau channel (using 36 fb-1)

W′� → eν/μν
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σ × B(W ′� → lν) l = e, μ

Muon channel

W ′� : MW′� > 6.0 (5.1)

MW′� > 3.7
A. Adiguzel

CMS-EXO-16-033 
CMS-EXO-17-008 

Limit on       : 
e/mu : 4. 9 TeV 

tau : 4.0 TeV 
using 36 fb-1

W ′�

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-30/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-033/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-008/
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CMS-EXO-17-011

Data in 2016,  ~36 pb-1 

Assuming that couplings are identical to those of  the SM 
and that only one heavy neutrino flavor NR contributes 
significantly to the WR decay width 

Triggers: 
Electrons: unprescaled double electron trigger 
Muons: unprescaled single muon trigger 

1

1 Introduction

Heavy partners of the standard model (SM) gauge bosons, that are coupled to right-handed
fermions, are predicted in left-right (LR) symmetric models [1–4]. These models explain the
parity violation observed in weak interactions as the consequence of spontaneous symmetry
breaking at a multi-TeV mass scale. This paper describes a search for such a heavy partner,
a heavy right-handed gauge boson WR, in events with two same-flavor leptons (e or µ) and
two jets. The study was conducted by the CMS Collaboration at the CERN LHC, using proton-
proton collision data corresponding to an integrated luminosity of 35.9 fb�1 recorded during
the 2016 data taking period.

The right-handed bosons are assumed to interact with the SM particles with a coupling strength
gR. This is a free parameter in most LR models, but we assume a strict LR symmetry in our
search so that the coupling constant gR is the same as the SM coupling constant gL. We also
assume that the right-handed quark mixing matrix is the same as the Cabibbo–Kobayashi–
Maskawa matrix. In addition to the gauge bosons, LR models usually include heavy right-
handed neutrinos (NR) [5, 6]. The existence of these heavy neutrinos can explain the very small
masses of the SM neutrinos as a consequence of the see-saw mechanism [7–9].

In this search, we consider the case in which the WR boson decays to a first- or second-generation
charged lepton and a heavy neutrino of the same lepton flavor. The heavy neutrino further de-
cays to another charged lepton of the same flavor and a virtual W⇤

R. The virtual W⇤
R decays to

two light quarks, producing the decay chain

WR ! `NR ! ``W⇤
R ! ``qq0, ` = e or µ.

The quarks hadronize into jets that can be observed by the CMS detector. The lepton flavor is
conserved, and there is no charge requirement on the leptons, which can be opposite-sign or
same-sign. The SM processes that have the same final state of two same-flavor leptons and two
jets include Drell–Yan production of lepton pairs with additional jets (DY+jets), tt production,
tW from t-channel single top quark production, and diboson production (WZ, ZZ, WW) with
jets. Contributions due to events with jets misidentified as leptons are considered, but are
found to be negligible. The discriminating variable in this search is the invariant mass m``jj
constructed from the two leptons and two jets with the largest transverse momenta. We search
for an excess of events above the SM prediction for different WR mass hypotheses in windows
of m``jj.

A search for WR bosons that was performed by the CMS Collaboration at a center-of-mass
energy of

p
s = 8 TeV excluded WR masses up to approximately 3 TeV at 95% confidence level

(CL) [10]. An excess with a local significance of 2.8s was observed in that search in the electron
channel at meejj ⇡ 2.1 TeV. The excess did not appear to be consistent with signal events from
the LR symmetric theory. The search presented in this paper extends this previous search using
data collected at

p
s = 13 TeV during 2016. It does not overlap with other heavy neutrino

searches previously carried out by the CMS Collaboration [11–13]. The ATLAS Collaboration
has also carried out similar searches [14–16].

