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Abstract

An analysis of the flavour structure of dimension-6 effective field theory (EFT) oper-
ators in multilepton final states is presented, focusing on the interactions of quarks
with Z bosons. For the first time, the flavour structure of these operators is disen-
tangled by simultaneously probing the interactions with different quark generations.
The analysis targets the associated production of a top quark pair and a Z boson,
as well as diboson processes in final states with at least three leptons, which can be
electrons or muons. The data were recorded by the CMS experiment in the years
2016–2018 in proton-proton collisions at a centre-of-mass energy of 13 TeV and corre-
spond to an integrated luminosity of 138 fb−1. Consistency with the standard model
of particle physics is observed and limits are set on the selected Wilson coefficients,
split into couplings to light- and heavy-quark generations.
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1 Introduction
Despite the known incompleteness of the standard model (SM) of particle physics, no evidence
for new physics phenomena has been found in direct searches at the CERN LHC. The reason
may lie in the limited energy range of the LHC, which prevents beyond-the-SM (BSM) physics
situated at much higher energy scales to be directly produced. However, BSM physics could
still leave traces in measurements at the LHC in the form of deviations from the SM prediction.
In this case, an effective field theory (EFT) [1–3] is a suitable framework for describing the ef-
fects of high-energy BSM phenomena at the energies that can be probed with the LHC. An EFT
is valid if the scale of BSM physics, Λ, is well above the energy scale probed by an experiment.
The standard model EFT (SMEFT) [2, 4, 5] framework extends the SM Lagrangian with newly
introduced operators, organised by their mass dimension. With this, all possible BSM effects
are incorporated in an effective Lagrangian, which can be written as

Leff = LSM + ∑
d,i

ci

Λd−4Oi, (1)

where LSM is the Lagrangian of the SM, d is the mass dimension, and Oi are the newly intro-
duced operators. For each Oi, there exists a dimensionless Wilson coefficient (WC), ci, scaling
the strength of the respective operator. With the SM defined at d = 4 and the suppression of the
BSM physics with 1/Λd−4, low mass dimensions, starting at d = 5, should become observable
first. However, extensions to odd number mass dimensions are assumed to be suppressed as
sizeable contributions from these operators lead to the violation of the conservation of lepton
or baryon numbers [6]. Thus, in this analysis, only operators of mass dimension d = 6 are
considered.

A subset of these operators modify the couplings of electroweak (EW) bosons to quarks and
can be probed in multiple processes at the LHC. In the top quark sector, these couplings were
studied in the context of EFT by the ATLAS [7, 8] and CMS [9–12] Collaborations. Even though
many analyses in the CMS programme already probe EFT effects in multiple processes simul-
taneously [9–12], they only consider the couplings involving top and bottom quarks. However,
even in the case of the associated production of a top quark pair (tt) and a Z boson (ttZ), the
Z boson can be radiated from initial-state quarks such that the EW coupling to light-quark
generations becomes relevant. In addition, couplings to the light-quark generations enter anal-
yses focusing on top quark processes through background processes such as WZ production
in ttZ event selections. In the analysis reported in this article, we probe the flavour structure of
dimension-6 EFT couplings by simultaneously measuring the quark couplings with a Z boson
for different quark generations. This extends the EFT programme at the LHC by incorporating
a greater awareness of flavour dependencies, which are often not considered. We aim to study
the interactions between Z bosons and quarks, which are also relevant in neutral-current tran-
sitions of b to s quarks of the form b → sℓ+ℓ− [13, 14], where ℓ+ℓ− denotes a charged-lepton
pair. The probed EFT operators are defined in the Warsaw basis [5] and the measurement fo-
cuses on those that modify the EW vector couplings,

O(1)(ab)
φq =

(
φ†i

↔
Dµ φ

)
(qaγµqb) ,

O(3)(ab)
φq =

(
φ†i

↔
D

I

µ φ

)(
qaγµτ Iqb

)
,

O(ab)
φu =

(
φ†i

↔
Dµ φ

)
(uaγµub) , and

O(ab)
φd =

(
φ†i

↔
Dµ φ

)(
daγµdb

)
,

(2)
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Figure 1: Representative Feynman diagrams showing the leading-order contributions to the
ttZ production, with the Z boson radiated from the initial-state quarks (left) and from one of
the top quarks (middle). The WZ and/or ZZ production is also shown (right). The vertices
affected by the EFT operators probed in this analysis are highlighted with red dots.

where φ is the Higgs field, q is the left-handed quark field, u and d are the right-handed quark

fields, the indices a and b define the quark flavour,
↔
D is a two-sided covariant derivative, γµ

are the gamma matrices, and τ I are the Pauli sigma matrices. Here, we focus on the diagonal
entries of the operators (where a = b), such that only processes are considered in which the
quark generation remains unchanged after the interaction with an EW boson. Off-diagonal
entries would introduce flavour-changing neutral currents, which are tightly constrained and
are found to have negligible effect on the selected processes [15–18]. The coupling of the Z
boson to quarks is modified by combinations of the respective WCs c(1)φq and c(3)φq , while the W

boson interaction changes with c(3)φq . The right-handed operators Oφu and Oφd are similarly split
into the three quark flavours and only modify the coupling to the Z boson. Similar to existing
EFT interpretations [9, 12], the probed WCs are reparametrised in the basis of c(−)

φq = c(1)φq − c(3)φq

and a redefined c(3)φq such that, by adjusting c(1)φq accordingly, c(−)
φq remains constant when altering

c(3)φq . This basis allows a more direct mapping of the operators to the physical couplings of the
Z and W bosons.

