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Overview

2Top properties and production cross-section measurements are key in LHC physics program
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2020-012/


Motivation of t(t)V measurements
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● ttV and tV processes are probes of electroweak couplings of the 
top to weak bosons

○ Sensitive to anomalous couplings in the EWK sector.
○ Sensitive to CP violation couplings, Vtb measurements.

● ttZ/ ttW: irreducible background in several key LHC searches 
● tZq: purely produced by top-EWK couplings

○ strongly polarised top -> probe of t/t spin asymmetry.
○ In addition, probe to triple WWZ coupling.

● tγ and ttγ: probe of top-quark/γ couplings
● Differential measurements to help in MC tuning and anomalous 

couplings.

ttγ, ttW and ttZ LO diagrams
Single-top tW LO 

tγ LO

tZq LO

See Alejandro Soto’s talk

https://indico.cern.ch/event/891123/contributions/4601671/


σtZq incl. measurements
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● Searching in 3 lepton regions. 1 b-jet and 1 or 2 additional non b-tagged jets
○ Signal includes resonant Z-boson and non-resonant diagrams (ml l > 30 GeV)
○ Z/top mass reco.: lepton pair assigned to Z if |ml l-mZ| < 10 GeV, other to top (lt)

● Dominated by VV and ttZ (prompt lepton)  and Z+jets and tt (non-prompt lepton)
○ Dedicated CRs in 3l (prompt-lepton) and 2l + 2b (non-prompt)

● NN to increase sensitivity to tZq
○ Based on leptons from Z, jets, top, b-tagging information 

● Inclusive cross-section extracted from template fit in NN score (tZq, ttZ), mT (VV), yield 
(ttbar)

○ Dominated by prompt lepton modelling and jet/lepton uncertainties 

σtZq
ATLAS = 97+13

-13(stat)+7
-7(syst) fb 

(14% precision)

For ml l > 30 GeV

σNLO
SM= 102+5.2 

-1.3 (scale) +1.0 
-1.0(PDF) fb

JHEP 07 (2020) 124

https://link.springer.com/article/10.1007/JHEP07(2020)124


σtZq incl. and diff. measurements
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● Searching in 3 lepton regions (Z->l l and t-> l νb)
○ 1 b-jet, at least 1 additional jet (high-pT, forward)
○ 3 leptons: pair assigned to Z within |mll-mZ| < 15 GeV , other to top (  lt  )

● Dominated by ttZ, WZ, Zγ and non-prompt
● Non-prompt lepton background limited previous results.

○ Mainly coming from tt and Z+jets background
○ Dedicated BDT lepton identification (lepton MVA)

● BDT to separate signal from bkg. Based on lepton,  jets, top, b-tagging information 
● Inclusive cross-section extracted from MLE fit on BDT output score

○ Three SRs: Nb=1, Nj=2 or 3 (WZ); Nb=1, Nj>=4 (ttZ (4l ), WZ); Nb=2, Nj>=4 (ttZ)
○ Dominated by tZq μR/μF , bkgs normalizations, b-tagging uncertainties.

● lt charge to separate SRs to evaluate σtZq ( l + )/σtZq( l - ) 

σtZq
CMS = 87.9+7.5

-7.3(stat)+7.3
-6.0(syst) fb 

(11% precision)

NEW

σth
NLO(5FS) = 94.2+1.9

-1.8(scale)+2.5
-2.5 (PDF) fb

For ml l > 30 GeV

arXiv:2111.02860

http://arxiv.org/abs/2111.02860


σtZq incl. and diff. measurements
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● Differential cross-section measurement with re-optimized selection
○ Neural network to extract tZq signal

● Template fit: observable of diff. cross-section + NN score.
● Unfolding through likelihood-based technique:

○ pT(Z), ml l l,, pT(lt), cos(θ*), Δφ(l,l), m(tZ), pT(j’), |η(j’)|
● Good agreement with MG5_atNLO except for ml l l,

○ 5FS vs 4FS: mainly normalization differences. 
○ Sensitivity not enough to show a preference

● Spin asymmetry fitted from parton-level cosθ*

NEW

Al
CMS (tZq) = 0.54+0.16

-0.16(stat)+0.06
-0.06 (syst)

