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‣ Introduction


‣ Focus on Z’, W’, Heavy neutrinos and Multilepton searches


‣ ATLAS Z’⟶ℓℓ search, 139 fb-1 [arXiv:1903.06248]


‣ CMS Z’⟶ℓℓ search, 36 fb-1 [JHEP 06 (2018) 120, JHEP 04 (2019) 114]


‣ ATLAS W’⟶ℓν search, 139 fb-1 [soon]


‣ ATLAS WR⟶ℓNR⟶ℓℓqq search, 80 fb-1 [arXiv:1904.12679]


‣ CMS Multilepton search 137 fb-1 [CMS-PAS-EXO-19-002]


‣ Outlook

Outline

�2

https://arxiv.org/abs/1903.06248
https://link.springer.com/article/10.1007/JHEP06(2018)120
https://link.springer.com/article/10.1007/JHEP04(2019)114
https://arxiv.org/abs/1904.12679
http://cds.cern.ch/record/2668721?ln=en
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‣ Some well known SM extensions 
featuring new heavy resonances


‣ Also well known new types of non-
resonant interactions


‣ Coupling to leptons provide the 
cleanest signatures for searches


‣ selection *usually* straightforward


‣ Not many fresh models for 
“standard” resonances


‣ several relatively new models 
motivated by the flavour-anomalies


‣ Recent models suggest completely 
new signatures, e.g. the clockwork 
theory [JHEP 1806 (2018) 009]

Motivation
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What’s new experimentally?
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Yes, much more data plus some incremental 
improvements, but what’s besides that?

increased luminosity is great, but also 
poses some problems for searches! 

‣Keep the “high-stat end” in tune 

‣FullSim MC has to grow significantly 
‣storage, processing, modelling… 

‣Can we work around that?
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ATLAS dilepton, 36 fb-1, 2015-2016 

[JHEP 10 (2017) 182]

Limit on m(Z’Ψ) at ~3.8 TeV from 
both ATLAS & CMS

https://link.springer.com/article/10.1007/JHEP10(2017)182
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‣ Bkg model: fit mℓℓ spectra in data

‣ search from 250 GeV up to 6 TeV

‣ MC is still used - see backup


‣ Generic signal shapes

‣ Breit-Wigner⊗Resolution


‣ Full response description

‣ efficiency and resolution vs mℓℓtru

‣ allows easy reinterpretations


‣ Limits placed on the fiducial σ×ℬ


‣ for various widths

‣ applicable to spin-0/1/2 signals

‣ converted for a set of benchmarks 

(E6, HVT, SSM,…)

ATLAS Z’⟶ℓℓ search with 139 fb-1
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‣ Most massive ℓ+ℓ- 
event ever recorded!


‣ mee = 4.06 TeV


‣ Leading electron

‣ ET = 2.01 TeV

‣ η = 0.47

‣ φ = -0.78


‣ Subleading electron

‣ ET = 1.92 TeV

‣ η = -0.03

‣ φ = 2.37

ATLAS Z’⟶ℓℓ search with 139 fb-1
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ATLAS Z’⟶ℓℓ search with 139 fb-1
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plus several more 
interpretations

but more uniquely 
than in the past:

efficiency Resolution
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Evolution

E6 theory
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CMS ℓℓ search with 36 fb-1
‣ Based on MC

‣ Resonant

‣ expect full Run2 result to be out soon

‣ Non-resonant
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‣ The low-mT region re-included (was 300, now 150 GeV)


‣ Added single-bin (cross section) and generic (Γ/M=1-15%) limits


‣ MC used for all bkgs except for fake electrons contributions


‣ ttbar and diboson smoothed and extrapolated


‣ ETmiss: |ΣvecpT(signal leptons + photons + jets)|+(soft term)


‣ Large uncertainties in the bkg at high mT have little impact (tiny stat…)

ATLAS W’⟶ℓν search with 139 fb-1
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mT = 2pTEmiss
T (1 − cos ϕℓν)

Electrons Muons

Reduce disagreement 
at low mass due to:

‣ jet energy resolution

‣ ETmiss trk soft term 

4.96 TeV 
pT=2.3 TeV 

MET=2.6 TeV
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‣ Framework of L-R symmetric models

‣ SM-singlet heavy neutrinos NR


‣ Focus on m(NR)/m(WR)≤0.1

‣ NR can be highly boosted

‣ quarks merge ⟹ large-R jets

‣ electrons: m(NR) = m(J)

‣muons: p(NR) = p(J)+p(μ2)


‣ SR: mWR>2 TeV, same-flavour leptons

‣ dominant bkg is ttbar


‣ Bkg MC is used for

‣ optimise selection

‣ electron-in-jet performance

‣ estimate Z+jets contribution

ATLAS WR⟶ℓNR⟶ℓℓqq with 80 fb-1
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‣ Z+jets: fit the MC prediction ⟶ ℱZ+jets