In order to achieve sensitivity to the flavour structure of the O(1)
φq and O(3)

φq operators, multiple
processes with similar multilepton final states are considered. A simultaneous study of ttZ,
WZ, and ZZ production allows us to disentangle the coupling strengths to the third quark
generations compared to lighter ones, as shown in Fig. 1. The ttZ process gives sensitivity
to the third-generation couplings due to diagrams where the Z boson is radiated from one of
the top quarks. In addition, sensitivity to first- and second-generation couplings arises from
diagrams where the Z boson is radiated from initial-state quarks. The ZZ and WZ processes
increase the constraining power for the first and second quark generations since the bosons are
dominantly radiated from light quarks. Since a WWZ vertex can appear in the WZ production
process, the operators

OW = ϵI JKW Iν
µ W Jρ

ν WKµ
ρ and

OW̃ = ϵI JKW̃ Iν
µ W Jρ

ν WKµ
ρ ,

(3)

where W is the W boson field and ϵ is the Levi-Civita symbol, are considered in this analysis
as well. We always target the leptonic decay of the Z boson and select final states containing
three or four electrons and muons, referred to simply as leptons from hereon. This choice
ensures a high-quality reconstruction of the Z boson, which is our handle to provide a highly
pure sample of signal processes. A profiled likelihood fit to the distribution in the transverse
momentum, pT, of the reconstructed Z boson candidate is used to probe the EFT effects. The
fit is performed simultaneously in three signal regions (SRs) that target the ttZ, WZ, and ZZ
processes. Control regions (CRs) are defined to estimate the background contribution from
processes with nonprompt leptons.
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In this analysis, proton-proton (pp) collision data are used, collected at
√

s = 13 TeV in 2016–
2018 and corresponding to an integrated luminosity of 138 fb−1. Dimension-6 EFT operators
and the corresponding WCs c(−)

φq , c(3)φq , cφu, cφd, cW , and cW̃ are probed. Aiming towards a more
global interpretation, the flavour-dependent interaction strengths of the aforementioned EFT
operators are simultaneously targeted in ttZ, WZ, and ZZ processes, accounting for corre-
lations of EFT effects in these processes by construction. Moreover, this approach enables a
proper and consistent treatment of the correlations between systematic uncertainties, which is
crucial for ensuring the reliability of the interpretations of the results. Other operators such
as OtZ and OtW are not considered as they are already strongly constrained in other analyses
of tt production in association with a Z boson [7, 9–12]. In addition, measurements including
the associated production of a tt pair with a photon (ttγ) [8, 19] provide even more stringent
limits.

The paper is organised as follows. The CMS detector is described in Section 2 and the simulated
event samples are detailed in Section 3. Sections 4 and 5 discuss the reconstruction of physics
objects and the event selection in the various regions of the analysis, respectively. The back-
ground estimation of processes with nonprompt leptons is detailed in Section 6. In Section 7,
we explain sources of systematic uncertainties and their estimation. The profiled maximum
likelihood fit to data and results are discussed in Section 8 and, lastly, a summary is provided
in Section 9. Tabulated results are provided in the HEPData record for this analysis [20].

2 The CMS detector
The central feature of the CMS detector is a superconducting solenoid of 6 m internal diameter,
providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass and scintillator hadron calorimeter (HCAL),
each composed of a central barrel and two endcap sections, reside within the solenoid vol-
ume. Forward calorimeters extend the pseudorapidity (η) coverage provided by the barrel and
endcap detectors. Muons are detected in gas-ionisation chambers embedded in the steel flux-
return yoke outside the solenoid. A more detailed description of the CMS detector, together
with a definition of the coordinate system, can be found in Ref. [21]. Between the 2016 and 2017
data-taking runs, the CMS pixel detector was upgraded with additional layers in the barrel and
endcap regions of the CMS detector. Details about the changes can be found in Ref. [22].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [23]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimised for fast processing, and reduces the event rate to
a few kHz before data storage [24, 25].

3 Simulated event samples
We simulate all processes that are compatible with our selected final state and apply the same
reconstruction and event selection as for data. The standard model predictions of the ttZ, WZ,
and ZZ processes are obtained by simulating events at next-to-leading order (NLO) in pertur-
bative quantum chromodynamics (QCD). We use MADGRAPH5 aMC@NLO v2.6.5 [26, 27] for
ttZ production and POWHEG v2 [28, 29] for WZ and ZZ. For the prediction of EFT effects, alter-
native samples of the ttZ, WZ, and ZZ processes are simulated using MADGRAPH5 aMC@NLO
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at leading order (LO) in QCD and in EW theory with up to one additional parton simulated in
the matrix element calculations. A reweighting method [30] is used to reproduce the effect of
different WC values on event distributions. The total matrix elements are calculated at several
points in the EFT parameter space using the SMEFTsim package [31, 32] via

|M|2 = |MSM|2 + ∑
i

2ciRe(M∗
SMMi

BSM) + ∑
i

∑
j

cicjRe(M∗i
BSMMj

BSM), (4)

where MSM and MBSM are the matrix element contributions from SM and BSM physics, re-
spectively. The WCs, ci, are assumed to be real and the sum runs over all considered EFT
operators. Weights corresponding to the ratios |M|2/|MSM|2 for selected base points in the
EFT parameter space are stored for each simulated event. With (N + 1)(N + 2)/2 of these
weights, the polynomial for N EFT operators is solved to extract weights, containing the full
dependence on WCs, on an event-by-event basis. In the computation of M, we only consider
diagrams with a single EFT vertex such that terms linear in c encode the SM-BSM interfer-
ence and quadratic terms describe the pure BSM contribution. Setting all WCs to zero, the
LO samples with an additional parton are verified to reproduce—within renormalisation and
factorisation scale uncertainties estimated following the description in Section 7—the SM dis-
tributions modelled at NLO in perturbative QCD. The predictions at NLO are used for the SM
scenario of ttZ, WZ, and ZZ and samples with EFT weights are only used to predict the EFT
effects.