Al,4FS
MG5@NLO (tZq) = 0.44 ; Al,5FS

MG5@NLO (tZq) = 0.45

arXiv:2111.02860

http://arxiv.org/abs/2111.02860


σtγ inclusive measurement
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● Measured in 35.9 fb-1. Focusing on 1μ decay channel (t->μνb)
● Selection based on presence of 1γ, 1μ, 1 b-jet  and 1 forward jet.
● Dominant background is ttγ. Backgrounds are divided in

○ Genuine-γ ( ttγ, Vγ, VVγ, .. ): from MC. ttγ CR defined.
○ Non-prompt photon: pT-dependent prob of misidentification of j/e->γ 

from data-driven technique. 
● BDT to increase signal discrimination

○ Based on object kinematics and reconstructed top mass. 
● Cross-section from simultaneous fit of BDT shape in SR and ttγ CR

○ Dominant uncertainties from jet calibration, signal modelling, Zγ 
normalization and b-tagging

σCMS (tγ) = 115+17
-17(stat)+30

-30 (syst) fb

Significance = 4.4 σ (exp 3.0 σ)
σtheo (tγ) = 81+4

-4 pb

Phys. Rev. Lett. 121 (2018) 221802

https://doi.org/10.1103/PhysRevD.88.033003

http://dx.doi.org/10.1103/PhysRevLett.121.221802
https://doi.org/10.1103/PhysRevD.88.033003


σttZ incl. and diff. measurements
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● 3 lepton and 4 lepton signal regions with a Z-candidate ( |ml l - mZ |<10 GeV)
○ Binned in b-jet and lepton-flavour.

● Diboson dominating background in 3l (WZ) and 4l (ZZ) -> dedicated CRs
○ Fake lepton background obtained in data (mainly from dileptonic tt + HF)

■ Fake factors from data validated in dedicated VRs. 
○ Other backgrounds from MC predictions.

● Results obtained by simultaneous fit of the 3l + 4l single-bin SRs and CRs 
○ Dominated by modelling uncertainties (signal and background) and b-tagging

σATLAS (ttZ) = 0.99+0.05
-0.05(stat)+0.08

-0.08 (syst) pb

σNLO+NNLL+EWK
theo (ttZ) = 0.86+0.09

-0.10 pb

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

arxiv:1812.08622 arxiv:1907.04343

https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-021-09439-4
https://arxiv.org/pdf/1812.08622.pdf
http://arxiv.org/abs/1907.04343


σttZ incl. and diff. measurements
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● Differential cross-section measurement into parton and particle level
○ Iterative Bayesian unfolding (RooUnfold) for pT(Z), pT(l, non-Z), |Δφ(tlep,Z)|, |Δφ(tt,Z)|
○ Except Nj (only particle-level)

● Some disagreements in pT(Z), although overall compatibility between predictions and data.
○ MG5@NLO and Sherpa comparisons.
○ Theory predictions to NLO+NNLL

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

Sensitive to BSM in 
the top EW coupling

Sensitive to spin 
correlation of tt

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


σttZ incl. and diff. measurements
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● 3 lepton and 4 lepton signal regions. 
○ 3 lepton binned in Nb and Nj -> Dominated by WZ and t(t)X* 

■ Control regions of backgrounds in 3l , Nb = 0
○ 4 lepton binned in Nb (required one Z-candidate) -> Dominated by ZZ

■ Control regions of backgrounds in 4l + two Z-candidates
● Results obtained by simultaneous fit of the defined signal regions 

○ Dominated by lepton identification uncertainties, the WZ cross-section 
and statistical uncertainties.

*t(t)X = tWZ, tZq, tHq, tttt, ttVV, tHW,ttW, ttH 

σCMS (ttZ) = 0.95+0.05
-0.05(stat)+0.06

-0.06 (syst) pb

σNLO+NNLL+EWK
theo (ttZ) = 0.86+0.08

-0.09 (scale)+0.03
-0.03 (PDF) pb

JHEP 03 (2020) 056

arxiv:1812.08622 arxiv:1907.04343

http://dx.doi.org/10.1007/JHEP03(2020)056
https://arxiv.org/pdf/1812.08622.pdf
http://arxiv.org/abs/1907.04343


σttZ incl. and diff. measurements
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● Differential cross-section measurement with high-purity regions:
○ 3l, 1 b-jet, 3 jets but limited by statistics -> Coarse binning of variables.

● Ιterative Bayesian unfolding to pT(Z) and cosθ.
○ Sensitive to anomalous t-Z coupling

● Good agreement with MG5@NLO and NLO+NNLL predictions
● Evaluated anomalous couplings in the SMEFT framework.