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward

mWR
= 4.4 TeV

SEARCH FOR WR and a HEAVY NEUTRINO

!16
A. Adiguzel

Muon channel

ATLAS 
EXOT-2018-15 

using 80 fb-1

mWR
> 3.8 − 5 TeV for

mNR
= 0.1 − 1.8 TeV

No significant excess above SM expectation is seen 
The region in the two-dimensional mass plane 
excluded at 95 % CL extends to ~

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-011/
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SEARCH FOR LONG-LIVED NEUTRAL PARTICLES EXOT-2017-28

1 10 210 310
 [mm]τDark photon c

2−10

1−10

1

10

210

+X
) [

pb
]

dγ
 2

→
B(

H
×

σ
95

%
 C

L 
Li

m
it 

on
 

ATLAS
 = 13 TeVs -136.1 fb

DPJ channelµDPJ-µ
 = 125 GeVHm
 = 400 MeV

d
γm

σ 2±expected 
σ 1±expected 

observed limit
expected limit

+X) = 10%
d
γ 2→B(H

1 10 210 310

2−10

1−10

1

10

210

ATLAS
 = 13 TeVs -136.1 fb

DPJ channelµDPJ - µ
 = 125 GeVHm
 = 400 MeV

d
γm

σ 2±expected 
σ 1±expected 

observed limit
expected limit

+X) = 10%
d
γ 4→B(H

Figure 5: Upper limits at 95% CL on the cross section times branching fraction for the processes H ! 2�d + X (left)
and H ! 4�d + X (right) in the µDPJ–µDPJ final states for mH = 125 GeV. The horizontal lines correspond to
the cross section times branching fraction for a value of the branching fraction of the Higgs boson decay into dark
fermions of 10%.

boson decay branching fractions into �d of 10% from a search for displaced dark-photon jets [11] and
prompt dark-photon jets [14] at ATLAS. The search of Ref [11], which explored the same region probed by
this analysis, is slightly more sensitive in the region of high �d mass and low ✏ . This is due to inclusion of
dark-photon jets with both muon and hadron constituents, which are not used in the current analysis. The
search of Ref. [14] excluded high ✏ values (shorter lifetimes), a region complementary to this analysis.

17

Extrapolated signal efficiencies

Long-lived dark photons produced from the decay of  a Higgs boson 
or heavy scalar boson and decaying into displaced collimated SM 
fermions 
Used the benchmark model : Falkowski-Ruderman-Volansky-Zupan 
(FRVZ) 

     (dark fermion): produced via a Higgs Boson decay 
Two different cases: the production of  either two or four dark 
photons 

Backgrounds: Multi-jet events (main),  W+jets, Z+jets, ttbar, single 
top-quark, WW, WZ, and ZZ events 
Two DPJ (dark-photon jet) classification:  

muonic-DPJ (  DPJ) and hadronic-DPJ (hDPJ) 
Triggers: Two muon triggers and one calorimeter trigger

σxBR

fd2

μ

!17
A. Adiguzel

HLSP: Hidden Lightest Stable Particle

          above 4 pb is excluded for a Higgs boson decaying into two 
dark photons for dark-photon decay lengths between 1.5 mm 
and 307 mm.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-28/
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 SEARCH FOR LONG-LIVED NEUTRAL PARTICLES

Long-Lived neutral particles decaying into displaced 
hadronic jets using 33fb-1 
Benchmark Hidden Sector (HS) models 
Focus on the topology: one long-lived particle 
decays in the ID and the other decays  in the MS 
Special techniques  

large-radius tracking and displaced vertex 
reconstruction algorithm 

Data driven background estimation method 

EXOT-2018-61

A scalar mediator mass range from 125 to 1000 GeV, decaying to pairs of  long-
lived scalars mass range from 8 to 400 GeV 
Limits on the cross section times branching ratio for a 200 GeV  mass     
decaying into long-lived scalars with masses of  25 and 50 GeV

Φ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-61/
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 SEARCH FOR HEAVY NEUTRAL LEPTONS (HNLs) arXiv:1905.09787

Leptonic decays of  W bosons are used to search for HNLs: 
produced through mixing with muon or electron neutrinos 
Both prompt and displaced leptonic decay signatures: 

Prompt: 3 leptons (2mu1e or 2e1mu) produced at the IP with a 
veto on OSSF topologies 
Displaced:  comprises a prompt muon from the W decay and the 
requirement of  a dilepton vertex (mumu or mue) displaced in the 
transverse plane by 4-300 mm from  the IP

2 HNL modelling

This section details N production via mixing with an electron or muon neutrino originating from an on-shell
W boson decay, as well as its leptonic decays via the same mixing, as illustrated in Figure 1. The generation
and simulation of Monte Carlo (MC) signal and background events is presented at the end of the section.