Top quark pair production, tt production in association with a Higgs boson (ttH), and single
top t-channel and tW processes are simulated at NLO in QCD using POWHEG [33–39]. The
MADGRAPH5 aMC@NLO generator is used for the simulation of ttW, tttt , tWZ, tZq, and tri-
boson production (WWW, WWZ, WZZ, and ZZZ) at NLO in QCD. The Drell–Yan process,
W+jets, and tt production in association with two bosons (ttWW, ttWZ, ttZZ) are simulated
with MADGRAPH5 aMC@NLO at LO. In the following, we group the ttW, ttH, ttWW, ttWZ,
ttZZ, and tttt processes as ttX.

The WW process and gluon-initiated ZZ production (gg → ZZ) are simulated at LO with
PYTHIA 8.240 [40] and the MCFM v7.0.1 generator [41–43], respectively. Other processes, such
as the production of ttγ, the simultaneous production of a Z boson and a photon, additional
processes with a Higgs boson decaying to a pair of Z bosons, and the purely EW production
of ttW were found to contribute to less than 1% to all the selected events and are therefore
neglected.

For all processes, the parton shower, multiple parton interactions, and hadronization is simu-
lated using PYTHIA 8.230 with the CP5 tune [44]. The matrix element calculation and parton
shower simulation are matched using the FxFx [45] and MLM [46] algorithms for the processes
simulated with MADGRAPH5 aMC@NLO at NLO and LO, respectively. All simulated samples
use the NNPDF3.1 [47] parton distribution functions (PDFs) at next-to-NLO accuracy.

The interaction of particles with and response of the detector are simulated with the GEANT4
package [48, 49]. In addition, pp inelastic collisions simulated with PYTHIA are mixed into
each event to model the effect from additional collisions within the same or adjacent bunch
crossing (pileup).

4 Event reconstruction
The particle-flow (PF) algorithm [50] aims to reconstruct and identify each individual particle
in an event, using an optimised combination of information from the various elements of the
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CMS detector. The primary vertex is taken to be the vertex corresponding to the hardest scat-
tering in the event, evaluated using tracking information alone, as described in Section 9.4.1 of
Ref. [51]. The missing transverse momentum vector p⃗ miss

T is computed as the negative vector
sum of the transverse momenta of all the PF candidates in an event, and its magnitude is de-
noted as pmiss

T [52]. The p⃗ miss
T is modified to account for corrections to the energy scale of the

reconstructed jets in the event.

The energy of photons is obtained from the ECAL measurement [53]. The energy of electrons is
determined from a combination of the track momentum at the main interaction vertex, the cor-
responding ECAL cluster energy, and the energy sum of all bremsstrahlung photons attached
to the track. Muons are reconstructed from tracks in the inner tracker that extend to the muon
system. From the curvature of the track, their momentum can be precisely determined [54].
Both muons and electrons must pass tight quality criteria developed by the CMS Collaboration
to ensure a proper reconstruction [53, 54].

The energy of charged hadrons is determined from a combination of the track momentum and
the corresponding ECAL and HCAL energy deposits, corrected for the response function of
the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from
energy measurements in ECAL and HCAL [50].

Electrons are further required to have pT > 10 GeV and |η| < 2.5, excluding 1.44 < |η| < 1.57
that corresponds to the ECAL transition region. Muons are selected with |η| < 2.4 and the same
pT requirement as that for the electrons. In order to be considered for the analysis, electrons and
muons must pass additional quality criteria [53, 54], that concern the number of reconstructed
hits in the tracker and/or muon system, their compatibility with originating from the primary
vertex, the quality of charge reconstruction, and isolation from other activities in the detector.
In addition, we make use of a multivariate analysis that is trained to distinguish prompt leptons
from those that originate from heavy-flavour hadron decays and/or misidentified jets [55, 56],
referred to as nonprompt leptons. Following the definition in Ref. [55], two identification
working points (WPs), ‘loose’ and ‘tight’, are used. Tight leptons are used in the selection
of events in the signal region, while the estimation of nonprompt backgrounds is based on a
selection of leptons passing the loose but failing the tight WP in dedicated control regions in
data. The efficiency and misidentification rate for selecting tight muons with pT > 25 GeV
(10 < pT < 25 GeV) were estimated in tt simulation to be 96 (75)% and 1 (0.9)% [55], respec-
tively. For electrons with pT > 25 GeV (10 < pT < 25 GeV), the selected WP corresponds to a
selection efficiency and misidentification rate of 93 (64)% and 0.6 (0.4)% [55].

For each event, hadronic jets are clustered from these reconstructed PF particles using the in-
frared and collinear safe anti-kT algorithm [57, 58] with a distance parameter of 0.4. Jet mo-
mentum is determined as the vectorial sum of all particle momenta in the jet, and is found
from simulation to be, on average, within 5 to 10% of the true momentum over the whole pT
spectrum and detector acceptance. For jets to be considered in this analysis, they are required
to have pT > 30 GeV and be within |η| < 2.4. Pileup can contribute additional tracks and
calorimetric energy depositions to the jet momentum. To mitigate this effect, charged parti-
cles identified to be originating from pileup vertices are discarded and an offset correction is
applied to correct for remaining contributions. Jet energy corrections [59] are derived from
simulation to bring the measured response of jets to that of particle level jets on average. The
energy scale corrections are propagated to pmiss

T .