Anomalous couplings ? SMEFT

JHEP 03 (2020) 056

http://dx.doi.org/10.1007/JHEP03(2020)056


σttW inclusive measurement
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σATLAS (ttW) = 0.87+0.13

-0.13(stat)+0.14
-0.14 (syst) pb σtheo (ttW) = 0.60+0.08

-0.09 pb

Phys Rev D 99.072009

● Measured in 36.1 fb-1 together with ttZ cross-section
○ 2l same-sign lepton (2l -SS) and 3l regions enriched in ttW.
○ Both, veto on lepton pairs compatible with |mll -mZ | < 10
○ 2l separated by sign of leptons. 3l, sign of the sum of lepton charges 

● Fake background estimated (2l) and WZ (3l) in dedicated CRs 
● Simultaneous fit of SR and CRs enriched in ttW to extract cross-section

○ Combined fit with ttZ enriched regions yield similar results.
○ Dominated by modelling and fake lepton statistics/modelling.

ttW dedicated regions 

Significance = 4.3 σ (exp 3.4 σ)

arxiv:1610.07922 arxiv:1504.03446

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.072009
http://arxiv.org/abs/1610.07922
http://arxiv.org/abs/1504.03446


σttW inclusive measurement
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● Measured in 35.9 fb-1 together with ttZ cross-section
○ Two lepton events same-sign lepton regions (2l -SS) enriched in ttW.
○ 3l and 4l enriched in ttZ, similar to 77.5 fb-1 measurement.

● Two lepton enriched regions dominated by backgrounds: 
○ Presenting fake leptons (Z+jets, tt) -> data-based fake-factors 
○ Leptons with misidentified charge-> MC validated in data

● Inclusive ttW cross-section estimated fitting 2l-SS regions and 3l, 4l
○ Separate strength parameters with ttW and ttZ.
○ ttW+ (ttW-) evaluated in l+l+ (l -l - )  channels.

σCMS (ttW) = 0.77+0.12
-0.11(stat)+0.13

-0.12 (syst) pb

Significance  = 5.3 σ (exp 4.5 σ)
σtheo (ttW) = 0.60+0.08

-0.09 pb

JHEP 08 (2018) 011

arxiv:1610.07922 arxiv:1504.03446

http://dx.doi.org/10.1007/JHEP08(2018)011
http://arxiv.org/abs/1610.07922
http://arxiv.org/abs/1504.03446


σttγ + σtWγ  incl. and diff. measurement
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σATLAS (ttγ+tWγ) = 39.+0.08
-0.08(stat)+2.6

-2.2 (syst) fb

σfid
theo (ttγ+tWγ) = 38.5+0.56

-2.18 (scale)+1.04
-1.18(PDF) fb

● Measurement in the dilepton channel (eμ) with charged OS leptons. 
○ One SR with requirement of 1 γ and 2 b-jets.
○ Well-separated objects are required ΔR(p1,p2) > 0.4    p= e,μ,γ,b1,b2

● Selection dominated by signal, backgrounds (hadronic and electron fakes, 
prompt γ) from MC.

● Combined ttγ and tWγ process to extract its cross-section.
○ Fitting ST : scalar sum of pT of all objects and pT

miss. 

Prefit, MC 
scaled to data

JHEP 09 (2020) 049

JHEP 10 (2018) 158 JHEP 01 (2019) 188

https://link.springer.com/article/10.1007/JHEP09(2020)049?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200911%23citeas
https://doi.org/10.1007/JHEP10(2018)158
https://doi.org/10.1007/JHEP01(2019)188


σttγ + σtWγ  incl. and diff. measurement
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● Differential cross-section using iterative Bayesian unfolding.
● Absolute and normalized diff. cross-sections provided for:

○  pT
γ, |ηγ|, ΔR(γ,l)min  : sensitive to tγ coupling structure

○ Δφ(l,l), |ηll| : sensitive to tt spin correlation
● Good agreement between theory NLO predictions and unfolded data

○ MG5@NLO +Py8 and HW7 predictions slightly worse than theory  

JHEP 09 (2020) 049

Sensitive to spin 
correlation of tt

Sensitive to tγ 
anomalous 
couplings

Sensitive to tγ 
anomalous 
couplings

https://link.springer.com/article/10.1007/JHEP09(2020)049?wt_mc=Internal.Event.1.SEM.ArticleAuthorIncrementalIssue&utm_source=ArticleAuthorIncrementalIssue&utm_medium=email&utm_content=AA_en_06082018&ArticleAuthorIncrementalIssue_20200911%23citeas


σttγ  incl. and diff. measurement in 1l  and 2l
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● One-lepton channel: 1l, at least 3 jets (at least 1 b-tagged), 1γ
○ SR3 (Nj = 3 ) and SR4p (Nj>=4). Photon must be central (|ηγ|<1.44)

● Non-prompt photons and misidentified electrons dominate
○ Non-prompt γ is data-driven
○ misidentified electrons estimated from DY enriched CRs.