2.1 HNL production

The branching ratio of W boson decays into a N and a charged lepton, B(W ! `N), is proportional to
the mixing matrix squared, or coupling strength, denoted by |U |2 = Õ

` |U` |2, where the terms U` are the
matrix elements for N mixing to the di�erent neutrino flavours. The signatures considered in this search
are sensitive to mixing to either ⌫µ or ⌫

e

and can thus only constrain |Uµ |2 or |U
e

|2 (or potentially |U |2 in
the case where either of them is dominant).

The cross section times branching ratio for W boson production and decay into N and a charged lepton `
can then be expressed as [24]:

�(pp ! W) · B(W ! `N) = �(pp ! W) · B(W ! `⌫) · |U |2
 
1 �

m2
N

m2
W

!2  
1 +

m2
N

2m2
W

!
. (1)

The product of the cross section for W boson production in 13 TeV pp collisions �(pp ! W) and the
branching ratio for W boson decay into a single charged lepton B(W ! `⌫) (for ` = µ, e) is taken from the
ATLAS measurement in Ref. [25] to be 20.6 ± 0.6 nb.

2.2 HNL decay

For this search, partial widths are calculated for all HNL decay channels including leptons and quarks. The
calculations consider charged- and neutral-current-mediated interactions as well as QCD loop corrections,
which are all described in Ref. [26]. The HNL lifetime ⌧

N

has a strong dependence on the coupling
strength |U |2 and also the mass m

N

due to phase-space e�ects. For a given |U |2 and m
N

, the total
width � =

Õ
i

�
i

�
m

N

, |U |2
�

is computed, and the mean lifetime is obtained as ⌧
N

= ~/�. In the relevant
range 4.5  m

N

 50 GeV, the result agrees within 2% with the following parameterisations given in
Ref. [27]: ⌧

Nµ = (4.49 · 10�12 s)|U |�2(m
N

/1 GeV)�5.19 and ⌧
Ne = (4.15 · 10�12 s)|U |�2(m

N

/1 GeV)�5.17

for dominant mixing to ⌫µ and ⌫
e

, respectively. These relationships, however, assume no LNV decays.
If LNV is allowed, twice as many decay channels are allowed, and ⌧

N

is reduced by a factor of 2. More
elaborate models do not necessarily allow for LNV [23] and thus may or may not contain this factor of
2. To account for this model dependence, both interpretations are considered in the case of the displaced
signature, which is not limited to LNV processes.

Leptonic HNL decay branching ratios are determined from the partial decay widths relative to the total width.
In the mass range 4.5–50 GeV they have almost no mass dependence and yield B(N ! ``⌫`) = 0.060 and
B(N ! ``0⌫`0) = 0.106 for dominant mixing to a given lepton species ` = µ or e (` , `0, including both
charges). The di�erence between decays into leptons of the same flavour and di�erent flavour is due to
interference between decays through W and Z boson mediators, which is only present in the same-flavour
case. This calculation and calculations found in the literature [5, 27, 28] can yield up to 5% relative

5

W boson production

Electron Channel

The search sets constraints on the HNL 
mixing to muon and electron neutrinos for 

HNL masses in the range 4.5 - 50 GeV

The exclusion limit in the 
case of  dominant mixing   

to       for  LNV νe

https://arxiv.org/abs/1905.09787
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SUMMARY
Not possible to cover everything here … 

Please feel free to examine the all results available 

from the experiments: 

ATLAS EXOTICS RESULTS [1] 

CMS EXOTICA RESULTS [2] 

ATLAS & CMS searches for BSM resonances in 

hadronic/leptonic final states utilised 36-139/fb 

of  LHC Run-II pp data at  

No significant deviations from the SM 

background hypothesis so far 

Processing of  the full LHC Run-II 139/fb data 

set is in progress 

Long Shutdown period 

Have a chance to think and discuss  more! 

Waiting for the integrated luminosity to 

increase and new techniques and ideas 

are very welcome :)

s = 13 TeV

THANKS!!!

