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Abstract

Measurements are presented of inclusive and differential cross sections for Z bo-
son associated production of top quark pairs (ttZ) and single top quarks (tZq or
tWZ). The data were recorded in proton-proton collisions at a center-of-mass energy
of 13 TeV, corresponding to an integrated luminosity of 138 fb−1. Events with three
or more leptons, electrons or muons, are selected and a multiclass deep neural net-
work is used to separate three event categories, the ttZ and tWZ processes, the tZq
process, and the backgrounds. A profile likelihood approach is used to unfold the
differential cross sections, to account for systematic uncertainties, and to determine
the correlations between the two signal categories in one global fit. The inclusive
cross sections for a dilepton invariant mass between 70 and 110 GeV are measured
to be 1.14 ± 0.07 pb for the sum of ttZ and tWZ, and 0.81 ± 0.10 pb for tZq, in good
agreement with theoretical predictions.
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1 Introduction
At the CERN LHC, precise inclusive and differential measurements of top quark production
in association with a Z boson have made it possible to directly probe the couplings between
the top quark and the Z boson. Possible physics beyond the standard model (SM) of par-
ticle physics could induce measurable deviations from SM expectations, as described, e.g.,
in Ref. [1]. Furthermore, processes involving top quarks and Z bosons are significant back-
grounds to other important SM processes, such as Higgs boson production in association with
a top quark [2]. These measurements also allow for tests of theory calculations in perturbative
quantum chromodynamics (pQCD) and studies of the modeling in Monte Carlo (MC) genera-
tors.

Measurements of Z boson production in association with top quark pairs (ttZ) and single top
quarks with an additional light-flavor quark q (tZq) have been performed by the ATLAS [3–9]
and CMS [10–15] experiments. The cross sections for ttZ and tZq are expected to be of similar
order of magnitude, despite their different orders in the strong coupling αS [16]. Generally good
agreement with the SM expectations was found [2, 17–20]. The CMS Collaboration recently
reported the first evidence for single top quark production in association with both a W and a Z
boson (tWZ) [21]. The inclusive tWZ cross section was measured to be σtWZ = 354± 54 (stat)±
95 (syst) fb, about two standard deviations above the SM expectation of 136 +9

−8 fb [22].
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Figure 1: Leading order Feynman diagrams for the ttZ (left), tWZ (middle), and tZq (right)
processes.

Leading order (LO) Feynman diagrams for the processes ttZ, tWZ, and tZq are shown in
Fig. 1. Experimentally, the Z boson is reconstructed in its leptonic decays into a pair of leptons
(electrons or muons, in the following collectively denoted by the ℓ symbol). For signal events
with three leptons in the final state, at LO, the three signal processes differ in the jet multiplicity
distributions. For ttZ, in which the tt system decays in the lepton+jets channel, four central jets
are expected of which two originate from b quarks. For tWZ, three central jets including one
b jet are expected. For tZq, there is one b jet and one light quark jet, and the light-flavor recoil
jet often has a high absolute pseudorapidity |η| and transverse momentum pT. Higher-order
effects and limitations in detector acceptance lead to a large overlap between the measured jet
multiplicity distributions. In addition, at next-to-leading order (NLO) in pQCD, interference
terms between ttZ and tWZ appear [23], making the individual measurements more difficult.
Therefore, in this analysis, the two processes ttZ and tWZ are measured together.

In this paper, the cross sections for single and pair production of top quarks in association
with a Z boson are simultaneously measured for the first time. Both inclusive and differential
measurements are reported for ttZ+tWZ and tZq. In previous publications, separate analyses
for the ttZ and tZq processes were reported, assuming SM expectations for one process while
measuring the other. In the simultaneous analysis presented here, information about the corre-
lation between the processes is obtained directly. This information can be useful, e.g., in global
fits using effective field theory (EFT) [24, 25] in which the combined sensitivity of data from
different measurements can be used to obtain optimal constraints [26, 27].

The analysis makes use of proton-proton (pp) collision data recorded at the CMS experiment
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in the years 2016–2018 at a center-of-mass energy of 13 TeV, corresponding to an integrated lu-
minosity of 138 fb−1. For the differential measurement, events are selected with exactly three
isolated leptons, of which two originate from the Z boson, while the third comes from the de-
cay of a W boson. For the inclusive measurement, events with four leptons are also included,
as described in more detail in Section 6. In the cases of ttZ and tZq, the W boson originates
from the top quark decay, while in the tWZ process it can also be produced directly. A multi-
class deep neural network (DNN) is used to determine event likelihood scores for each of the
three categories: 1) the signal category ttZ+tWZ, used to measure the combined cross section
of ttZ and tWZ; 2) the tZq signal category; and 3) the background category. An important
background process is WZ production. Another background, referred to as “nonprompt lep-
tons”, arises in processes with large cross sections, such as Z+jets and inclusive tt production, if
particles not originating from the decay of a real vector boson mimick the signature of leptons
in the detector. In the fit, a given event is assigned to the category with the highest score. Both
inclusive and differential cross sections for the two signal processes are measured simultane-
ously using a profile likelihood fit approach, in which nuisance parameters are implemented
to constrain the systematic uncertainties, and the free parameters of interest are determined
simultaneously, for each signal process and in each bin of the measurement, together with their
correlation matrix.