Jets initiated by the hadronization of b quarks (b jets) are identified using the DEEPJET algo-
rithm [60, 61]. The WP chosen for this analysis corresponds to a misidentification rate of 0.1%
for light-flavour quark and gluon jets, and an efficiency of 68% for b jets.
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5 Event selection
The data for this analysis are selected using a combination of electron and muon triggers. With
respect to the baseline selection detailed below, we obtain a trigger efficiency of more than 99%,
using a combination of triggers that require single or multiple leptons with pT thresholds be-
tween 5 and 40 GeV. Further selection criteria are defined offline in order to select regions that
contain a mostly pure sample of the target processes ttZ, WZ, and ZZ. For each process, a
dedicated SR is defined, resulting in three regions SRttZ , SRWZ , and SRZZ . The nonprompt lep-
ton contributions in SRttZ and SRWZ are derived from CRs that are labelled CRttZ and CRWZ .
In SRZZ , the contribution from nonprompt leptons is negligible and no corresponding CR is
introduced.

All SRs and CRs are based on a common baseline selection. This baseline selection requires at
least three leptons (electrons or muons) that pass the loose WP, with pT > 40, 20, and 10 GeV.
We do not explicitly veto electrons or muons from leptonic tau lepton decays. To remove lep-
tonic decays of low-mass resonances, events are selected where all pairwise combinations of
leptons have an invariant mass above 12 GeV. Furthermore, at least one lepton pair of same
flavour and opposite electric charge is required to have an invariant mass compatible with the
Z boson mass of 91 GeV [62] (81 < mℓℓ < 101 GeV). If multiple pairs satisfy these criteria, the
pair closest to the Z boson mass is considered a Z boson candidate. For events with four lep-
tons, a second Z boson candidate, with similar requirements, is constructed from the remaining
two leptons after the pair of leptons closest to the Z boson mass is removed from the list.

The signal region SRttZ additionally requires events to contain exactly three tight leptons with-
out additional loose leptons. A large fraction of nonprompt leptons are rejected as a result of
this selection and the remaining ones are estimated from data. To reduce the WZ contribution,
at least one jet must be b tagged. The contribution of tZq production is reduced by requiring
at least three jets. From simulation, we expect the yield to be about 60% ttZ events with a sub-
leading contribution of up to 10% from WZ production. In SRWZ , events are required to pass
the baseline selection and to contain exactly three leptons passing the tight WP. Events with
additional loose leptons are vetoed. To enhance leptonic decays of the W boson, events with
pmiss

T > 60 GeV are selected. In order to construct a region orthogonal to SRttZ and suppress
processes with top quarks, events without any b-tagged jets are selected. In SRWZ , 87% of the
events originate from WZ production. The region SRZZ is defined by the baseline selection,
requiring four leptons with tight identification criteria. Events must contain two Z boson can-
didates following the requirements detailed earlier. The region is very pure in ZZ production
(99%) and has a negligible background contribution. The effects of the EFT operators probed
in this analysis are displayed in each of the SRs in Fig. 2, where the target process in each of
the three SRs is shown at the SM point and compared to selected EFT hypotheses. It is clearly
visible that the ttZ process is sensitive to the third-generation couplings, while WZ and ZZ
can constrain the couplings of light quarks to EW bosons. Furthermore, the ttZ process adds
to the sensitivity of the first and second generations since the Z boson can be radiated from
initial-state light quarks. The radiation from initial-state quarks is enhanced at large Z boson
pT, which increases the sensitivity to light-quark couplings and reduces it for heavy-quark cou-
plings in the ttZ process at high pT.

The control regions CRttZ and CRWZ have the same criteria as the corresponding SRs with the
exception that at least one of the selected leptons must fail the tight WP of the lepton identi-
fication. Figure 3 shows the Z boson pT distributions in the two CRs for data and simulation.
They are enriched in contributions from nonprompt leptons and allow the estimation of the
nonprompt contribution in the signal regions SRttZ and SRWZ as further discussed in the fol-
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Figure 2: Distributions of the Z boson pT in the three signal regions of this analysis. Shown
are SRttZ (upper left), SRWZ (upper right), and SRZZ (lower). In each region, the target process
(ttZ, WZ, or ZZ) is shown at the SM point (coloured areas) and various EFT hypotheses (lines).
The hashed band includes only uncertainties in the renormalisation and factorisation scales (µR
and µF). The upper, middle, and lower ratio panels show the ratio of EFT hypotheses for light-
quark, heavy-quark, and EW boson couplings, respectively. The bin content is divided by the
bin width.

lowing section. The nonprompt contribution shown for illustration in Fig. 3 is obtained from
simulated events.

6 Background estimation
The processes targeted in this analysis are rare in comparison with other processes involving
final-state leptons at the LHC. Thus, despite large lepton identification efficiencies and small
misidentification rates, processes with nonprompt leptons significantly contribute to the se-
lected SRs. The origin of nonprompt leptons is manifold. In the SRs of this analysis, non-
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Figure 3: Distributions of the Z boson pT in the control regions of this analysis. Shown are
CRttZ (left) and CRWZ (right). Predictions are all obtained from simulation and are displayed
as coloured areas. The hashed area shows the statistical uncertainty in the prediction. Data
are displayed as markers, where the vertical bars represent the statistical uncertainty. The bin
content is divided by the bin width.

prompt leptons mostly occur in Drell–Yan or tt production, where the third lepton is non-
prompt. We distinguish nonprompt electrons, which tend to be misidentified jets in Drell–Yan
processes, and nonprompt muons, which mostly originate from heavy-flavour decays in the
parton shower, e.g. in tt events.

Since nonprompt leptons are difficult to model in simulation, their contribution is estimated
from data [12, 55, 63, 64] by using CRttZ and CRWZ . To estimate the contribution in the SRs, a
transfer factor, w, is applied to the nonprompt contribution measured in the CRs. It is a function
of the misidentification rate, i.e. the probability that a nonprompt lepton that passes the loose
identification also passes the tight WP. The transfer factor is

w = (−1)Nℓ−1
Nℓ

∏
i

fi
1 − fi

, (5)

where fi is the misidentification rate of the i-th lepton that does not fulfil the tight identification
and Nℓ is the total number of leptons that fail the tight identification. The sign flip eliminates
double counting [63] of the probability in events where multiple leptons do not pass the tight
identification.