7 10 20 100 200 10002000
 [GeV]Z'M

1−10

1

qg'

5% = Z'M / Z'Γ

10% = Z'M / Z'Γ

30% = Z'M / Z'Γ

50% = Z'M / Z'Γ

100% = Z'M / Z'Γ

qq→Z'

95% CL exclusions

Observed

Expected

~5% < Z'M / Z'Γ

, 13 TeV-135.9 fb
[arXiv:1810.05905] resonance, tt

~10% < Z'M / Z'Γ

, 13 TeV-135.9 fb
[arXiv:1905.10331] γBoosted Dijet+

, 13 TeV-177.0 fb
[EXO-18-012]Boosted Dijet 

, 8 TeV-119.7 fb
[arXiv:1802.06149]Dijet b-tagged 

, 8 TeV-119.7 fb
[arXiv:1604.08907]Dijet scouting 

, 13 TeV-135.9 fb
[arXiv:1806.00843]Dijet scouting 

, 13 TeV-1137 fb
[EXO-19-012]Dijet 

~30% < Z'M / Z'Γ

, 13 TeV-135.9 fb
[arXiv:1806.00843]Broad Dijet 

~100% < Z'M / Z'Γ

, 13 TeV-135.9 fb
[arXiv:1803.08030] χDijet 

CMS Preliminary EPS 2019

!20
A. Adiguzel

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/ExoticsPublicResults
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO/index.html
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DIJET/DIBJET SEARCHES
New resonances decaying to a pair of  jets  

Full Run 2 data : 2015 - 2018, corresponding to 139 fb-1 

Collecting data with single jet trigger (pT threshold 420 GeV) 

Probe high mass region 

Variable binning to reflect varying  resolution 

Background estimate obtained using the sliding window-fit 

Data fitted with :

 [TeV]q*m
2 3 4 5 6 7 8

 B
R

 [p
b]

× A × 
σ

4−10

3−10

2−10

1−10

1
Theory
Observed 95% CL
Expected 95% CL

σ 1 ±
σ 2 ±

ATLAS Preliminary

-1 = 13 TeV, 139 fbs

A. Adiguzel

NDM-2020

5 Dijet mass spectrum

The SM production of dijet events is dominated by QCD multijet processes, which yield a smoothly falling
mjj spectrum. To determine the SM contribution, the sliding-window fitting method [5] is applied to the
data, with a nominal fit using a parametric function:

f (x) = p1(1 � x)p2
x

p3+p4 ln x

where x = mjj/
p

s and p1,2,3,4 are the four fitting parameters. The background in each mjj bin is extracted
from the data by fitting in a mass window centred around that bin. The window size is chosen to be the
largest possible window that satisfies the fit requirements described later in this section.

Several data-driven background mjj spectra are used to validate the background fitting strategy. On these
spectra, ‘signal injection tests’ and ‘spurious signal tests’ are performed to validate the sliding-window fit.
For the b-tagged categories, the background-only spectra are derived from control regions (CRs) which
are constructed by reversing the requirement on |y⇤ | or removing the b-tagging requirement. In these
CRs the signal leakage is expected to be small, and this is confirmed by the MC simulation. In the CRs
with the |y⇤ | < 0.8 requirement reversed, per-event fractions passing b-tagging selections are derived
as functions of pT and ⌘ of the two leading jets for both the 1b and 2b categories, which fully take into
account the correlations between the leading and subleading jets. The dijet spectra from QCD processes
in the b-tagged signal regions are obtained from the CR with no b-tagging requirement (using the signal
region |y⇤ | selection), multiplied by the appropriate b-tagging e�ciencies. For the inclusive category, in
the absence of a background-dominated control region, a test spectrum corresponding to an integrated
luminosity of 139 fb�1 is created to perform these tests by scaling up the background-only fit to the 37 fb�1

dataset, which is already published in Ref. [5] with no evidence of new physics, and then fluctuating the
content of each bin around the fit value according to a Poisson distribution. No significant bias is observed
in the tests, as described below.

In the signal injection tests, various signal models are added to the expected background distribution to
assess whether or not the sliding-window procedure is able to fit the combined distribution and measure
the correct signal yield. This test is designed to evaluate how sensitive the sliding-window fit is to all the
tested signal types. For each of the benchmark and Gaussian-shaped signals, the extracted signal yield is
consistent with that injected within the statistical uncertainty.

In the spurious signal tests, signal-plus-background fits are run on the background-only spectra for di�erent
signal masses and the extracted signal yield is taken as an estimate of the spurious signal. This test
evaluates the robustness of the background fitting strategy and the capability of the fit function to model
the background. All signals considered for the inclusive categories show no bias, with the exception of
Gaussian-shaped resonances with relative widths of 15% where a spurious signal yield of up to 12% of the
statistical uncertainty of the estimated background from the fit is observed at high mass, where data counts
are limited. In the b-tagged categories, the spurious signal yield observed for all the signals considered
is between 10% and 20% of the statistical uncertainty of the estimated background fit. A corresponding
systematic uncertainty is assigned for a�ected signals as described in Section 6.