The paper is structured as follows. In Section 2, an overview of the CMS detector is given. Sub-
sequently, in Section 3, the data and MC simulation samples are described. The event selection,
the resulting composition of signal and background events and their classification into two sig-
nal categories and the background are presented in Section 4. The systematic uncertainties and
the results of the measurement are reported in Sections 5 and 6. Finally, a summary is given in
Section 7. Tabulated results can be found in HEPData [28].

2 The CMS detector and event reconstruction
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors 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 used and the relevant kinematic variables, can be found in Refs. [29, 30].

The particle-flow (PF) event reconstruction [31] aims to reconstruct and identify each individ-
ual particle in an event, with an optimized combination of information from all CMS detec-
tor components. In the PF algorithm, the identification of the particle type (photon, electron,
muon, charged or neutral hadron) plays an important role in the determination of the particle
direction and energy. The primary vertex is taken to be the vertex corresponding to the hard-
est scattering in the event, evaluated using tracking information alone, as described in Section
9.4.1 of Ref. [32].

The electron momentum is estimated by combining the energy measurement in the ECAL
with the momentum measurement in the tracker. Muons are identified as tracks in the cen-
tral tracker consistent with either a track or several hits in the muon system, and associated
with calorimeter deposits compatible with the muon hypothesis. Charged hadrons are identi-
fied as charged-particle tracks that are neither identified as electrons nor as muons. The energy
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of charged hadrons is determined from a combination of the track momentum and the corre-
sponding ECAL and HCAL energies, corrected for the response function of the calorimeters to
hadronic showers. Neutral hadrons are identified as HCAL energy clusters not linked to any
charged-hadron trajectory, or as a combined ECAL and HCAL energy excess with respect to
the expected charged-hadron energy deposit. The energy of neutral hadrons is obtained from
the corresponding corrected ECAL and HCAL energies.

For each event, hadronic jets are clustered from these reconstructed particles using the anti-kT
algorithm [33, 34] with a distance parameter of 0.4. Additional pp interactions within the same
or nearby bunch crossings (pileup) can contribute additional tracks and calorimetric energy
deposits to the jet momentum. To mitigate this effect, charged particles identified as origi-
nating from pileup vertices are discarded and an offset correction is applied to correct for the
remaining contributions [35]. Jet energy corrections (JEC) are derived from simulation studies
so that the average measured energy of jets becomes identical to that of particle level jets, and
residual differences between data and simulation are determined using momentum balance
measurements in dijet, photon+jet, Z+jet, and multijet events [36].

To identify (tag) jets originating from b quarks (b jets), information about the energy of par-
ticles, tracks, and vertices inside the jet is fed into the DEEPJET DNN [37]. A b tagging re-
quirement is applied in this analysis by using a minimum threshold on the b tagging score,
corresponding to a 75% efficiency (1% mistagging rate) for b jets (light jets). This reconstruc-
tion method is applied only for jets within the acceptance of the silicon tracker (|η| < 2.4 for
2016 and |η| < 2.5 for 2017–2018).

The missing transverse momentum vector p⃗ miss
T is computed as the negative vector pT sum

of all the PF candidates in an event, and its magnitude is denoted as pmiss
T [38]. The p⃗ miss

T is
modified to account for corrections to the energy scale of the reconstructed jets in the event.

3 Event simulation
The MC simulation samples for the signal processes (tZq, ttZ, and tWZ), are generated at
NLO with MADGRAPH5 aMC@NLO v2.6.5 [22]. The same generator is used for the production
of a W boson and a Z boson (WZ), the tt production in association with a W boson (ttW), the
production of three electroweak gauge bosons, and the production of a photon in association
with a W or Z boson (Vγ). Other backgrounds, such as tt production in association with a
photon or with two electroweak gauge bosons, are simulated with MADGRAPH5 aMC@NLO at
LO accuracy. Some minor backgrounds, e.g., tt production in association with a Higgs boson
(ttH) and the quark-initiated production of two Z bosons (ZZ), are simulated at NLO accuracy
in pQCD using POWHEG v2 [39], while the gluon-initiated ZZ production is simulated at LO
with the MCFM v7.0.1 [40] generator. In the following, backgrounds arising from ttW, ttH, as
well as from tt production in association with a photon or with two vector bosons, are referred
to as ttX, the production of two or three heavy bosons, excluding WZ production, is referred
to as multiboson production.