The misidentification rate f is measured in additional single-lepton CRs. In these CRs, events
are selected with single electron or single muon triggers with muon (electron) pT thresholds
as low as 3 (8) GeV; we require that events have exactly one lepton with pT > 10 GeV and
|η| < 2.4 (2.5) that passes the loose WP, at least one jet with an angular separation ∆R > 0.7
from the lepton, and pmiss

T < 20 GeV. The selection criteria are chosen such that a rich sample
of nonprompt leptons is selected. The misidentification rate f is measured in data after sub-
tracting the prompt contribution estimated from simulation and differentially in lepton flavour
(electrons and muons), pT, η, and year of data taking. It has values between 0.15 and 0.8. A
schematic representation of all SRs and CRs is displayed in Fig. 4, together with the strategy
for estimating the nonprompt lepton background in the SRs.
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Figure 4: Schematic representation of the SRs and CRs used in this analysis. The application
of the estimated nonprompt lepton background from the CRs into the SRs is illustrated with
arrows.

In addition to the statistical uncertainty in the measurement of the misidentification rates, a
modelling uncertainty is assigned to account for potential nonclosure, which is estimated in
data and simulation. In data, the background estimation is tested in validation regions (VRs)
orthogonal to SRttZ and SRWZ , where all selection criteria remain, but no Z boson candi-
date in the mass range 81–101 GeV can be formed from two opposite-sign leptons of same
flavour (VRttZ) or the missing transverse momentum is below 60 GeV (VRWZ). In the VRs,
the contribution of nonprompt leptons is enhanced with respect to the SRs, and the data agree
with the estimated event yields after a fit that only includes the uncertainties related to the
background estimation, as shown in Fig. 5. For the estimation of the nonprompt lepton contri-
bution in the VRs, dedicated CRs are constructed analogously to those used for the estimation
in the SRs. Along with the Z candidate pT, other observables such as the pT distributions of the
three selected leptons were tested as well. In addition to the test in data, we fit the estimated
contribution of nonprompt leptons to the true contribution in simulation and verify that the
uncertainty model is flexible enough to fit a residual nonclosure.

In total, the nonclosure uncertainty consists of 15 components, divided into three lepton flavour
categories and five correlation patterns. For the flavour categories, we identify if only muons,
only electrons, or a mixture of both do not satisfy the tight lepton identification criteria. The
correlation patterns assign each of the data-taking periods an uncorrelated part and one that
correlates the uncertainty between all periods. Each uncertainty amounts to a normalisation
uncertainty of 25%. We observe closure in all tests when considering only the uncertainties
corresponding to the nonprompt-lepton background estimation.

Contributions from photon conversions through interactions with the detector material are
drastically reduced by the lepton identification criteria. Studies with simulated ttγ events
showed that this contribution is negligible in all regions of the analysis.

All processes with prompt leptons—ttZ, WZ, ZZ, tZq, tWZ, ttX, or the production of three
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Figure 5: Distributions of the Z boson pT in the two validation regions VRttZ (left) and
VRWZ (right) after a fit including only uncertainties in the nonprompt lepton estimation. The
data (markers) are compared to the prediction from simulation and the data-driven estimate of
nonprompt leptons (coloured areas). The lower panel displays the ratio to the predictions after
the fit. The hashed area displays the uncertainties in the estimation of the nonprompt lepton
background after the fit. The bin content is divided by the bin width.

EW bosons—are estimated from simulation, as described in Section 3.

7 Systematic uncertainties
Systematic uncertainties are split into experimental and theory components, depending on
their origin. Each uncertainty is implemented as one or multiple nuisance parameters in the
profiled likelihood fit and is evaluated for both the SM and the EFT predictions. For most ex-
tracted WCs, the uncertainties in the production cross section of the ttZ, WZ, and ZZ processes
have the largest impact among the systematic uncertainties.

7.1 Experimental uncertainties

Experimental uncertainties arise from the calibration of physics objects that are used in the
analysis, from efficiency corrections in the simulation, and from the estimation of background
processes. The uncertainties are implemented in this analysis by propagating shifts of ±1 stan-
dard deviations to the distributions used in the fit.

The uncertainty in the lepton identification [53, 54] efficiency is measured as a function of the
lepton flavour, pT, and η. Based on whether the uncertainties have statistical or systematic
origin, they are split into uncorrelated and correlated parts for the four data-taking periods,
since the year 2016 is split into two periods. This uncertainty is modelled with a total of 10
nuisance parameters in the profiled likelihood fit discussed below. An additional parameter
models the uncertainty in the electron reconstruction efficiency, which is treated as correlated
for data-taking periods.

The uncertainty in the correction of the b tagging [65] efficiency is a function of jet pT, η, b
tagging WP, as well as flavour. The uncertainty is split in correlated and uncorrelated parts
across the data-taking periods and is modelled with 10 nuisance parameters.
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The pileup profile in the simulation is weighted to match the pileup profile observed in data [66].
Observables sensitive to pileup are used to estimate the effective value for the inelastic pp cross
section of 69.2 mb ± 4.6%, where the uncertainty accounts for remaining differences between
data and simulation. In this analysis, the event weight is varied within this uncertainty. The
uncertainty is modelled with a single parameter.