The statistical significance of any localised excess in the mjj distribution is quantified using the B���H�����
test [61, 62]. The B���H����� calculates the significance of any excess found in continuous mass
intervals in all possible locations of the binned mjj distribution. The search window’s width varies from a
minimum of two mjj mass bins up to half the extent of the full mjj mass distribution. For each interval in

8

Inclusive  dijet with |y * | < 0.6

Limits on Gaussian signal models 
No significant excesses found 

Excited quarks q* with masses < 6.7 TeV are excluded 
at 95% CL

!22

arXiv:1910.08447

https://arxiv.org/abs/1910.08447
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DIBJETS+ ISR SEARCHES
CMS-EXO-17-024

Narrow, low-mass, scalar and pseudoscalar resonances decaying to bottom quark-antiquark 

Two wide-jet algorithm considered: 

anti-kt R=0.8,  better sensitivity at signal masses below 175 GeV 

Cambridge-Aachen R=1.5, better sensitivity at higher masses 

Dedicated double b-tagger   

Events failing the selection are used for the QCD estimation 

11 pT categories (six for AK8, five for CA15) defined  

Soft drop jet mass as discriminating variable 

A. Adiguzel
!23

No significant excess above the SM prediction 

Upper limit on gqϕ(gqA) of 3.9(2.5)

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-024/
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DIJET+ ISR (Photon/Jets) SEARCHES
A search for new light resonances decaying to pairs of  quarks and produced in association with 

high-pT photon or jet. 

Very similar techniques  in all analyses 

Search for an excess in mjj 

ATLAS: Photon trigger: ET > 155 GeV ; jet trigger : pT  >  450 GeV - anti-kt  R= 0.4 

CMS:  One photon with pT > 175 GeV; leading jet pT > 200 GeV - anti-kt  R= 0.8 

Limits on DM mediators 

CMS results below 50 GeV are the first to be published in this range
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https://arxiv.org/abs/1905.10331
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2017-01/
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PAIR  PRODUCED THREE-JET RESONANCES

A. Adiguzel

CMS-EXO-017-30

Performed for pair-produced resonances decaying into 
three jets 
Data 2016, ~36 pb-1 

Gluino mass range (from 200 to 2000 GeV) is explored 
in four separate region: 

Region 1: 200-400 GeV 
Region 2: 400-700 GeV 
Region 3: 700-1200 GeV 
Region 4: 1200-2000 GeV 

Theoretical model : RPV gluinos  
Three sources of  background : QCD multijets, fully 
hadronic decays of  ttbar pairs and combinatorial 
background from signal events

Fit to three 
parameter function

No significant excess 
Gluino masses below 1500 GeV are 
excluded at 95% CL 

!25

mg̃ > 1500 GeV

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-030/
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TTBAR RESONANCES
General search for X      ttbar resonances 

Main backgrounds: 

SM ttbar and multijet 

Benchmark models 

Topcolor assisted technicolor      (spin-1) 

Randall-Sundrum (RS) model Kaluza Klein G 

(Spin=2) 

DM mediator and KK gluon with different widths

→ Mass categorisation: 

Low mass:  multijet final state “resolved” 

High mass: large-R jets (boosted)  

Pair reconstruction: 

Resolved: buckets of  tops algorithm, based on 

mtop and mW 

Boosted: top-tagging based on jet mass and jet 

substructure

Exclusions:  

 - Technicolor       model up to 3.1-3.6 TeV 

- Simplified DM mediators from 0.8 to 0.9 TeV and from 2.0 TeV to 2.2 TeV 

- KK gluon up to 3.4 TeV depending on the decay width of  the particles

Phys. Rev. D 99 (2019) 092004

!26
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EXOT-2017-17

Most searches assume that the VLQs couple/decay to SM 
particles (a boson and a 3rd generation quark) 
Rich phenomenology at the LHC — leptons, jets, lots of  to 
quarks, and bottom quarks  in the final state! 

