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Anatomy of the tt̄Z process 2

Top pair production in association with a  Z boson: rare process!
→ Direct access to the top EW couplings (T3 and Q)

Key background to 
many important 
analyses: 
tt̄H measurement, 
tt̄+DM searches…

Each decay channel 
has its own challenges, 
but benefit from 
inclusive approach!

Want to measure the inclusive production cross section, 
but also differentially in a number of observables

● test state-of-the-art MC modelling

● recast in terms of BSM exclusions (SMEFT)

● spin correlations

Already measured by ATLAS 
with the full Run 2 dataset:

Eur. Phys. J. C 81 (2021) 737 

(~800x smaller cross 
section than tt̄)

https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-021-09439-4


Z→μμ
90.6 GeV

Candidate tt̄Z event with
○ 2 muons + 1 electron
○ 4 jets, of which 2 b-tagged
○ 30 GeV missing transverse

energy

electron: pT = 45 GeV

b-tagged jet: pT = 250 GeV

Δφ(Z, tlep) = 0.814 rad/π
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Analysis strategy: 3 channels with DNNs

● Previously had only considered simple topological bins
○ split by number of leptons, number of jets, number of b-jets
○ leads to a partial but suboptimal separation of the signal from the backgrounds

● Now rely fully on Deep Neural Networks (DNNs)
○ exploit the full kinematic information of the event
○ multi-class DNNs: can isolate specific backgrounds to measure in data (major improvement)
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● Channels based on the decays of 
the tt̄ system

○ all-jets → 2 leptons (2L)
○ lepton+jets → 3 leptons (3L)
○ dilepton → 4 leptons (4L)
○ require at least 1 b-tagged jet
○ try to remain as inclusive as possible

→ better MVA perf.



The 2L channel in the detector-level fit 5

Main backgrounds come 
from dilepton tt̄ and 
Z+HF.

→ we can measure Z+c 
and Z+b normalisations 
directly in the fit

→ tt̄+jets poorly modelled: 
rely on data-driven 
approach
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VR VR VR



The 3L channel in the detector-level fit

Multi-class DNN allows us 
to separate the leading 
tZq and WZ+HF 
backgrounds.

→ not enough stats to 
measure tZq properly: 
fixed to SM
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The 4L channel in the detector-level fit

Very pure selection, only two relevant 
backgrounds: tWZ and ZZ+HF.

→ we can measure ZZ+b directly in the fit, 
ZZ+c/light are suppressed

→ not enough statistics to measure tWZ 
(irreducible, semi-resonant tt̄Z) properly: 
fixed to SM
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Same flavour
SR

Different flavour
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Results of the inclusive detector-level fit 8

● fit is well behaved and stable

● background normalisations 
consistent with SM

● 2L and 3L yield almost exactly the SM 
prediction, 4L has slight excess

● leading systematics related to background 
normalisation and JES/Flavour tagging

Simultaneously fit all regions:

Theory prediction (NLO+NNLL) 
Eur. Phys. J. C 79 (2019) 249

https://link.springer.com/article/10.1140/epjc/s10052-019-6746-z


Comparison to previous analysis 9

Previous analysis

This analysis

Cross sections (in pb)

Theory prediction
[~10%] 0.86 ± 0.08 (scale) ± 0.03 (PDF)

Previous measurement
[~10%] 0.99 ± 0.05 (stat) ± 0.08 (syst)

This measurement
[~6.5%] 0.86 ± 0.04 (stat) ± 0.04 (syst)

35% improvement overall, but systematics
cut down in half!
→ better background separation
→ data-driven techniques
→ improved MC modelling

Re-analysis can be important
(e.g. 4tops)

Eur. Phys. J. C 81 (2021) 737

https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-021-09439-4


Correcting for detector effects: unfolding 10
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Correcting for detector effects: unfolding 11



Differential measurements

Recent development in ATLAS: profile-likelihood unfolding.

Multiple benefits: pulls and constraints of the uncertainties, 
normalisation of backgrounds, inclusion of control regions and 
multiple signal regions, ability to save the full likelihood for HEPdata!

Tikhonov regularisation whenever hadronic top or full tt̄ 
reconstruction is needed.

Observables:
● mainly kinematics of the Z boson and tt̄ system
● angular distributions, jet multiplicities
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Results of the differential measurements 13

● 17 observables unfolded to particle- and parton-level, normalised and absolute

● Chosen for relevance to both SM and BSM modelling

● Still largely stat-dominated → no single MC generator performs clearly better than the others

● Can be combined using the provided likelihoods and correlations

Z transverse 
momentum

Z rapidity Scalar sum 
of leptons’ 
pT in 4L



A legacy measurement of a rare production process
● Inclusive and differential measurements of the tt̄Z cross section in 

multi-lepton final states (2L, 3L & 4L) using 140 fb-1 of Run 2 data
○ now also including interpretations (spin correlations & EFT → see backup slides)

● Analysis builds and improves upon the previous one: MC modelling, 
MVA-based strategy, fake lepton estimation, systematics model.

○ 35% improvement on the inclusive cross section, 50% reduction of systematics!

● Results are consistent with the SM:
○ cross section is 0.86 ± 0.06 pb → 6.5% uncertainty
○ best theory prediction 0.86 ± 0.09 pb → 10% uncertainty

● Differential measurements are performed for 17 kinematic observables

● First search for tt̄ spin correlation effects: still statistically dominated!