The efficiency of the combination of triggers [24] used in this analysis is measured using a
sample of events collected with an independent trigger to be larger than 99% in the selected
phase space for data and simulation. We do not assign any correction of the trigger efficiency
in simulation but consider a 1% uncertainty that represents the statistical uncertainty in the
efficiency measurement in data for each data-taking period, resulting in four nuisance param-
eters. A gradual shift in the timing of the ECAL and muon systems causes inefficiencies of the
first-level trigger system that is not included in the simulation [23] and not accounted for by
the aforementioned efficiency measurements. With auxiliary measurements of these inefficien-
cies in data, the effect is modelled in simulation. A corresponding systematic uncertainty is
modelled with a single nuisance parameter.

In the estimation of the nonprompt background, the precision of the measured misidentifica-
tion rate is limited by the number of selected events in the single lepton CRs where the lepton
misidentification rate is measured. This statistical uncertainty is split by lepton flavour and
data-taking period and propagated to the estimation of the nonprompt background in the SRs.
In addition, various normalisation uncertainties are assigned to cover the potential nonclosure
of this method. We split into an uncorrelated and a correlated part across the data-taking peri-
ods as well as split the uncertainty according to the misidentified-lepton flavour. As detailed
in Section 6, this leads to a total of 15 nuisance parameters.

The integrated luminosity is measured with a precision of 1.2, 2.3, and 2.5% in the data-taking
periods of 2016, 2017, and 2018 [67–69]. The luminosity uncertainties are partly correlated
between the three years. This results in uncorrelated uncertainties of 1.0, 2.0, and 1.5% for the
three years. A correlated part among all data-taking years contributes as 0.6, 0.9, and 2.0% for
2016, 2017, and 2018. Lastly, correlations between 2017 and 2018 amount to uncertainties of 0.6
and 0.2%. This results in a total of five nuisance parameters.

The jet four-momenta are varied within the uncertainties in the jet energy scale, considering
various uncertainty sources split between detector regions and data-taking periods [59]. Also,
the jet four-momenta are varied within the uncertainties in the jet energy resolution smearing.
This uncertainty is considered uncorrelated for all data-taking periods such that four nuisance
parameters are introduced. All these variations are also propagated to pmiss

T .

The missing transverse momentum is corrected for PF candidates that are not clustered into
jets. We vary pmiss

T within the corresponding uncertainty using four parameters for uncorre-
lated effects between data-taking periods.

7.2 Theory uncertainties

Various uncertainties are associated with our limited knowledge in the modelling of all sim-
ulated processes relevant to this analysis. This includes uncertainties that only affect the nor-
malisation and those that change the shape and acceptance.

The factorisation and renormalisation scales are varied independently by factors of 0.5 and 2
and we construct nuisance parameters for each process. Here, only differences in the shape
and acceptance of the distributions and not in the normalisation are considered. In order to
test the assumption of uncorrelated uncertainties, the impact of correlations was studied in
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the WZ and ZZ processes by performing the profiled likelihood fit with fully correlated and
uncorrelated setups. The differences in the resulting likelihoods was found to be negligible.
Thus, per process, one nuisance parameter is introduced to model the uncertainty in the fac-
torisation scale and another parameter for the renormalisation scales, which amount to a total
of 14 parameters in the likelihood fit.

Uncertainties in the proton PDFs are estimated by using NNPDF replicas [47, 70], resulting in
100 variations. For each variation a nuisance parameter is constructed in the fit, correlating all
processes. Similar to scale variations, only shape and acceptance effects from the event selection
are considered. Normalisation effects are absorbed into uncertainties in the production cross
section described below.

Parton shower uncertainties are estimated by varying the energy scales of the initial-state radi-
ation (ISR) and final-state radiation (FSR) individually by factors of 0.5 and 2. Similar to scale
variations, only shape and acceptance effects are considered. The ISR uncertainties are split
into nuisance parameters for each process, whereas the FSR uncertainty is correlated between
processes. This results in a total of eight nuisance parameters for parton shower uncertainties.

We consider production-rate uncertainties arising from the limited accuracy of the computed
process cross sections, uncertainties in dedicated measurements, and the small number of sim-
ulated events that pass the analysis selection. These uncertainties only affect the normalisation
of a process and are correlated among all years. A 20% uncertainty is assigned to tWZ, tribo-
son production, as well as ttX processes, which include ttW [71], ttH [72], ttWW, ttWZ, ttZZ,
and tttt . Although recent measurements of the inclusive ttW cross section showed a much
larger value compared to the SM prediction, the ttW contribution in this analysis is so small
that enhancing the corresponding cross section or its uncertainty does not alter the results. We
assign uncertainties of 10 [73] and 11% [72] to the production cross sections of the tZq and ttZ
processes, respectively. The diboson processes WZ and ZZ are assigned rate uncertainties of
5% [74, 75]. This results in a total of seven nuisance parameters. For the tZq and tWZ produc-
tion, additional 20% rate uncertainties are assigned accounting for the missing EFT effects in
the simulations of these processes, estimated from the EFT effects observed in Ref. [11]. Since
those processes only contribute a small amount in our selected phase space, this uncertainty
has a negligible effect on the extracted WCs.

The modelling of the number of associated jets in WZ production in a similar phase space was
found to be not well described in the observation of the tttt production [55]. The correction
factor is applied as a function of the number of jets and reaches from 0.85 for one jet to 2.69
for six jets. The difference between not applying and applying the correction factors measured
in Ref. [55] is used as an uncertainty, which is implemented as a single nuisance parameter.
However, the correlation with the sensitive observable used in this analysis, the reconstructed
Z boson pT, is small such that this uncertainty is only relevant in SRttZ , where three jets are re-
quired. Here the uncertainty only impacts the total WZ event yield by about 20% in SRttZ . With
a signal injection test it is ensured that a varied modelling of jet multiplicity in WZ production
does not bias the extraction of EFT effects.

