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Introduction
Top quark

Heaviest known elementary particle (mt ≈ 173 GeV)
Extremely short mean lifetime (≈ 10−25 s)
Top quark decays before hadronisation

In the SM top quark decays
almost exclusively to W and b
LHC = top factory
Can study top+X processes!

I t (̄t) + Z
I t t̄ + γ
I t t̄ t t̄
I t t̄ + cc̄
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Top+X

Top+X processes - one of the rarest at the LHC
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ATLAS t t̄Z - Eur. Phys. J. C 81, 737 (2021)
Inclusive and differential measurement, targeting 3-lepton and
4-lepton channels (e or µ)
≥ 3 jets, ≥ 1 b-jet, 3 or 4 leptons, Z window
Control regions for WZ and ZZ backgrounds (free-floating)
Expected x-section: σexp.

t t̄Z = 0.84+0.09
−0.10 pb

Measured x-section: σt t̄Z = 0.99 ± 0.05(stat.)±0.08(syst.) pb
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https://doi.org/10.1140/epjc/s10052-021-09439-4


ATLAS t t̄Z - differential
10 observables unfolded to
parton and particle level
Sensitive to BSM effects
and/or modelling
Using IBU1technique
Distributions compatible with
predictions in most variables

Dominates by
stats
Dominant syst.:
I Fake leptons
I WZ modelling
I t t̄Z modelling
I b-tagging

1Iterative Bayesian Unfolding
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CMS t (̄t) + Z - arXiv:2107.13896 - submitted to JHEP
Targets t t̄Z , tZq and tWZ
Using 3L or 4L channels
Focuses on EFT - Wilson
Coefficient sensitivity
NN to separate t t̄Z , tZq, other
CR for WZ and ZZ
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https://arxiv.org/abs/2107.13896


CMS t (̄t) + Z - EFT

Using dedicated NN to
separate SM and EFT
Used to build the SR variables
First time using the
interference in the training
Five EFT operators
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tZq inclusive

ATLAS and CMS target 3L channel
≥ 2 jets, b-tagged jet for SRs
CRs for t t̄Z , diboson, WZ (CMS),
Zγ(CMS), t t̄(ATLAS) - free floating
MVA to suppress bkg., ATLAS:
NN, CMS: BDT
SM prediction: σtZq = 102+5

−2 fb
CMS PAS-TOP-20-010:
σtZq = 87.9+7.5

−7.3(stat.)+7.3
−6.0(syst.) fb

ATLAS JHEP 07 (2020) 124:
σtZq = 97 ± 13(stat.)±7(syst.) fb
Good agreement with the SM
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-010/index.html
https://link.springer.com/article/10.1007/JHEP07(2020)124


CMS tZq differential - PAS-TOP-20-010

Likelihood-based unfolding to
parton and particle level
Differential: ≤ 4 jets
Results mostly compatible with
the MC predictions 0
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http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-20-010/index.html


t t̄γ inclusive
CMS2: lepton+jets
I ≥ 3 jets
I CRs for non-prompt γ

ATLAS3: eµ only
I ≥ 2 jets
I t t̄γ and tWγ combined
I Fitting ST (scalar sum of pT)

Inclusive fiducial cross-section
σl+jets

t t̄γ = 800 ± 7(stat.)±46(syst.) fb

σeµ
t t̄γ = 39.6 ± 0.8(stat.)+2.6

−2.2(syst.) fb

Dominant uncertainties:
I eµ: t t̄γ modelling, lumi
I l+jets: lepton/photon fakes,

modelling, lumi

2
arXiv:2107.01508 - submitted to JHEP, 3

JHEP 09 (2020) 049
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https://arxiv.org/abs/2107.01508
https://doi.org/10.1007/JHEP09(2020)049


t t̄γ differential

Strongly diagonal migrations
ATLAS: IBU unfolding
CMS: TUnfold - matrix inversion
NLO theory prediction describes data
better than LO generators
EFT fit (CMS) to detector level
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4 tops (t t̄ t t̄) - arXiv:2106.11683 - submitted to JHEP
Extremely rare process - 12 fb
1L and 2L opposite sign
LO signature: ≥ 8 jets, ≥ 4 b-jets
Dominant background: t t̄+jets
I Sequential reweighting using

data - improves prediction

Dom. unc.: modelling, b-tagging
Uncorrected Corrected
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https://arxiv.org/abs/2106.11683


4 tops (t t̄ t t̄) - results + combination

Using BDT distribution in the SRs - to enhance signal
1LOS result: σt t̄ t t̄ = 26+17

−15 fb - further evidence of 4tops process
Combination with 2L SS and 3L channels - EPJC 80 (2020) 1085
Combination: 2σ away from
the SM prediction (exp:
12.0 ± 2.4 fb)
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https://doi.org/10.1140/epjc/s10052-020-08509-3


t t̄ + cc̄ - Phys. Lett. B. 820 (2021) 136565

Dilepton channel of t t̄
Main difficulty: separation from t t̄ + b(b̄) and t t̄+light
Using c-tagger - exploiting multiclass flavour tagger
NN to match jets to partons (permutations)
Event-level NN - 5 classes for flavour of additional jets - projected
onto two discriminators

Tomas Dado (TU Dortmund) Top+X September 8, 2021 14 / 16

https://doi.org/10.1016/j.physletb.2021.136565


t t̄ + cc̄

Template fit (separate templates for ee,eµ, µµ)
First fit to extract absolute cross-sections
Second fit to extract fractions
Dominant uncertainties: fragmentation, modelling, flavour tagging
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Summary
Many new results for top+X in
ATLAS and CMS
I E.g. t t̄ t t̄ or t t̄ + cc̄

Significantly improved results
from previous iterations
New EFT interpretations
More top-related results:
ATLAS and CMS

Outlook
"Second wave" of analyses
I More sophisticated tools -

improved precision
I More channels

Combination of
channels/measurements - EFT
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https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP


BACK UP
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ATLAS t t̄Z inclusive

Systematic uncertainties
dominated by modelling
Diagram removal
Pythia vs Herwig comparison
Dominant detector
uncertainty: flavour tagging
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ATLAS t t̄Z differential
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CMS t (̄t) + Z uncertainties
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tZq systematic uncertainties

Similar selection - can compare uncertainties
Dominant systematic uncertainties
I CMS: tZq modelling, non-prompt leptons, WZ
I ATLAS: Luminosity, electron ID, VV normalisation
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t t̄γ inclusive 1
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t t̄γ inclusive 2

ATLAS

CMS
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t t̄γ differential

ATLAS

CMS
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t t̄γ EFT interpretation
Detector level distributions parametrised
using EFT (Wilson) coefficients
Fit to observed data - extract EFT
Comparison with t t̄Z and t t̄
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4 tops
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4 tops (t t̄ t t̄)
Dominant systematic
uncertainties
I 4tops PS and hadronisaton

model (Pythia vs Herwig)
I t t̄bb/t t̄ + c modelling
I 4tops scales
I b-tagging
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t t̄ + cc̄
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