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● Refined measurement building 
upon previous ATLAS result 
(EPJC 81 (2021) 737)

● Z→ee̅/μμ̅, 3 channels according 
to tt̅ decay →2l - all hadronic, 3l - 
l+jets, 4l - dileptonic)

● tt̅Z - rare process → provides stringent tests of SM
● Important background for LHC searches (tt̅H, tt‾tt‾, tZ, BSM searches)
● Sensitivity to BSM physics affecting tZ coupling
● Measurements aimed at improving previous inclusive and differential 

results + adding SMEFT and spin-correlations interpretation

Introduction

ATLAS-CONF-2023-065
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https://link.springer.com/article/10.1140/epjc/s10052-021-09439-4
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-065/


Analysis overview

1.) Inclusive xs

● Addition of 2lOS channel 
(previously only 3l and 4l)

● DNNs for region definitions 
and fit input

Previous ttZ results:
inclusive + differential 13 TeV; 139 fb-1 
EPJC 81 (2021) 737

inclusive + differential + EFT 13 TeV; 77.5 fb-1 
JHEP 03 (2020) 056

This analysis:
● Full Run 2 data (140 fb-1)
● Legacy tt̅Z measurement
● Improving previous result using same dataset

2.) Differential xs

● New variables (17 vs. 9)
● New unfolding technique 

(PLU) with regularisation

3.) Spin correlations

● First interpretation for tt̅Z
● 9 angular distributions
● Detector-level fit

4.) EFT interpretation

● 20 dim-6 operators
● Linear and quadratic fits
● Fisher information 

matrix
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https://link.springer.com/article/10.1140/epjc/s10052-021-09439-4
https://link.springer.com/article/10.1007/JHEP03(2020)056


Analysis regions Trilepton
● At least 1 OSSF lepton pair with 

|mll-mZ| < 10 GeV
● pT

l > 27, 20, 15 GeV
● At least 3 jets and 1 b-tagged jet 

(@85% WP)
● 3 orthogonal SRs based on output 

nodes from multi-class DNN:

○ SR-3l-tt̅Z, SR-3l-tZq, SR-3l-WZ 
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Tetralepton
● At least 1 OSSF lepton pair with |mll-mZ| < 20 GeV
● pT

l > 27, 7, 7, 7 GeV
● At least 2 jets and 1 b-tagged jet (@85% WP)
● 2 SRs based on flavor of the lepton pair from tt̅

○ SR-4l-SF, SR-4l-DF 

● DNN > 0.4 used to define SF region - remaining 
part used for ZZ control region

CR-ZZ SR-4l-SF

Dilepton
● 1 OSSF (opposite-sign-same-flavour) lepton pair with |mll-mZ| < 10 GeV
● pT

l > 30, 15 GeV
● SRs inspired by the 36 fb-1

  analysis
● 3 SRs based on jet and b-jet multiplicity:

○ SR-2l-5j2b, SR-2l-6j1b, SR-2l-6j2b



2l channel strategy
● 2l channel only in the inclusive measurement 
● DNN outputs in each SR used for Profile likelihood fit (PLF)
● Dominant backgrounds: dileptonic tt̅ and Z+jets
● Normalisations of Z+b and Z+c free parameters of the fit

tt̅ poorly modelled → data-driven 
estimate:

● tt̅ regions defined similar to 
SRs, but OSSF → OSDF

● Very pure regions
● tt̅ estimation in SRs = (data in 

tt̅ regions - non-tt̅ background 
in tt̅ regions) * Ctt̅

tt̅ region 6j2b

SR 5j2b SR 6j1b SR 6j2b
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3l channel strategy
● Multi-class DNN - tt̅Z, tZq, WZ output nodes
● tt̅Z node output fitted, tZq and WZ used for SR definitions
● WZ+b normalisation measured in the fit
● tZq fixed to SM (low stats)   

SR tt̅Z SR tZq SR WZ

Fake CR

e from HF

● Non-prompt/fake leptons 
relevant for 3l and 4l - 
dedicated CRs  

● 4 categories defined using 
loose selection

○ F-e-HF
○ F-μ-HF
○ F-e-Other
○ F-Other  (form MC)
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4l channel strategy
● Leading backgrounds: tWZ and ZZ+jets

● DNN outputs used as an input for the fit

● Irreducible tWZ - estimated from MC (low stats)

SR DF

CR ZZ

SR SF

7

● ZZ+jets mostly in SF region 

● ZZ CR for SF selection - defined with           
DNN < 0.4

● ZZ+b normalisation extracted in the fit → 
CR with two bins based on b-tagging 
efficiency 