A combination of  the searches for pair-produced vector 
like partners is performed: 

                             
                            

The branching ratio for each decay mode depends on 
the VLQ mass and weak-isospin quantum numbers

T → Zt /Wb/Ht
B → Zb/Wt /Hb

Table 1: The most sensitive decay channel for each analysis entering the combination. A ‘-’ indicates that the analysis
was not used for that signal process.

Analysis TT̄ decay BB̄ decay

H(bb)t + X [16] HtHt̄ -
W(`⌫)b + X [17] WbWb̄ -
W(`⌫)t + X [18] - WtWt̄
Z(⌫⌫)t + X [19] ZtZt̄ -
Z(``)t/b + X [20] ZtZt̄ ZbZb̄
Tril./s.s. dilepton [21] HtHt̄ WtWt̄
Fully hadronic [22] HtHt̄ HbHb̄

b-tagged jets. The background composition for this analysis varies between signal regions. Contributions
from instrumental backgrounds (fake/non-prompt leptons and electrons with incorrectly measured charge)
are estimated using data-driven techniques, while background processes with prompt leptons, originating
mostly from tt̄ +W and diboson events, are modeled with MC simulations.

‘Fully hadronic’ [22]: This analysis focuses on final states with zero leptons, low Emiss
T , at least four

(small-radius) high-pT jets, and at least two b-tagged jets. This is the only analysis with significant
sensitivity to BB̄ ! HbHb̄. Small-radius jets are reclustered into large-radius jets, which may be identified
as top quarks, W/Z , or H bosons using a multi-class deep neural network [35]. The final discriminant is
the distribution of the signal likelihood calculated using the matrix-element method [36]. The dominant
background is from multijet production, which is estimated using a data-driven technique.

Most of the analyses were designed to be complementary. While each analysis provides sensitivity to
various decay configurations, the most sensitive is shown in Table 1. All analyses use consistent definitions
for the reconstructed physics objects, so only a few additional selection requirements were needed to
suppress overlap. Compared to the standalone analyses, the W(`⌫)b + X and Z(⌫⌫)t + X analyses removed
events with �6 jets and �3 b-jets to avoid overlap with the H(bb)t + X selection. The Z(⌫⌫)t + X
analysis also requires ST < 1.8 TeV in a control region to mitigate the overlap with a signal region in the
W(`⌫)b + X analysis. To reduce overlap with the Z(``)t/b + X analysis, the trilepton/same-sign dilepton
analysis removed events with more than three leptons or events with a lepton pair having an invariant mass
compatible with a Z boson (Z-veto). This Z-veto is the only added selection requirement with significant
impact on the individual analysis sensitivity; however, that sensitivity is recovered by the Z(``)t/b + X
analysis. After applying these additional selection requirements, the fraction of events falling into more
than one analysis region was evaluated to be less than 1% between any two signal regions and less than 3%
between any pair of signal or control regions and has negligible impact on the results.

The VLQ signal samples used by the analyses were generated with the LO generator P����� v2.2 [37]
using the NNPDF2.3 LO [38] set of parton distribution functions (PDF) and passed to P����� 8.186 [39]
for parton showering and fragmentation. The samples are normalized using cross-sections computed
with T��++ v2.0 [13] at next-to-next-to-leading order (NNLO) in QCD, including resummation of
next-to-next-to-leading logarithmic soft gluon terms [40–44], and using the MSTW 2008 NNLO [45,
46] PDF. Further information about simulated events and details of the background estimations for each
analysis can be found in the respective publications.

4

Multiple Channels

Combinat ion s ignif icant ly increases 
sensitivity  
Singlet T and B are excluded for mT,B < 1.31 
and 1.22 TeV 
For the (T,B) doublet,  mT,B < 1.37 TeV are 
excluded
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VECTOR-LIKE QUARKS COMBINATION 
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VECTOR-LIKE QUARKS COMBINATION 
CMS-B2G-18-005

The results two searches for pair production of  vector-like T/B quarks in fully hadronic 
final states 
Two independent analysis — “Cut-Bases analysis” and “Neural network analysis”
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Figure 7: Observed (left) and expected (right) mass exclusion limits at 95% confidence level for
each combination of T quark branching fractions, in the cut-based analysis (upper) and NN
analysis (lower).
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Figure 8: Observed (left) and expected (right) mass exclusion limits at 95% confidence level for
each combination of B quark branching fractions, in the cut-based analysis (upper) and NN
analysis (lower).
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•                                     where 
•                                     where 