The generators are interfaced with the parton shower program PYTHIA v8.240 [41] using the
CP5 underlying event tune [42]. To avoid double-counting between the matrix element gen-
eration with MADGRAPH5 aMC@NLO and the parton shower, the FxFx [43] (MLM [44]) jet
matching schemes are used for simulations at NLO (LO). For the tZq sample, the four-flavor
scheme (4FS) is used. In the 4FS, the b quark in the initial state originates from gluon split-
ting at the matrix element level. The 4FS is expected to provide a better modeling of the event
kinematics than the five-flavor scheme (5FS) [20], which is employed for all other samples. In
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the 5FS, the b quark comes directly from the parton distribution function (PDF), and the total
cross section prediction is expected to be more precise [20]. The samples are simulated with the
NNPDF v3.1 [45] PDF set at NLO accuracy.

At NLO, tWZ production interferes with the LO ttZ process. The diagram removal (DR) and
diagram subtraction (DS) approaches are used to remove the double counting. In the DR
scheme, the overlap is removed at the amplitude level, either excluding (DR1) or including
(DR2) the interference term [46, 47]. In the DS scheme, the overlap is removed at the cross
section level. In this analysis, the nominal tWZ event samples are generated using the DR1
method, and alternative samples, produced with the DR2 method, are used to estimate the cor-
responding uncertainty. As reported in Ref. [47], the result of the DS scheme lies between DR1
and DR2, and it is thus not included as an uncertainty in this measurement.

The CMS detector response is simulated using GEANT4 [48]. The effect of additional pp in-
teractions within the same or nearby bunch crossings (pileup) is taken into account by adding
simulated minimum-bias interactions to the simulated data.

4 Event selection and background estimation
The event selection criteria are designed to efficiently select tZq, ttZ, and tWZ signal events
while suppressing the background. Events are selected if they contain three or more leptons,
which are reconstructed within |η| < 2.5 for electrons and |η| < 2.4 for muons. The three lep-
tons, when ordered in decreasing pT, are required to have pT > 25, 15, and 10 GeV. Two of the
leptons must be of the same flavor and opposite charge, and have an invariant mass between
70 and 110 GeV; the third one is expected to originate from the W boson. A combination of
trigger algorithms requiring the presence of either one, two, or three leptons is used to record
the events.

To suppress backgrounds, selected leptons are required to fulfill additional ”tight“ selection re-
quirements based on a multivariate classifier [14, 15, 49], which distinguishes prompt leptons
that are created in the decay of a W or Z boson from nonprompt leptons. The prompt-lepton se-
lection efficiencies in the simulation are corrected to match those in the data using scale factors
(SFs) which are evaluated using a “tag-and-probe” method in Z → ℓ+ℓ− events [50, 51].

Jets are required to have pT > 25 GeV and |η| < 5.0 and to be separated in space from each
lepton by ∆R =

√
(∆η)2 + (∆ϕ)2 > 0.4, where ∆η and ∆ϕ are the differences in η and azimuthal

angle, respectively, between the jet and the lepton. At least two jets, of which at least one must
be b tagged, are also required in each event.

Dominant contributions to the nonprompt background come from tt and Drell–Yan produc-
tion where two genuine prompt leptons are expected; the third lepton candidate then often
comes from a decay of a hadron. The nonprompt-lepton background contribution is estimated
from data, separately for electrons and muons, following an approach similar to that described
in Ref. [15]. In this approach, a lepton misidentification rate is determined from simulated
QCD multijet samples. This information is then used to determine a transfer factor that is ap-
plied to events in data that are selected similarly to those in the signal region, but with looser
lepton requirements. The obtained distribution describes the expectation for the nonprompt
background in the signal region.

Figures 2 and 3 show comparisons of measured and expected distributions of the events that
fulfill the signal selection criteria. In Fig. 2, the transverse momenta of the leptons with the
highest and second highest pT are presented, the jet and b jet multiplicities, and the |η| of the
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Figure 2: Distributions after final event selection: the pT of the lepton with the highest (upper
left) and second highest (upper right) pT, the number of jets (middle left), the number of b
jets (middle right), and the |η| of the jet with the highest |η| (lower). The data are displayed
as points with statistical error bars and the expectation is shown with a histogram with the
systematic uncertainty given by the hatched area.
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Figure 3: Distributions after final event selection: the pT of the reconstructed Z boson (upper
left), the pT of the lepton arising from the W boson pT(ℓW) (upper right), ∆R(Z, ℓW) (middle
left), ∆ϕ(ℓ+, ℓ−) (middle right), and the cosine of the angle cos θ∗Z between the Z boson and
its negatively charged decay lepton in the Z boson rest frame (lower). The data are displayed
as points with statistical error bars and the expectation is shown with a histogram with the
systematic uncertainty given by the hatched area.



7

highest-|η| jet. Figure 3 shows distributions of the pT of the reconstructed Z boson, the pT of the
lepton originating from the W boson pT(ℓW), the separation ∆R(Z, ℓW) between the Z boson
and the lepton originating from the W boson decay, the azimuthal angle ∆ϕ(ℓ+, ℓ−) between
the two leptons originating from the Z boson decay in the lab frame, and the cosine of the angle
cos θ∗Z between the Z boson and its negatively charged decay lepton in the Z boson rest frame.
These are the observables for which the differential cross sections are reported in Section 6.2.

