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Measurement of the ttZ̄ and ttW̄ production cross 
section in multilepton final states with the ATLAS 

detector

The ttZ̄	analysis 
The analysis includes the channels:

• 2ℓOS (exploiting multivariate techniques to suppress tt)̄

• 3ℓ (most sensitive to ttZ̄)

• 4ℓ (highest signal-to-background ratio)
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Introduction 
Measuring ttZ̄		and	ttW̄	provides direct access to the weak couplings of the top quark. Deviations from the SM predictions can be 
interpreted as BSM effects. The dataset of 36.1 fb-1 collected in 2015-2016 by the ATLAS detector is analysed.
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Multiple final states are considered. Multivariate techniques or dedicated estimations for the fake lepton 
background are used, depending on the channel. Control regions are defined to fit the normalisation of the 
irreducible backgrounds.

The ttW̄	analysis 
The dominant background source comes from fake leptons. The 
analysis includes 16 signal regions with same-sign dilepton and 
trilepton final states, as well as 12 same-sign dilepton control regions 
which are used for the fake lepton estimation. The control regions 
have non-negligible signal contamination and are thus included in the 
fit to measure the cross section.


σttZ̄ = 0.95 ± 0.08 (stat.) ± 0.10 (syst.) pb

σttW̄ = 0.87 ± 0.13 (stat.) ± 0.14 (syst.) pb

The fake lepton estimation is performed with the data-driven matrix 
method parameterised as a function of the lepton pT.

Interpretation 
Possible deviations from the SM are considered in a model-
independent approach. Effective field theory (EFT) operators 
of dimension six are added to the SM Lagrangian. One EFT 
operator is considered at a time.

 

A fit is performed in ttZ̄ signal regions with three or four lepton 
final states to extract Ci /Λ2.

The tri- and tetralepton 
channels use four signal 
regions each, depending 
on lepton flavour and jet 
multiplicities. Both 
channels include a control 
region dedicated to the 
diboson background 
processes (WZ and ZZ).

Three boosted decision trees (BDTs) were trained in the 2ℓOS 
channel, split according to the jet multiplicity. The normalisation 
of the Z+jets jet-flavour components are estimated by the fit.

The extracted cross sections agree within the SM prediction with 
observed (expected) significances of >>5σ for ttZ̄ and 4.3σ (3.4σ) for 
ttW̄.


μ (Z+1HF) = 1.19 ± 0.25 μ (Z+2HF) = 1.09 ± 0.13

Previous measurements at 13 TeV 
ATLAS (3.2 fb-1) Eur. Phys. J. C77 (2017) 40 

CMS (35.9 fb-1)  JHEP08 (2018) 011 


μ (ZZ) = 1.11 ± 0.17μ (WZ) = 0.91 ± 0.10
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Table 8: List of relative uncertainties in the measured cross sections of the tt̄ Z and tt̄W processes from the fit,
grouped in categories. All uncertainties are symmetrized. The quadratic sum may not be equal to the total due to
correlations between uncertainties introduced by the fit.

Uncertainty �t t̄Z �t t̄W

Luminosity 2.9% 4.5%
CR and simulated sample statistics 1.8% 7.6%
JES/JER 1.9% 4.1%
Flavor tagging 4.2% 3.7%
Other object-related 3.7% 2.5%
Data-driven background normalization 2.4% 3.9%
Modeling of backgrounds from simulation 5.3% 2.6%
Background cross sections 2.3% 4.9%
Fake leptons and charge misID 1.8% 5.7%
tt̄ Z modeling 4.9% 0.7%
tt̄W modeling 0.3% 8.5%

Total systematic 10% 16%
Statistical 8.4% 15%

Total 13% 22%

following Ref. [6]. The first two operators enter the ttZ vertex as a linear combination, such that the578

measurement is sensitive to the di�erence C (3)
�Q � C

(1)
�Q.579

Table 9: E�ective field theory operators considered and their form in terms of SM fields. The notation of Ref. [6]
is used.
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Considering only one EFT operator at a time, any observable, such as the tt̄ Z event rate in a certain signal580

region, can be expressed as a quadratic function of the coe�cient Ci:581

�tot,i = �SM +
Ci

(⇤/1TeV)2�
(1)
i +

C
2
i

(⇤/1TeV)4�
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The term linear in Ci on the right hand side of Equation 1 results from the interference of the BSM582

operators with the SM. For Ci/⇤2 of order 1 TeV�2, the interference term dominates in Equation 1 for583

O
(3)
�Q, O�t , while the quadratic term dominates for OtW and OtB.584
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are found to be significantly constrained or pulled. The calculation of confidence intervals and hypothesis532

testing is performed using a modified frequentist method as implemented in RooStats [73, 74].533

Figure 10 shows the BDT output distribution in signal regions 2`-Z-6j1b, 2`-Z-5j2b and 2`-Z-6j2b after534

performing the fit. Figures 11 and 12 summarize the comparison between data and post-fit signal and535

background distributions for regions sensitive to the tt̄ Z and tt̄W production cross sections, together with536

the relevant control regions. In all cases, good agreement between observed values and the expectation is537

observed. The normalization corrections for the W Z and Z Z backgrounds with respect to the predictions538

are obtained from the fits as described in Section 5 and found to be compatible with unity: 0.91 ± 0.10539

for the W Z background and 1.11 ± 0.17 for the Z Z background. The normalizations of the Z+1HF and540

Z+2HF backgrounds are mainly constrained in the low BDT output bins of the opposite-sign dilepton541

channel signal regions, where the signal contamination is low. Their values are found to be 1.19 ± 0.25542

and 1.09 ± 0.13, respectively.543

In addition to the combined fit described above, fits in individual channels are performed. The tt̄ Z cross544

section is extracted through fits to the opposite-sign dilepton regions alone, to the trilepton channel regions545

alone and to the tetralepton channel signal regions alone. The tt̄W cross section is extracted using the four546

trilepton signal regions targeting tt̄W and the same-sign dilepton regions considered in the combined fit.547

The measured values of the signal strengths µt t̄Z and µt t̄W , defined as the ratios of the measured values548

of the cross sections and the corresponding SM predictions, are reported in Table 7 for each channel549

separately and for the combined fit. When measuring the cross section for tt̄ Z or tt̄W alone, the cross550

section for the other process is fixed to its SM value. Good agreement is observed for the measured values551

between all the di�erent fit configurations.552

Table 7: Measured signal strengths of tt̄ Z and tt̄W for di�erent fit configurations and the combined fit.