● Vγ and multijet constrained in dedicated control regions 
● Inclusive fit of SR3 and SR4p and their CRs  to extract normalization of ttγ.

○ Dominant uncertainties are Wγ and non-prompt background 
normalizations

arXiv:2107.01508

CMS-PAS-TOP-21-004

2L (eμ channel)

1L SRs postfit

● Two-lepton channel: 2l (opposite charge), at least 1 b-jet and 1γ
○ Veto if |ml l -mZ| < 15 GeV and | ml l γ - mZ | < 15 GeV 

● Zγ from dedicated CR. Non-prompt γ background from data-driven method
● Inclusive cross-section derived from template fit on pT(γ). 

○ Dominant uncertainties are signal modelling and experimental uncs. 

NEW

http://arxiv.org/abs/2107.01508
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-004/index.html


σttγ  incl. and diff. measurement in 1l  and 2l
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1 lepton channel 

σ1l
CMS (ttγ) = 800+7

-7(stat)+46
-46 (syst) fb

σfid,ΝLO
theo (ttγ) = 773+135

-135 fb

CMS-PAS-TOP-21-004

NEW

σ2l
CMS (ttγ) = 174.4+2.5

-2.5(stat)+6.1
-6.1 (syst) fb

σfid
theo (ttγ) = 153+25

-25 fb

2 lepton channel 

arXiv:2107.01508

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-004/index.html
http://arxiv.org/abs/2107.01508


σttγ  incl. and diff. measurement in 1l  and 2l
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1 lepton channel 

● Particle-level unfolded distributions. Iterative Bayesian.
● Good agreement within uncertainties comparing MG5 and 

some shower models. Agreement evaluated through χ2

CMS-PAS-TOP-21-004

NEW2 lepton channel

● Particle-level unfolded distributions 
● Good agreement within uncertainties 

evaluated through χ2

arXiv:2107.01508

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-21-004/index.html
http://arxiv.org/abs/2107.01508


Conclusions
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● LHC Run-2 data and new techniques allowed to improve sensitivity to t(t)V measurements.
● Inclusive and differential cross-sections computed for several processes
● No observation beyond SM expectation observed so far
● Analysis become systematics dominated

LHC Run-3 is coming ! More results are coming! Stay tuned ! 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWGSummaryPlots#Associated_tt_X_Production


Additional material
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σtW incl. and diff. measurements
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● Measurement performed in  2l signal with OS charged leptons.
● Signal region with exactly 1 jet required to be b-tagged and large pT

miss.
○ Additional regions to validate background model.

● Dominated by tt background -> Separation achieved by BDT > 0.3 
○ Trained on objects combined kinematics and event-level variables
○ Reducing uncertainties thanks to reduction of ttbar 

●  Differential cross-sections obtained using Iterative Bayesian unfolding
○ E(b), mT(llvvb), E(llb), m(l1,b), m(l2,b), m(llb)
○ Models use show a lower number of predicted events at high-momentum

ATLAS-TOPQ-2016-06

SR VR

SR

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/TOPQ-2016-12/


σtW incl. measurements
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● Measurement in 1l signal region and 3 jets (exactly one b-jet)
○ Control regions with 2j (W+jets, QCD) and 4j (ttbar).

● BDT to separate tW and tt. 
○ Well-modelled kinematic  and event-level variables.
○ Trained separately for electron and muon channels

● Simultaneous fit of both lepton channels and CRS  for cross-section on BDT 
templates.

○ Dominated by QCD normalization and jet calibration uncertainties

σCMS (tW) = 89+4
-4(stat)+12

-12 (syst) pb σth
NLO = 71.7+1.8

-1.8(scale)+3.4
-3.4(PDF) pb σth

NNLO = 79.5+1.9
-1.8(scale)+2.0

-1.4 (PDF) pb

arXiv:2109.01706

https://arxiv.org/abs/2109.01706