The Z boson candidate is reconstructed from the opposite-sign same-flavor lepton pair with the
closest invariant mass to that of the Z boson. The third lepton is then interpreted as originating
from the W boson. Reasonable agreement can be seen between the expectation and the data. In
Fig. 2, a small excess of the data over the expectation is observed in the range of medium lepton
pT (upper row), towards larger number of jets (middle left), and at small values of maximum
|ηjet|. In this region the relative contribution from ttZ+tWZ is large.

The expectations for signals and most background processes are taken from the MC simula-
tions described in Section 3, while the nonprompt contribution is estimated from the data as
described above. To validate the estimation of the nonprompt-lepton contribution, events out-
side the Z boson resonance region are selected, |m(ℓ+ℓ−) − m(Z)| > 20 GeV. In this region,
the contribution from events with nonprompt leptons is enhanced. Event distributions in this
control region are shown in Fig. 4. The data are well described by the sum of the simulations
and the contribution from nonprompt leptons as determined from the data.

To obtain an optimal separation between signals and backgrounds, a DNN based on TENSOR-
FLOW (v2) [52] interfaced with KERAS [53] is used to categorize the events into three output
nodes. In total, 26 variables are used as input to the DNN. These include kinematic properties
of leptons, jets, and the reconstructed top quark candidates, as well as jet and b jet multiplici-
ties, and p⃗ miss

T .

For top quark candidates with a lepton in the final state, the neutrino kinematics are recon-
structed from the measured p⃗ miss

T and the charged lepton originating from the W boson decay,
using the W boson mass as a constraint [54]. Depending on the jet multiplicity of the event,
three different cases are considered: in events with two jets, of which at least one is a b jet, the
leptonic top quark candidate is reconstructed from the lepton, the neutrino momentum, and a
b jet; in events with three or more jets, of which at least one is a b jet, squared distances χ2 of
the reconstructed top quark mass with respect to the expected top quark mass 172.69 GeV [54],
weighted by their uncertainties, are calculated for both the ℓ+jets and all-hadronic top quark
reconstructions; in events with four or more jets, two top quarks can be fully reconstructed and
the overall χ2 value is determined as the sum of the two χ2 terms. In all cases, the combination
of jets that gives the smallest overall χ2 is taken as the solution.

For the training of the DNN, MC simulation samples of signals and backgrounds are used. The
samples are divided into two equal parts, based on even and odd event numbers. For each of
these two halves, 80% is used for training, the remaining 20% is used for testing and the other
half is used to evaluate the model in order to build the output score distributions that will be
used in the final stage of the analysis. The model trained on odd-numbered events is used to
evaluate the even-numbered subsample, and vice versa, ensuring an unbiased evaluation. In
the case of data, the events are simply divided into two halves, with each half assigned to one
of the two models. The three output score values are normalized such that for each event their
sum gives unity. In Fig. 5, the data are compared to the expectation. Towards large values of
the respective scores, high purities in ttZ+tWZ, tZq, and background are achieved.
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Figure 4: Distributions for events selected in the region with |m(ℓ+ℓ−) − m(Z)| > 20 GeV
for: the pT of the lepton with the highest (upper left) and second highest (upper right) pT,
the number of jets (lower left), and the number of b jets (lower right). The data are displayed
as points with statistical error bars and the expectation is shown with a histogram with the
systematic uncertainty given by the hatched area.

5 Systematic uncertainties
Systematic uncertainties arise from experimental uncertainties in the detector response, such
as calibrations, resolutions, and efficiencies, in the integrated luminosity, and from modeling
uncertainties, which can affect the efficiency and acceptance. Depending on the type of un-
certainty, different shapes are assumed for the prior probability density functions. A given
systematic uncertainty can affect both the shape and the normalization of the distribution, or
only the normalization. To determine the effect of the uncertainty on the distribution, the anal-
ysis is repeated for each source of uncertainty, shifting the relevant uncertainty parameter by
one standard deviation. The systematic uncertainties are described in the following and their
quantitative impacts on the inclusive ttZ+tWZ and tZq cross sections are listed in Table 1.
These are obtained by freezing the corresponding group of nuisance parameters in the fit and
then subtracting in quadrature the resulting uncertainty from the uncertainty returned by the
nominal fit.
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Figure 5: Distributions of the output values in the three DNN output nodes for the sum of
ttZ and tWZ (upper), tZq (middle), and background (lower). The data are compared with
expectations. In the left column, the inclusive distributions are shown, i.e., each selected event
enters each of the output nodes. In the right column, each event enters exactly one of the three
distributions, namely the one for which the output score is largest. The data are displayed
as points with statistical error bars and the expectation is shown with a histogram with the
systematic uncertainty given by the hatched area.
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Table 1: Systematic uncertainty sources and their relative impact on the inclusive ttZ+tWZ and
tZq cross section measurements.