In order to estimate the uncertainty in the modelling of WZ plus heavy-flavour quarks, an
additional 20% normalisation uncertainty is assigned for simulated WZ events that are pro-
duced in association with c and b quarks [73]. Also this uncertainty is modelled with a single
parameter in the fit.

For the processes WZ and ZZ we assign an uncertainty corresponding to the estimated EW cor-
rections to the production cross section obtained in Ref. [76]. The uncertainty is implemented
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as a function of the true Z boson pT in simulation. Four nuisance parameters are implemented
to model the additive and multiplicative corrections to WZ and ZZ production.

8 Maximum likelihood fit and results
We extract the values of the WCs in a maximum likelihood fit to data, using the CMS statis-
tical analysis tool COMBINE [77], based on the ROOFIT [78] and ROOSTATS [79] frameworks.
In this setup, the WCs are the parameters of interest, and we estimate the effects of terms in
the matrix element that depend linearly and quadratically on the WCs. We simultaneously
fit the Z boson pT distributions in the regions SRttZ , SRWZ , and SRZZ , allowing for sensitivity
to all operators, while other observables—such as angular distances between leptons or Z bo-
son candidates—do not result in a more sensitive probe. The likelihood is built from Poisson
probabilities to observe the per-bin event yields in data given the signal and background pre-
dictions. Sources of systematic uncertainties are modelled with nuisance parameters in the fit.
Shape uncertainties are implemented using a Gaussian distribution and rate uncertainties are
modelled with a log-normal distribution. Statistical uncertainties related to the finite number
of simulated events are modelled with a single nuisance parameter per bin in the fit (Barlow–
Beeston lite) [80]. Figure 6 shows the fitted distributions, including the best fit point. The total
uncertainty after the likelihood fit remains similar to the PreFit uncertainty, as the sensitivity to
the WCs is largely driven by the uncertainties in the production rates, which are only weakly
constrained by the fit. We combine all years of data taking prior to the fit but also verified that
we obtain compatible results when fitting each data-taking period individually.

In order to find the best fit value of the WCs, we calculate the log-likelihood ratio of the EFT
prediction and the SM hypothesis as a function of the WCs and evaluate the difference

−2∆ ln L(⃗c, ν⃗) = −2(ln L(⃗c, ν⃗)− ln LMLE) = q, (6)

where c⃗ are the WCs, ν⃗ are the nuisance parameters, L is the profiled likelihood ratio and LMLE
is its maximum value. The likelihood is built from the distributions after fitting the nuisance
parameters and contains the contributions from all SRs. Using a goodness-of-fit test based on
the saturated-model likelihood [81] with 1000 toy experiments, as implemented in COMBINE,
we obtain a p-value of 85% for the fit shown in Fig. 6. The difference of the likelihood un-
der the SM hypothesis, L(⃗c = 0, ν⃗), and the best fit is −2(ln L(⃗c = 0, ν⃗) − ln LMLE) = 2.5.
Figure 7 shows the best fit values and the confidence intervals for all WCs. It contains re-
sults where other WCs are fixed to zero (‘fixed’) as well as those with other WCs floating in
the fit (‘profiled’). Figures 8 and 9 show the two-dimensional likelihood scans as functions of
the light- and heavy-quark flavour couplings for the fixed and profiled scenarios. Figure 10
shows the limits of the new physics energy scale Λ for each WC. These limits are obtained via
Λ =

√
ci/c(q = 3.84), where ci is a fixed value and c(q = 3.84) corresponds to the value of the

WC at q = −2∆ ln L = 3.84. For each WC, the least stringent limit on Λ is chosen for display.
In the asymptotic approximation, the intervals from the crossing points of q at 1 and 3.84 cor-
respond to the 68 and 95% confidence-level (CL) limits. In the quadratic EFT model, however,
Wilks’ theorem is not guaranteed to hold for cases where sizeable quadratic contributions are
present [82]. Only the operators cW and cW̃ show sizable quadratic contributions, such that for
all flavour dependent WCs, fits including only linear terms yield results consistent with those
from the full EFT model and the violation of Wilks’ theorem has little impact.

Overall, we observe consistency with the SM within the uncertainties. This is further verified
by extracting the production cross sections of the ttZ, WZ, and ZZ processes with all WCs
set to zero. All are compatible with the SM predictions and dedicated measurements [83, 84]
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Figure 6: Distributions of the Z boson pT in the three signal regions of this analysis. Shown
are the SRttZ (upper left), SRWZ (upper right), and SRZZ (lower) regions. The data (markers)
are compared to the prediction from simulation and the data-driven estimate of nonprompt
leptons (coloured areas). The lower panel displays the ratio to the predictions before the fit. The
hashed area displays the total uncertainties before the likelihood fit and the red line displays
the best fit result in a setup with all EFT parameters. The bin content is divided by the bin
width.
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within one standard deviation. Compared to the SM prediction, the WZ and ZZ cross sections
are measured 5% lower and 10% higher, respectively. This effect is compatible with the slight
deviations from zero in the fits of c(3)(11+22)

φq and c(3)(33)
φq as presented in Figs. 8 and 9.

The WCs c(−)(11+22)
φq , c(−)(33)

φq , c(11+22)
φu , c(33)

φu , c(11+22)
φd , and c(33)

φd are constrained by the combina-
tion of processes that are sensitive to the light- and heavy-quark generations. The effects of
c(33)

φu and c(−)(33)
φq are largely correlated and cannot be fully disentangled in a fit with all EFT

parameters. Thus, both parameters show different sizes of uncertainties comparing the fixed
and profiled versions of the fit in Fig. 7. In addition, cancellations between c(33)

φu and c(−)(33)
φq and

the interplay between the linear and quadratic EFT terms cause a secondary minimum in the
two-dimensional likelihood scan of c(11+22)

φu and c(33)
φu along the c(33)

φu axis in Fig. 9 (middle left).
Some WCs, especially cW and cW̃ , are measured close to zero, which reflects the slight deficit in
the WZ contribution and the fact that parameters with large quadratic terms can only increase
the event yield.