‣ larger than ttbar at high m(WR)


‣ Ttbar: data fit in the CR, m(WR)<2 TeV


‣ ℱ = ℱdata,CR + ℱZ+jets(fixed from MC)


‣ validate in the eμ VR (Z+jets negligible)


‣ Extrapolate to the SR: m(WR)>2 TeV


‣ uncertainty on bkg yield: 25%


‣ Single-bin counting experiment in the SR

…small tension

ATLAS WR⟶ℓNR⟶ℓℓqq with 80 fb-1
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ATLAS WR⟶ℓNR⟶ℓℓqq with 80 fb-1
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‣ Excluded region extends to m(WR) of ~5 TeV 
for both channels, for m(NR) of 0.4-0.5 TeV


‣ Much more sensitive wrt the resolved 
channel at small NR masses
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‣ Exactly 3 (3L) or 4 and more (4L) leptons

‣ Type-III seesaw pairs of heavy fermions

‣ non-resonant tails in mT or LT+pTmiss


‣ Light scalar top-associated production (ttφ)

‣ resonant in dilepton mass (first direct search!)

‣ 15-75 GeV and 108-340 GeV (not onia/Z/φ⟶tt)


‣ Bkgs: Diboson and ttZ (MC) and Z/ttbar+jets (data)

CMS Multileptons with 137 fb-1
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Heavy fermions excluded below 
880 GeV (case of lepton flavour 
democratic decay)


ℬ(φ⟶ℓℓ) excluded above 0.04  
for scalar (0.03 pseudoscalar) 
mass in 108-340 GeV, for gt2~1.

CMS Multileptons with 137 fb-1
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‣ A few recent cutting-edge direct searches with leptons


‣ some refreshments in long-standing strategies


‣ no significant evidence of such physics yet


‣ new/stronger exclusions from both experiments


‣ However,


‣ what we usually exclude is a class of very strong signals


‣ recall that we haven’t observed the H⟶μμ signal yet


‣ weakly coupled resonances could still be anywhere above the Z


‣ We need more luminosity and more energy!

Summary
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BACKUP
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ATLAS Z’ selection
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‣ Done to reduce model-dependencies from off-shell effects


‣ Requirements at particle level (for resonance X)

‣ |η(ℓ)|<2.5

‣ pT(ℓ)>30 GeV

‣ mℓℓ(tru)>(mX-2ΓX)

ATLAS Z’ Fiducial region

�20

ΓX

mX
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ATLAS Z’ uncertainties
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‣Non-huge MC samples still used to 


‣ explore fit functions


‣ study bkg compositions


‣ evaluate efficiency & resolution


‣ derive spurious signal uncertainty


‣ for each ΓX assumptions in: 0%,0.5%,…,10%

‣Main backgrounds are DY and ttbar

‣ produced from large-stat generator level

‣ smeared by the mℓℓ resolution

‣ corrected by mℓℓ-dependent 𝒜×ε
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ATLAS Z’ MC’s?
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CMS’s Z’ search
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‣ Cross section can, in the narrow-width approx’, be expressed as cuωu+cdωd 


‣ cu (cd) contains information about the model-dependent Z′ couplings to the 
up-type (down-type) quarks, while ωu (ωd) depends on the respective PDFs


‣ The parameterisation of the linear mixing of the relevant U′(1) generators 
produces a contour in the cd-cu plane that represents each class of models
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CMS’s CI uncertainties
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ATLAS NR search
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‣ Decays of boosted massive particles (t,Z,W) appear merged in the detector


‣ Average angular separation between the decay products is ΔR~2m/pT


‣ Different grooming algorithms, input variables, tagging approaches etc.


‣ Jet grooming (e.g. trimming) is used to remove soft contaminations from 
PU, UE and ISR


‣ Trimming: Jets built with the anti-kt algorithm using R~1, trimmed using 
R~0.2 subjets, removing those whose pT fraction is e.g. <5% of the jet pT

Large-R jet trimming
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ATLAS heavy neutrinos
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‣ Ttbar fit uncert.: variations of the fit range⟶largest change in the SR yield


‣ Z+jets fit uncert.: same as ttbar + fit alternative Z+jets MC samples after 
varying the scale and using alternative PDF sets (all in quadrature)


‣ The uncertainty of the background yield in the SR is 25% for both channels


‣ Fits statistical uncertainties: use pseudo-experiments while varying the 
input data points within their statistical uncertainties
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CMS Multileptons
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CMS Multileptons
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CMS Multileptons
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CMS Multileptons
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Clockwork theory

�33

‣ [JHEP 1806 (2018) 009]

‣ Multiple copies of gravity

‣ Multiple massless gravitons

⟶Fourier transform
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https://link.springer.com/article/10.1007/JHEP06(2018)009