Source σ(ttZ+tWZ) σ(tZq)
Trigger 2% 2%
Trigger prefiring <1% 2%
Lepton identification efficiencies 1% 2%
Jet energy scale 1% 3%
Jet energy resolution <1% 1%
b tagging 1% 2%
Missing transverse momentum <1% 3%
Nonprompt background 2% 3%
Pileup <1% 1%
Integrated luminosity 2% 2%
Statistical 3.7% 10%

WZ background modeling 2% 4%
Factorization scale 1% 1%
Renormalization scale 1% 2%
Parton shower <1% 2%
PDF and strong coupling αS <1% <1%
Underlying event and color reconnection 1% 2%
tWZ modeling <1% <1%
MC statistical <1% 1%

Total 6% 13%

5.1 Experimental uncertainties

The trigger efficiency is found to be close to unity. No trigger SFs are applied, and a flat 2% un-
certainty, uncorrelated across the years, is applied per event to account for the uncertainty
in the trigger efficiency. During certain periods of the data taking, the so-called Level-1
trigger prefiring, i.e., a time jitter of the trigger signal in the muon [55] and ECAL [56]
systems, led to a loss of events at the level of 0.5% or less.

The lepton identification efficiencies are treated separately for electrons and muons. As de-
scribed in Section 4, the simulation is corrected to the data using SFs. The systematic
components of the uncertainties are treated as correlated across the data-taking years.

The jet energy scale and resolution uncertainties (JES and JER) include various components [36].
For each of these components, the four-momenta of the jets, as well as the SF for the b
tagging efficiencies, are varied and the analysis is repeated.

b tagging: separate SFs and uncertainties are applied for jets originating from bottom and
charm quarks, and those from light quarks or gluons [37].

Missing transverse momentum: the observable p⃗ miss
T includes contributions from jets and un-

clustered energy in the calorimeters, with systematic uncertainties determined for both
components. Jets are considered only if their uncorrected pT is larger than 15 GeV and
their electromagnetic energy fraction is less than 0.9. The uncertainty in the unclustered
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pmiss
T is taken as uncorrelated between the years. The uncertainty due to the jets includes

each of the JES and JER variations [38].

Nonprompt-lepton background estimation: the uncertainties in the lepton misidentification
rates and the statistical uncertainties on the transfer factors are propagated into the final
histogram templates, and these are included as shape uncertainties in the fit. Addition-
ally, a 30% uncorrelated bin-by-bin normalization uncertainty is added to account for any
residual mismodeling.

Pileup: before applying the event selection, event weights are applied to the MC simulation
to match the pileup distributions of the data. Subsequently, to estimate the pileup un-
certainty, the pp inelastic cross section [57] is varied by ±4.6%, which corresponds to a
variation of one standard deviation. This uncertainty is considered as fully correlated
across the years.

The integrated luminosities for the 2016, 2017, and 2018 data-taking periods have individ-
ual uncertainties of 1.2–2.5% [58–60]. The combined uncertainty for the full data taking
period is 1.6%.

5.2 Modeling uncertainties

Backgrounds other than the nonprompt background are modeled using MC simulation sam-
ples and an uncertainty of 15% is estimated, except for the Vγ process, for which a nor-
malization uncertainty of 40% is taken.

Factorization and renormalization scale uncertainties are considered for the signal samples
ttZ, tWZ, and tZq, as well as the background sample WZ. For each process the renor-
malization and factorization scales are varied independently and the resulting variations
are treated as uncorrelated between the different processes.

Parton shower uncertainties are computed by varying the renormalization scale for initial-
and final-state radiation (ISR and FSR, respectively) independently. These uncertainties
are considered for the processes tZq, ttZ, tWZ, and WZ. The ISR uncertainty is treated
as uncorrelated between the processes, while only two nuisances are considered for FSR,
one for the signal samples and one for the WZ process.

PDF and strong coupling αS uncertainties are considered for the signal samples and for the
main background WZ. For each event, 100 eigenvectors and two αS variations are pro-
vided [61], all of them treated as different nuisances in the fit. These uncertainties are
considered correlated across the years and between the processes.

Underlying event tune and color reconnection uncertainties are estimated using dedicated MC
samples [42, 62]. The uncertainties are treated as correlated among years and processes.

tWZ modeling: two different schemes (DR1 and DR2) are used in the MC generation of tWZ
in order to account for the uncertainty due to interference between the ttZ and the tWZ
processes. The interference between tZq and tWZ is small and not considered in this
analysis.

The statistical uncertainty of the MC simulation samples is considered using the Barlow–Beeston
lite approach [63].
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The relative contribution of the ttZ and tWZ processes in their sum was also investigated as a
possible source of systematic uncertainty by varying the theoretical assumptions on the cross
sections by their maximum uncertainty, approximately 10 fb. This variation is performed anti-
correlated between ttZ and tWZ, representing the most conservative estimate. However, the
resulting effect, estimated to be 0.3% for the inclusive measurement and ranging from 0.1 to
0.5% for differential distributions, is found to be negligible at the current level of precision, and
is not included in the fit.