Inclusive xs measurement
● Simultaneous profile likelihood fit in all SRs and CRs 

● 12 regions (8 SRs and 4 CRs) and 8 free parameters in the 
combined fit

● Extracted signal strength (μtt̅Z) translated to the cross section 
and corrected to match fiducial region (70 < mff̅ < 110 GeV)

● Main improvements: DNNs, better modelling, region definitions, 
addition of 2l channel

● 35% reduction in uncertainty when compared to previous tt̅Z
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Differential measurements
● Only in 3l and 4l channels

● Profile likelihood unfolding (PLU) to particle and parton level

● PLU allows for:

○ inclusion of multiple SRs and CRs, 
○ free floating normalisation of the leading backgrounds, 
○ pulls and constraints of the uncertainties 

● Absolute and normalised distributions

● 17 observables (5 in 3l, 3 in 4l and 9 in combination)

● Tikhonov regularisation for observables featuring hadronic top
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Differential results
● Unfolded distributions compared to:

○ MG5_aMC@NLO + Pythia 8 
(nominal) 

○ Sherpa 2.2.1 (inclusive)

○ Sherpa 2.2.11 (multi-leg)

● In general good agreement - some 
observables suffer from bad modelling 
→ lower p-values for HT(l), |Δy(Z,tl)|, pT

tt̅

● Particle level more precise (more 
diagonal migration matrices)

● Measurement statistically limited (but 
30% improvement when compared to 
previous tt̅Z analysis thanks to PLU, DNN, 
...) 
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Spin correlations interpretation
● First evidence of top-quark spin correlations in 

tt̅Z (SM expectations modified by the Z boson)

● 6 independent observables (in tt̅ rest frame):

● Observables defined using leptons from tt̅        
(or lepton + down-type quark from W decay)
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Consider only 9 coefficient that are non-0 
within theoretical uncertainties

    Strategy:
● Template fit of detector-level distributions (unfolded 

distributions unusable -> would require regularisation in 4l)

● Each observable O fitted to lin. combination of spin-on 
and spin-off hypotheses POI (=1 for SM-like 

correlations and =0 in 
absence of spin. corr.)

Template with SM 
spin. corr.

Template without 
spin. corr.



opening angle between charged leptons (or lepton and s-jet)

Spin correlations interpretation
● Coefficients fitted individually and then combined using profiled χ2 fit (with stat. and syst. correlations)
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● Measurement consistent with the SM 
prediction, but statistically limited

● Spin-off hypothesis rejected with 1.8σ

● Main systematics from MC modelling, 
ET

miss and flavour tagging



Observables used:

● pT
Z (top-boson) 

● |yZ| 
● cosθZ

*

● pT
t (four-quark)

● |Δϕ(tt̅,Z)| 
● |ytt̅Z|

● tt̅Z sensitive to 20 dim-6 operators (6 top-boson, 14 four-quark)

● Particle level normalised differential distributions taken as an input 
(reweighted with LO parametrisation)

● Separate fits for top-boson and four-quark operators

● 3 fit strategies:
○ Simple linear fit (linear term A → interference between SM and SMEFT)
○ Full quadratic fit (both linear A and quadratic B terms)
○ Individual quadratic fit (all other operators set to 0, for comparison with other analyses)

SMEFT interpretation
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CQq
(3,1), CQq

(3,8)
 reduced by factor 6-30 

when adding quadratic terms

SMEFT results
● No significant deviations from the SM 

prediction

● Quadratic terms particularly important 
for four-quark operators

● For some operators (CtG, CtW, ...) linear 
terms missing due to vanishing 
interference at LO in QCD

● Linear combinations of operators 
could provide more stringent limits   
→ Fisher information matrix
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Fisher information matrix
● SMEFT interpretation in the rotated Warsaw basis
● 3 most prominent directions of sensitivity
● Fisher information matrix:

○ Inverse covariance matrix from the linear fit rotated into the space of Wilson coefficients
○ Provides measure of sensitivity achievable along directions given by the eigenvectors
○ Inverse square root of eigenvalues λ estimates expected limits for F1 - F3

● Final EFT fit of 3 best linear combinations → yields most stringent limits on F1 [-0.08, 0.24]
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Dominates because 
of large impact on
gg → tt̅



Summary
● Legacy tt̅Z measurement with full Run 2 data

● Improves previous ATLAS results re-using the same data but with novel techniques

● Very precise inclusive xs measurement (6.5% precision) → even more than NLO theory (10%)
○ Good compatibility with the theory prediction

● Differential measurements improved significantly by using PLU instead of IBU (30% reduction of 
uncertainties)

○ In agreement with the SM, but still statistically limited

● First spin correlation interpretation for the tt̅Z process (analysis statistically limited)
○ Result consistent with the SM value, spin-off hypothesis rejected with 1.8σ

● Thorough SMEFT interpretation (20 operators), including Fisher information matrix to identify 
sensitive directions in the coefficient space

Analysis strategy adapted for future combinations!
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Thank you for your attention!