Electron

Muon

Tau

W′�
SSM > 4.9 TeV

W′�
SSM > 4.9 TeV

W′�
SSM > 4.0 TeV

l = e, μ
l = τ

Similar analysis strategies: 
        analysis: single            trigger 
    analysis:  cross-trigger  requiring  a hadronic          and        
        are reconstructed  in a similar way as in the dilepton search 
Taus: only well-reconstructed and  identified     are considered 
Final analysis variable : transverse mass   

e/μ e/μ/γ
τ τ (τh) ET
e/μ

τh
MT(I, ET)

W′� → eν/μν/τν

!29

LEPTON AND MISSING TRANSVERSE ENERGY 

CMS-EXO-16-033
CMS-EXO-17-008 

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-16-033/
http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-17-008/
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SEARCH FOR WR and a HEAVY NEUTRINO
EXOT-2018-15

E 
L 
E 
C 
T 
R 
O 
N

M 
U 
O 
N

Left-Right Symmetric Model:  
Restores P-symmetry at a high energy 
SM-singlet heavy neutrinos NR 

Heavy gauge boson WR coupled to right-handed fermion currents  
                         : 

     boosted 

mWR
> 3.8 − 5 TeV for

mNR
= 0.1 − 1.8 TeV

at CL = 95 %

!30

mNR
/mWR

≤ 0.1
WR → NRl± (l = e, μ),

NR → l± + large − R jet
Table 3: Definition of signal, control and validation regions

Region Range of m

reco
WR

Lepton flavour

Signal region (SR) > 2 TeV Same flavour
Control region (CR) < 2 TeV Same flavour
Validation region (VR) All Mixed flavour (leading: muon; subleading: electron)

• �� between the leading lepton and the large-R jet is required to be greater than 2, in order to have a
balanced topology between the NR and the lepton from the WR decay.

• In order to reduce the Z+jets background, events with a dilepton invariant mass of less than 200 GeV
are vetoed, and the �� between the leading and subleading leptons is required to be greater than 1.5.

After applying these requirements, simulation studies show that the background consists mainly of tt and
Z+jets processes (including o�-shell Z/�⇤ production), while contributions from W+jets, single-top-quark
and multijet processes are negligible. No requirements on b-tagged jets are applied, as the WR in the signal
can decay to a top and bottom quark pair.

The final discriminating observable used in the analysis is the reconstructed mass of the WR candidate,
m

reco
WR

. In the electron channel, the selected large-R jet corresponds to the NR candidate, and therefore the
WR candidate four-momentum is obtained by adding the large-R jet and the leading electron four-momenta.
In the muon channel, the NR candidate four-momentum is obtained by adding the four-momentum of the
selected large-R jet to that of the muon contained in the jet. The WR candidate four-momentum is obtained
by adding the NR candidate four-momentum to that of the leading muon. In both cases, if there is more
than one large-R jet in the event, the large-R jet with the largest mass is used.

Based on the range of m

reco
WR

, control and signal regions (CR, SR) are defined as specified in Table 3. The
CR is defined in a region of low reconstructed m

reco
WR

corresponding to a parameter space excluded by
previous searches [14]. The background in the SR is evaluated from a combined fit of MC and data events
in the CR (described in Section 6). To test the performance of large-R jets containing electrons, a validation
region (VR) is defined with a selection orthogonal to the CR and the SR. This requires a muon balanced in
pT by a large-R jet with an electron inside. By construction, the VR is dominated by tt̄ events decaying
dileptonically to eµ final states.

In Figure 3, good agreement is observed between data and simulation in the m

reco
WR

distributions in the
control regions of the electron and muon channels, as well as in the validation region. In the bottom-right
plot, the selection e�ciency times acceptance is shown for di�erent signal samples. The e�ciency
decreases for lower m

NR and higher m

WR values. The largest ine�ciency arises from the di�culty of
electron reconstruction close to hadronic activity, which is discussed in the next section. The probability of
producing an o�-shell WR increases with the mass. This can result in a less boosted NR, explaining the
drop in signal e�ciency for higher m

WR values.