6 Results
The cross sections are measured using a profile likelihood ratio, in which for each cross section
hypothesis the optimal nuisance parameters are determined from a fit using the CMS statistical
analysis tool COMBINE [64]. For the simultaneous measurement of the sum of the inclusive ttZ
and tWZ cross sections, and the inclusive tZq cross section, two parameters of interest are used
and their best fit values are the result of the measurement. Correspondingly, for the simultane-
ous measurement of the differential cross sections, the number of parameters of interest in the
fit is twice the number of bins of the differential measurement.

6.1 Inclusive cross sections

For the inclusive cross sections, the three-lepton event selection described above is extended
to include a category of events with four leptons, as well as a category of three-lepton events
without b jets. The region with four leptons and at least one b jet has a high purity in ttZ
events, as can be seen in Fig. 6 (left), where the b jet multiplicity distribution for this region
is shown. The region without b jets is enriched in WZ background events and is useful as a
control region. The jet multiplicity distribution for this region is shown in Fig. 6 (right).
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Figure 6: Distributions of the b jet multiplicity in the four lepton region (left) and the jet mul-
tiplicity in the zero b jet control region (right). The data are compared to the expectation. The
data are displayed as points with statistical error bars and the expectation is shown with a his-
togram with the systematic uncertainty given by the hatched area.

Both distributions shown in Fig. 6, as well as the three distributions in the right column of
Fig. 5, are included in the profile likelihood fit for the extraction of the inclusive cross sections.
The b jet multiplicity distribution in the region with four leptons adds sensitivity to the ttZ
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cross section, and the jet multiplicity in the region without b jets improves the modeling of the
WZ background.

We define the inclusive cross sections for top quark production in association with a Z boson
in the phase space including resonant and nonresonant production of opposite-sign and same-
flavor lepton pairs with an invariant mass 70 < mℓ+ℓ− < 110 GeV. The predicted cross sections
in this phase space, as evaluated from the signal generator MADGRAPH5 aMC@NLO, are 0.84±
0.08 pb, 0.14 ± 0.01 pb, and 0.82 ± 0.05 pb, for the ttZ, tWZ, and tZq processes, respectively.

The fit yields cross section ratios µ to the central value of the SM predictions of µttZ+tWZ =

1.17± 0.07 for the sum of the ttZ and tWZ processes and µtZq = 0.99± 0.13 for tZq production.
The measured inclusive cross sections are:

σ(ttZ+tWZ) = 1.14 ± 0.05 (stat) ± 0.04 (syst) pb,
σ(tZq) = 0.81 ± 0.07 (stat) ± 0.06 (syst) pb.

The distributions resulting from the fit, in the following referred to as postfit distributions, are
shown in Fig. 7. The corresponding prefit distributions, i.e., before the scaling of the expecta-
tions to the result of the fit, are presented in the right column of Fig. 5 and in Fig. 6.

While the measured tZq cross section agrees very well with the prediction, the sum of the
ttZ+tWZ cross sections is somewhat higher than the prediction. The two-dimensional profile
likelihood ratio for µttZ+tWZ and µtZq is displayed in Fig. 8. A small positive correlation can be
seen, which arises from the correlated sources, such as the experimental uncertainties in JES,
lepton identification, luminosity, and trigger.

The previous CMS measurement of the tZq cross section [15] was performed using the same
data set as this analysis, but the results were reported in the phase space in which the Z boson
decays into two charged leptons (electrons, muons, or tau leptons) with an invariant mass
greater than 30 GeV. In this phase space, the current fit yields 93 +12

−11 fb for the tZq process when
fixing the ttZ and tWZ cross sections to their SM predictions, consistent with the previous
measurement of 87.9 +10.5

−9.5 fb [15], and with the prediction 94.2 ± 3.1 fb.

As a cross-check with the previous CMS measurements of the ttZ [14] and tWZ [21] cross
sections, we repeat the likelihood fit using two alternative configurations. First, fixing the
tZq and tWZ processes to their SM prediction, with normalization uncertainties of 15 and
40%, respectively, returns a value of 0.99 ± 0.07 pb, in agreement with the previous result of
0.95 ± 0.08 pb [14]. Second, constraining the ttZ and tZq processes to the SM prediction with
normalization uncertainties of 15% each, the inclusive tWZ cross section is found to be 0.39 ±
0.16 pb, in agreement with the CMS measurement of 0.35 ± 0.11 pb [21].

6.2 Differential measurement

The differential cross sections for the sum of ttZ and tWZ, and for tZq are measured as func-
tions of: the transverse momentum pT(Z) of the Z boson; the transverse momentum pT(ℓW) of
the lepton coming from the W boson decay; the azimuthal angle ∆ϕ(ℓ+, ℓ−) between the two
leptons coming from the Z boson; the ∆R between the Z boson and the lepton coming from the
W boson, ∆R(Z, ℓW); and the cosine of the angle cos θ∗Z between the Z boson and the negatively
charged lepton coming from its decay, in the Z boson rest frame. The measured and expected
event distributions for these observables have been shown in Fig. 3.