Fit configuration µt t̄Z µt t̄W

Combined 1.08 ± 0.14 1.44 ± 0.32
2`-OS 0.73 ± 0.28 -
3` tt̄ Z 1.08 ± 0.18 -
2`-SS and 3` tt̄W - 1.41 ± 0.33
4` 1.21 ± 0.29 -

The measured values of the cross sections from the combined fit are �t t̄Z = 0.91 ± 0.12 pb and �t t̄W =553

0.87 ± 0.19 pb, assuming the SM value for the other cross section, respectively. Figure 13 shows554

a comparison of the fit results with theoretical expectations, demonstrating good agreement between555

them.556

For the tt̄ Z process, both the observed and the expected significances are found to be much larger than557

5 standard deviations. For the tt̄W process, an excess of events over the expected Standard Model558

background-only hypothesis is found with an observed (expected) significance of 4.3 (3.4) standard559

deviations. The significance values are computed using the asymptotic approximation described in560

Ref. [75].561

Table 8 shows the uncertainties in the measured tt̄ Z and tt̄W cross sections, grouped in categories, along562

with the total uncertainties. In estimating the uncertainties for tt̄ Z (tt̄W ), the cross section for tt̄W (tt̄ Z)563

is fixed to its SM value. For both processes, the precision of the measurement is a�ected by statistical564
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Fit Results 
The cross sections of ttZ̄ and ttW̄ are extracted simultaneously in 
a two dimensional fit. The dominant systematic uncertainties 
are related to signal modeling, flavour tagging and the fake lepton 
estimation. Fits are also performed in the individual the individual 
analysis channels.

SM prediction 
σttZ̄	= 0.88 ± 0.08 pb

σttW̄	= 0.60 ± 0.10 pp

W cross section [pb]tt
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Approximate confidence intervals for the Wilson coe�cients Ci are computed using the forumula �(Ci) =594

✏ , where �(Ci) is the profile likelihood test statistic � logL(Ci) and the threshold ✏ is set to 0.5 and 2595

for the 68% and 95% confidence levels, respectively. The profile likelihood test statistic is defined as596

� logL(Ĉi), where L is the profile likelihood as a function of the Wilson coe�cient Ci and the Ĉi is the597

best fit value of Ci.598

The confidence intervals on Ci are computed considering only the minimum of �(Ci) near Ci = 0. For599

coe�cients C (3)
�Q � C

(1)
�Q (C�t ), another, deeper minumum exists for negative values of Ci ⇠ 20 (30) where600

the EFT approximation is unreliable. The 68% and 95% confidence intervals are shown in Table 10. The601

lower boundary of the 95% confidence level for C�t is at large negative values of C�t , beyond the validity602

range of the EFT approximation. Previous constraints on the EFT coe�cients, taken from Ref. [6], are603

also summarized in Table 10 for comparison. The tt̄ Z measurement provides competitive constraints on604

C
(3)
�Q � C

(1)
�Q, C�t and CtB, while the CtW coe�cient is better constrained in measurements of W boson605

helicity fractions and single top quark production.606

Table 10: The expected and observed 68% and 95% confidence intervals that include the value 0, on Ci/⇤2 for the
EFT coe�cients C (3)

�Q, C (1)
�Q, C�t , CtB and CtW . The measurement is sensitive only to the di�erence C (3)

�Q � C
(1)
�Q.

All results are given in units of 1/TeV2. Previous 95% confidence level constraints as summarized in Ref. [6] are
quoted in the last column.

Coe�cient Expected limits Observed limits Previous constraints
at 68% and 95 % CL at 68% and 95 % CL at 95 % CL

(C (3)
�Q � C

(1)
�Q)/⇤2 [-2.1, 1.9], [-4.6, 3.7] [-1.0, 2.7], [-3.4, 4.3] [-3.4, 7.5]

C�t/⇤2 [-3.8, 2.8], [-23, 5.0] [-2.0, 3.6], [-27, 5.7] [-2.0, 5.7]
CtB/⇤2 [-8.3, 8.6], [-12, 13] [-11, 10], [-15, 15] [-16, 43]
CtW/⇤2 [-2.8, 2.8], [-4.0, 4.1] [-2.2, 2.5], [-3.6, 3.8] [-0.15, 1.9]

9 Conclusion607

Measurements of the production cross sections of a top-quark pair in association with a Z or W boson608

using 36.1 fb�1 of data collected by the ATLAS detector in
p

s = 13 TeV pp collisions at the LHC are609

presented. Final states with two same or opposite-charge leptons, three or four leptons are analysed. The610

tt̄ Z and tt̄W production cross sections are determined to be �t t̄Z = 0.95±0.12 pb and �t t̄W = 0.87±0.19611

pb. The measured values are found to be consistent with the SM predictions. The measurements are used612

to derive confidence intervals on the Wilson coe�cients of dimension-6 e�ective field theory operators613

involving the top quark.614
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