7
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CMS-EXO-19-002

MULTILEPTON SEARCHES

Three or more electrons and muons in the final states 
Look for non-resonant excesses in the tails of  the sum 
of  lepton pTs+missing transverse momentum 
Observed data consistent with SM expectation

6

Table 1: Multilepton signal region definitions for the type-III seesaw signal model. All events
containing a same-flavor lepton pair with invariant mass below 12 GeV are removed in the 3L
and 4L event categories. Furthermore, 3L events containing an OSSF lepton pair with mass
below 76 GeV when the trilepton mass is within a Z boson mass window (91± 15 GeV) are also
rejected. The last LT+pmiss

T or MT bin in each signal region contains the overflow events.
Label Nleptons NOSSF MOSSF (GeV) pmiss

T (GeV) Variable and range (GeV) Number of bins
3L below-Z 3 1 <76 — LT+pmiss

T [0, 1200] 6
3L on-Z 3 1 76–106 >100 MT [0, 700] 7
3L above-Z 3 1 >106 — LT+pmiss

T [0, 1600] 8
3L OSSF0 3 0 — — LT+pmiss

T [0, 1200] 6
4L OSSF0 �4 0 — — LT+pmiss

T [0, 600] 2
4L OSSF1 �4 1 — — LT+pmiss

T [0, 1000] 5

4L OSSF2 �4 2 — >100 if both LT+pmiss
T [0, 1200] 6pairs are on-Z

In contrast, the ttf model yields events with a resonant OSSF lepton pair originating from the f
decays produced in association with a tt pair. We consider only 3L or 4L events with at least one
OSSF lepton pair and exclude those with MOSSF on-Z. This event selection requires semilep-
tonic or dileptonic tt decays in the ttf signal. Unlike the type-III seesaw heavy fermions, rela-
tively light scalar or pseudoscalar decays do not necessarily produce energetic charged leptons,
but can yield striking resonant dilepton signatures in events with high hadronic activity and
b tagged jets. Therefore, we seek events with resonances in the OSSF dilepton mass spectra in
various ST bins, where ST is defined as the scalar pT sum of all jets, all charged leptons (LT) and
pmiss

T .

We probe the ttf signal in light and heavy f mass ranges, namely 15–75 and 108–340 GeV.
Signal masses below 15 GeV and in the range of 75–108 GeV are not considered because of
background from low-mass quarkonia and Z boson resonances, respectively. Masses above
340 GeV are not considered as the f ! tt decay channel becomes kinematically accessible here.

To account for the effects of radiation and resolution on the invariant mass reconstruction, we
consider the 12–77 GeV (low) and 106–356 GeV (high) reconstructed dilepton mass ranges for
the light and heavy signal mass scenarios, respectively, in both 3L and 4L channels. Because
there can be an ambiguity caused by additional leptons originating from the tt system, the
reconstruction of the correct f mass is not always possible. Therefore, we define the M20

OSSF
and the M300

OSSF variables as the OSSF lepton pair masses of a given lepton flavor closest to the
targeted mass of 20 and 300 GeV, respectively. The M20

OSSF variable is used for the low dilepton
mass range, while the M300

OSSF variable is used for the high dilepton mass range. Events with a
value of M20

OSSF (M300
OSSF) outside the low (high) dilepton mass ranges are not considered. The

analysis is insensitive to the choice of the targeted mass value, and this simplified scheme
allows multiple ttf signal scenarios to be probed with a single mass spectrum.

The M20
OSSF and M300

OSSF masses are calculated separately for each lepton flavor scenario, yield-
ing two nonorthogonal categories labeled as 3/4L(ee) and 3/4L(µµ). Hence, a given event
can qualify for both the low and high dilepton mass regions, as well as for both lepton flavor
channels. For example, a µ±µ±µ⌥ event could be present in both low and high dilepton mass
regions in the 3L(µµ) category, and similarly, an e±e⌥µ±µ⌥ event could qualify for both the
4L(ee) and 4L(µµ) categories. However, for any one given ttf signal mass and flavor scenario,
only one of the dilepton mass ranges of a single flavor category is considered.

Events that satisfy the low or high dilepton mass ranges are considered in orthogonal Nb = 0

Multi lepton signal regions for the signal model: type-III seesaw
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The results exclude heavy fermions  
of  the type-III seesaw model for 
masses below  880 GeV at 95 %

http://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-19-002/
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Reach of  ATLAS searches for new phenomena other than Supersymmetry. Only a representative selection of  the 
available results is shown. Green bands indicate 8 TeV data results; yellow (orange) bands indicate 13 TeV data 
results with partial (full) dataset.
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