The chosen observables are expected to be sensitive to QCD modeling and/or beyond-SM sce-
narios and useful for EFT interpretations. For example, pT(Z) and pT(ℓW) are sensitive to
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Figure 7: Postfit distributions of the b jet multiplicity in events with four leptons (upper left)
and the jet multiplicity distribution in events with zero b jets (upper right). Postfit distributions
in the output nodes for tZq (middle left), ttZ+tWZ (middle right), and the background (lower).
The data are displayed as points with statistical error bars and the expectation is shown with a
histogram with the systematic uncertainty given by the hatched area.
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68% and 95% confidence levels (CL) (−2∆ ln L = 2.30 and 5.99, respectively) are indicated by
the red lines.

the OtW and Oϕtb operators that describe modified W–t–b couplings [65, 66]. In case of new
physics, discrepancies between the data and the SM prediction are expected in ∆ϕ(ℓ+, ℓ−), as
the leptons from the Z boson decay will be more or less collimated depending on the boost
of the Z boson. The ∆R(Z, ℓW) variable is sensitive to the modeling of the processes, as well
as to the coupling between top quark and Z boson. The observable cos θ∗Z is an interesting
observable to constrain EFT parameters, as discussed in Refs. [14, 67].

The reconstructed observables are affected by the detector resolutions and efficiencies, as well
as by limitations in the detector acceptance. The binning of the different observables is chosen
by computing a response matrix for both signal samples, maintaining good purity and stability
and a sizable number of signal events in each bin. The purity is defined as the fraction of
events in a detector-level bin that belong to the corresponding generator-level bin, while the
stability is the fraction of events in a generator-level bin that are observed in the corresponding
detector-level bin. For all of the observables, the purity and stability are above 85% in every
bin. To facilitate comparisons with theory calculations for top quarks in the final state, the data
are unfolded to the parton level, after ISR and FSR, and before hadronization.

As described in Section 4, each event is assigned to the process category for which the corre-
sponding output node is maximal. The differential cross sections for ttZ and tWZ combined
and for tZq are extracted simultaneously using a profile likelihood fit to the data. In each
bin of the measurement, templates of the expected output score distributions for signals and
backgrounds are created. The signal templates are split into subsamples corresponding to the
generator-level bins of the observable to unfold, and the events in the signal output nodes are
further split into the different categories corresponding to the detector-level bins. In the fit,
for each bin, two cross section parameters of interest are used to determine the likelihood ra-
tio in that bin. The postfit results in each bin are the values of the cross section and nuisance
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parameters for which the profile likelihood ratio is maximized.

The inputs and results of the fit are shown in Figs. 9 and 10 for the example of the differen-
tial cross sections as a function of pT(Z). The components ttZ+tWZ and tZq are measured
simultaneously, i.e., eight parameters of interest are determined at the same time.

The differential cross sections for the sum of ttZ and tWZ, and for tZq are shown in Figs. 11
and 12. These figures also include the predictions as obtained from the MC simulation, to-
gether with their uncertainties. The uncertainties in the predictions are estimated by summing
in quadrature the systematic uncertainties coming from the renormalization and factorization
scales, PDFs, and parton showers. For the sum of the ttZ and tWZ cross sections, the uncer-
tainties related to the overlap removal are also included. The predicted cross sections refer to
the same phase space as the inclusive measurement. To simplify shape comparisons and to
remove bin-to-bin correlated uncertainties, Figs. 13 and 14 show the normalized cross sections.
Covariance matrices for the differential cross sections are provided in Fig. 15.

As for the inclusive results, the tZq differential cross sections are in good agreement with the
theory prediction. For the sum of the ttZ and tWZ cross sections, an excess over expectation is
observed (left columns of Figs. 11 and 12). A possible trend is observed as a function of pT(ℓW),
as presented in Figs. 11 and 13 (middle left), which leads to a discrepancy in the region of low
pT(ℓW). This trend is reminiscent of similar trends in inclusive tt production between MC
simulations at NLO and data [14, 21]. For tt production, it has been shown that calculations at
next-to-next-to-leading order give a significantly improved description of the data [68–70].