Variations of c(3)(11+22)
φq change the coupling of the W boson to quarks and can be thoroughly

probed in WZ production. The coupling described by c(3)(33)
φq cannot be precisely probed with

the setup in this analysis. There is some sensitivity from the Z-b vertex in ZZ production but to
probe this coupling more precisely, a vertex with a heavy quark and W boson is needed. Fur-
thermore, this vertex must be a production vertex. Even though such a vertex exists in the top
quark decays of the ttZ production, it does not add sensitivity to c(3)(33)

φq because it only alters
the top quark decay and not the production cross section. It was verified that a simple angular
analysis of the top quark decay products does not add sensitivity. Compared to another anal-
ysis focusing on associated tt production [12], similar sensitivity is obtained to c(−)(33)

φq , when
fixing other WCs to zero. Compared to an analysis focusing on light quarks [85], weaker limits
in c(−)(11+22)

φq but comparable limits in c(3)(11+22)
φq are observed. Global fits including EW preci-

sion data can further constrain c(−)(11+22)
φq and c(3)(11+22)

φq but obtain similar limits for cW [86, 87].
However, the presented analysis simultaneously constrains possible flavour differences, which
are usually not considered in EFT measurements. The coefficients cW and cW̃ can be constrained
by the measurement of the WZ process, which can feature a WWZ vertex. Dedicated analyses
reach higher sensitivity to these couplings [84, 88].

9 Summary
An analysis of the flavour structures in effective field theory (EFT) couplings has been pre-
sented, considering the electroweak coupling to quarks of different generations in the pro-
cesses ttZ, WZ, and ZZ. Proton-proton collision data, collected at

√
s = 13 TeV in 2016–2018

by the CMS detector and corresponding to an integrated luminosity of 138 fb−1 were analysed.
For the first time, the flavour structures of the Z-quark couplings are disentangled by simul-
taneously probing the light- and heavy-quark couplings in different processes. The measured
Wilson coefficients are compatible with the standard model hypothesis within their uncertain-
ties and corresponding limits are placed using one- and two-dimensional scans of the profiled
likelihood test statistic. Extracting the EFT parameters from multiple processes simultaneously
makes it possible to correctly correlate EFT effects of the three processes that are often impor-
tant backgrounds of each other. Thus, these results contribute to a more comprehensive EFT
interpretation that preserves correlations in combinations or global fits, rather than focusing
solely on individual processes.
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Figure 7: Summary of the limits obtained for the Wilson coefficients c(−)(11+22)
φq , c(3)(11+22)

φq ,

c(11+22)
φu , c(11+22)

φd , c(−)(33)
φq , c(3)(33)

φq , c(33)
φu , c(33)

φd , cW , and cW̃ . Shown are the best fit points and limits
for scans where other Wilson coefficients are fixed to zero (‘fixed’) or are allowed to float (‘pro-
filed’). The points where the difference −2∆ ln L with respect to the best fit increases by 1 and
3.84 are shown as horizontal error bars. These points correspond to the 68 and 95% CL limits
in the asymptotic approximation. For each Wilson coefficient value, the EFT energy scale is
assumed to be Λ = 1 TeV. For better visibility, the heavy quark couplings are multiplied by a
factor of 0.1 and c(3)(11+22)

φq , cW , as well as cW̃ are multiplied by 10.
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Figure 9: Likelihood as a function of the Wilson coefficients c(−)(11+22)
φq and c(−)(33)
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right), as well as cW and cW̃ (lower). Other Wilson coefficients are allowed to float in the fit. The
best fit value is shown with a marker and the coloured lines correspond to the crossing points
of −2∆ ln L at 2.28 and 5.99, which correspond to the 68 and 95% CL limits in the asymptotic
approximation.



19

3−10

2−10

1−10

1

10

210

 [T
eV

]
3.

84
)

 =  
(q  

 / 
c

ic
 =

 
Λ

2)π = (4ic  = 1ic  = 0.01ic

22) + )(11−(
qϕc 22) + (3)(11

qϕc 22) + (11
uϕc 22) + (11

dϕc )(33)−(
qϕc (3)(33)

qϕc (33)
uϕc (33)

dϕc Wc
W
~c

CMS  (13 TeV)-1138 fb

Figure 10: Summary of the limits in the energy scale Λ obtained from the limits on the Wil-
son coefficients c(−)(11+22)

φq , c(3)(11+22)
φq , c(11+22)

φu , c(11+22)
φd , c(−)(33)

φq , c(3)(33)
φq , c(33)

φu , c(33)
φd , cW , and cW̃ .
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is calculated from the Wilson coefficient value at q = −2∆ ln L = 3.84, which corresponds to
the 95% CL limit in the asymptotic approximation. The least stringent limit is chosen for each
Wilson coefficient and limits are shown for three scenarios of ci.
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I. Mikulec , J. Schieck2 , R. Schöfbeck2 , D. Schwarz , M. Shooshtari, M. Sonawane ,
W. Waltenberger , C.-E. Wulz2

Universiteit Antwerpen, Antwerpen, Belgium
T. Janssen , H. Kwon , D. Ocampo Henao , T. Van Laer , P. Van Mechelen

Vrije Universiteit Brussel, Brussel, Belgium
J. Bierkens , N. Breugelmans, J. D’Hondt , S. Dansana , A. De Moor , M. Delcourt ,
F. Heyen, Y. Hong , P. Kashko , S. Lowette , I. Makarenko , D. Müller , J. Song ,
S. Tavernier , M. Tytgat3 , G.P. Van Onsem , S. Van Putte , D. Vannerom
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