● Comprehensive picture of top-EW EFT

● Inclusive & differential likelihoods are available: ready for combinations!
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Public page – HEPData  
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2020-20/
https://www.hepdata.net/record/ins2744513


Overview of the available material

We provide:

● all tables and plots from the paper, including auxiliary material
○ i.e. also all migration matrices, efficiency and acceptance corrections, and covariance matrices 

for the differential observables
● full ranking of uncertainties for the inclusive cross section combination
● the likelihood for the inclusive cross section combination [ATL-PHYS-PUB-2019-029] 
● the likelihood for each differential distribution

○ particle/parton-level X absolute/normalised
● 1’000 data bootstraps for the inputs to each differential measurement as well 

as the inclusive cross section combination [ATL-PHYS-PUB-2021-011]

Upcoming:

● RIVET routine to reproduce the tt̄Z fiducial phase-space
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-029/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2021-011/


Overview of the available material 17

https://www.hepdata.net/record/ins2744513


Example: differential distribution 18



Example: acceptance and efficiency corrections 19



Example: migration matrix 20



Example: covariance matrix 21



Example: bootstraps 22



Example: likelihood

● PyHF likelihood [ATL-PHYS-PUB-2019-029]

● HS3 JSON format

Contains the full model
used in the analysis!

→ reproduce the results
→ re-interpret (replace predictions, 
uncertainties)
→ combine (use bootstraps to evaluate correlations 

and overlap between ATLAS 
measurements on the Run 2 dataset)
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https://pyhf.readthedocs.io
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-029/


A tutorial on working with likelihoods! 24

https://opendata.atlas.cern/d
ocs/tutresearch/public_likeli
hoods 

https://opendata.atlas.cern/docs/tutresearch/public_likelihoods/
https://opendata.atlas.cern/docs/tutresearch/public_likelihoods
https://opendata.atlas.cern/docs/tutresearch/public_likelihoods
https://opendata.atlas.cern/docs/tutresearch/public_likelihoods


BACKUP
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Systematic uncertainties

● Detailed description of signal modelling, based on state-of-the-art MC
○ parton shower and underlying event
○ initial state radiation
○ scale uncertainties as a proxy for unknown NNLO QCD
○ PDF uncertainties (PDF4LHC prescriptions)
○ alternative multi-leg generators used for comparisons

● Background uncertainties also revisited
○ measure all dominant backgrounds directly in data
○ only tZq can not be constrained precisely enough

→ rely on 14% ATLAS result, motivates future joint measurements?
○ singly-resonant tWZ: recent evidence from CMS, but still “unobserved”;

large theory uncertainty → challenge for modelling!

● Experimental uncertainties: 200-300 NPs at the end of Run 2
○ more sophisticated JER, JES, electron and muon efficiencies breakdown
○ as seen in the Top Mass example, this is the way towards more correct combinations!
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https://link.springer.com/article/10.1007/JHEP07(2020)124
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-008/index.html


Spin correlations interpretation

Presence of the Z boson modifies the SM 
expectations for spin correlations between 
the two tops: attempt to measure this effect 
at detector-level.

Consider 9 angular distributions probing the 
tt̄ spin density matrix, and perform a 
template fit between SM hypothesis and 
“spin-off” hypothesis.

For each angular observable, extract fSM, 
then combine in χ2 fit (with stat. and syst. 
correlations)

Null hypothesis disfavoured
at 1.8σ level
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Looking forward: additional sensitivity to 
modification of top-Z coupling.



Differential measurements
Recent development in 
ATLAS: profile-likelihood 
unfolding.

Multiple benefits: pulls and 
constraints of the 
uncertainties, normalisation 
of backgrounds, inclusion of 
control regions and multiple 
signal regions, ability to save 
the full likelihood for 
HEPdata!

Tikhonov regularisation 
whenever hadronic top or full 
tt̄ reconstruction is needed.
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SMEFT interpretation

tt̄Z production is sensitive to dim-6 EFT operators both in the top-Z coupling and 
in the qq/gg→tt̄ vertex.

Use the differential distributions at particle-level as input to the EFT fit (with proper 
correlations taken into account), relying on LO QCD parameterisation from 
SMEFTsim 3.0.

Perform 3 different fits to assess the relevance of SM/EFT interference and pure 
EFT terms, and the sensitivity to each operator individually.

Also perform PCA to identify directions of sensitivity probed by the 
measurement.
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Results of the SMEFT interpretation 30

Separate fits to top-boson and 
four-quark operators in the Warsaw 
basis: no significant deviation from the 
SM, but patterns indicating the need to 
take into account linear combinations 
→ PCA / Fisher information matrix

Top-boson operators: affect the 
strength of the V-A coupling of the Z 
boson to the top, allow new Lorentz 
structure (dipole), CP-violation 
(imaginary parts).

Four-quark operators: only relevant 
for the subdominant qq→tt̄ channel, but 
different sensitivity than simple tt̄ due to 
possible ISR Z.
Particularly important to take into 
account EFT-EFT interference!



SMEFT interpretation in the rotated basis 31

Since we are very close to the SM, use 
a linear EFT approximation and 
rotate the Warsaw basis into 3 new 
directions of sensitivity:

● ctG dominates because of large 
impact on gg→tt̄, but four-quark 
operators still important;

● top-boson operators more discrete, 
but recover some of the expected 
linear combinations;

● pattern of positive central values 
accommodates the slight excess in 
4L, but still consistent with SM.