BACKUP

18



MC Samples
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Region Definitions
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Trilepton

Dilepton

Tetralepton



Particle & parton-level selection
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Particle   - after ttZ decay, including hadronisation
      - simulates detector level selection

Parton  - before ttZ decay, after QCD radiation
    - tau leptons excluded 

Leptons dressed with additional photons at particle level, but not parton 



Top quark reconstruction
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● 2l
○ Multihypothesis t/W reconstruction 

■ targets fully hadronic tt system; several hypotheses for the number of missing and present top quarks and W bosons
■ 5 different scenarios (1t1W, 2t, 2W, 1t, 1W) tested for each jets-quarks assignment, one with the highest output weight 

considered correct
■ output weights used as discriminating variables for DNNs

○ SPANet
■ symmetry preserving attention neural network, originally developed for the all-hadronic tt events
■ redesigned for the ttZ topology, inputs are jet kinematic and b-tagging info + correct jet assignments
■ trained on the 6j1b events, used to construct discriminating variables for separation DNNs

● 3l
○ first reconstructed leptonic-side top
○ neutrino momentum in z direction from the quadratic equation, most likely top candidate from comparison with mblv distribution
○ second b used for the reconstruction of hadronic top, two light jets from interpolation of mjj

● 4l
○ full tt reconstruction using Two Neutrino Scanning Method
○ whole eta-phi space scanned for the two neutrinos + 2 leptons not associated with the Z + 2 jets with the highest b-tagging 

score
○ kinematic constraints from reference distributions used to create output weight - largest taken as correct + weight used as a 

discriminating variable in DNNs 



2l NN variables
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3l NN variables
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4l NN variables
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Backgrounds
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Dilepton tt regions

Tetralepton ZZ CR Fake CRs in 3l and 4l



Backgrounds

27

tt̅ region 5j2b tt̅ region 5j2b tt̅ region 5j2b

● tt̅ regions in 2l 
channel

● Fake CRs in 3l 
and 4l channels

Fake CR Fake CR Fake CR

μ from HFe from HF
mixed e



Systematics Theory
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       Signal:
● Nominal tt̅Z: aMC@NLO + Pythia 8
● Parton shower: Pythia 8 vs. Herwig 7
● Scales: μR, μF varied up and down by a factor of 2
● ISR: varying Var3c parameter of Pythia A14 tune
● PDF: PDF4LHC prescription
● modelling cross-checked with Sherpa 2.2.1 

       Background:
● WZ/ZZ + jets: CKKW, QSF, μR, μF, PDFs, 

normalisations 10-30%
● tZq: parton shower (P8 vs. H7), PDFs, ISR and 

μR, μF 
● tWZ: DR1 vs. DR2 diagram removal scheme, 

PDFs, μR, μF 
● Z+jets: CKKW, QSF, PDFs, μR, μF , 10% 

normalisation for Z+l

Experimental
● Luminosity (0.83%)
● Pileup reweighting
● Lepton selection (1-3%)

● Jet selection: JER, JES, JVT
● Flavor tagging (1.7%)
● ET

miss

Experimental uncertainties allow for the future combinations !



2l post-fit yields and norm. factors
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3l & 4l post-fit yields
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Profile likelihood unfolding procedure
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Differential observables
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Spin correlations
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● k, n, r - axes in orthonormal basis, +/- is charge of lepton/quark
● In 4l observables defined using leptons from tt̅
● In 3l necessary to use lepton + down-type quark from W decay (c or s) - c tagged jets if pass at least 85% but fail 

60% (its companion is s-quark)

● Negative (or >1) fSM caused by large variability of the fit results under local excesses not compatible with either 
the spin-on or spin-off templates

● Fit enhances the impact of systematic uncertainties with an important shape component (alternative parton 
showers for ttZ, electron isolation and ZZ+b scale uncertainties in 4l)

● Future spin density measurements will be able to probe possible CP-violation effects and 4-fermion 
operators



SMEFT interpretation
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