7 Summary
A first simultaneous measurement of single and pair production of top quarks in association
with a Z boson is presented. The data were recorded by the CMS experiment in proton-proton
collisions at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of
138 fb−1. Events with three or more leptons (electrons or muons) are analysed. The separation
between the signals is achieved using a deep neural network classifier with three output nodes
for the combined ttZ and tWZ processes, the tZq process, and the backgrounds. The inclusive
cross sections are measured to be σ(ttZ+tWZ) = 1.14 ± 0.07 pb for the sum of the tWZ and
ttZ processes, and σ(tZq) = 0.81 ± 0.10 pb for tZq production. Both results are evaluated for
a dilepton invariant mass between 70 and 110 GeV. The cross sections are measured differen-
tially as functions of several observables. Good agreement with theoretical predictions is found
for the tZq process, while for ttZ+tWZ production, the slope in the transverse momentum dis-
tribution of the lepton that originates from the W boson is found to be somewhat steeper than
predicted.
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level bins of pT(Z). The fit is performed simultaneously on this distribution and that in Fig. 9.
The data are displayed as points with statistical error bars and the expectation is shown with a
histogram with the systematic uncertainty given by the hatched area.
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Figure 11: Differential cross sections for the sum of ttZ and tWZ production (left column) and
tZq production (right column) as a function of pT(Z) (upper), pT(ℓW) (middle), and ∆ϕ(ℓ+, ℓ−)
(lower). The inner (outer) error bars indicate the statistical (total) uncertainty, while the shaded
area refers to the uncertainty in the theory prediction. The lower panel shows the ratio of the
prediction with the data. The points at unity show the uncertainty of the data.
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Figure 12: Differential cross sections for the sum of ttZ and tWZ production (left column) and
tZq production (right column) as a function of ∆R(Z, ℓW) (upper), and cos θ∗Z (lower). The
inner (outer) error bars indicate the statistical (total) uncertainty, while the shaded area refers
to the uncertainty in the theory prediction. The lower panel shows the ratio of the prediction
with the data. The points at unity show the uncertainty of the data.
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Figure 13: Normalized differential cross sections for the sum of ttZ and tWZ production (left
column) and tZq production (right column) as a function of pT(Z) (upper), pT(ℓW) (middle),
and ∆ϕ(ℓ+, ℓ−) (lower). The inner (outer) error bars indicate the statistical (total) uncertainty,
while the shaded area refers to the uncertainty in the theory prediction. The lower panel shows
the ratio of the prediction with the data. The points at unity show the uncertainty of the data.
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Figure 14: Normalized differential cross sections for the sum of ttZ and tWZ production (left
column) and tZq production (right column) as a function of ∆R(Z, ℓW) (upper), and cos θ∗Z
(lower). The inner (outer) error bars indicate the statistical (total) uncertainty, while the shaded
area refers to the uncertainty in the theory prediction. The lower panel shows the ratio of the
prediction with the data. The points at unity show the uncertainty of the data.
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Figure 15: Covariance matrices for the simultaneous measurement of the differential cross
section as a function of pT(Z), (upper left), pT(ℓW) (upper right), ∆R(Z, ℓW) (middle left),
∆ϕ(ℓ+, ℓ−) (middle right), and cos θ∗Z (lower). The last digits in the axis labels refer to the
respective bin of the corresponding differential cross section measurement.
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J. Schieck2 , R. Schöfbeck , D. Schwarz , M. Sonawane , W. Waltenberger , C.-
E. Wulz2

Universiteit Antwerpen, Antwerpen, Belgium
T. Janssen , T. Van Laer, P. Van Mechelen

Vrije Universiteit Brussel, Brussel, Belgium
N. Breugelmans, J. D’Hondt , S. Dansana , A. De Moor , M. Delcourt , F. Heyen,
S. Lowette , I. Makarenko , D. Müller , S. Tavernier , M. Tytgat3 , G.P. Van Onsem ,
S. Van Putte , D. Vannerom
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A. Raspereza , D. Rastorguev , J. Rübenach, L. Rygaard, A. Saggio , M. Scham29,26 ,
S. Schnake26 , P. Schütze , C. Schwanenberger25 , D. Selivanova , K. Sharko ,
M. Shchedrolosiev , D. Stafford, F. Vazzoler , A. Ventura Barroso , R. Walsh ,
D. Wang , Q. Wang , Y. Wen , K. Wichmann, L. Wiens26 , C. Wissing , Y. Yang ,
A. Zimermmane Castro Santos

University of Hamburg, Hamburg, Germany
A. Albrecht , S. Albrecht , M. Antonello , S. Bein , L. Benato , S. Bollweg,
M. Bonanomi , P. Connor , K. El Morabit , Y. Fischer , E. Garutti , A. Grohsjean ,
J. Haller , H.R. Jabusch , G. Kasieczka , P. Keicher, R. Klanner , W. Korcari ,
T. Kramer , C.c. Kuo, V. Kutzner , F. Labe , J. Lange , A. Lobanov , C. Matthies ,
L. Moureaux , M. Mrowietz, A. Nigamova , Y. Nissan, A. Paasch , K.J. Pena Rodriguez ,
T. Quadfasel , B. Raciti , M. Rieger , D. Savoiu , J. Schindler , P. Schleper ,
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M. Dittmar, M. Donegà , F. Eble , M. Galli , K. Gedia , F. Glessgen , C. Grab ,
N. Härringer , T.G. Harte, D. Hits , W. Lustermann , A.-M. Lyon , R.A. Manzoni ,
M. Marchegiani , L. Marchese , C. Martin Perez , A. Mascellani60 , F. Nessi-Tedaldi ,
F. Pauss , V. Perovic , S. Pigazzini , B. Ristic , F. Riti , R. Seidita , J. Steggemann60 ,
A. Tarabini , D. Valsecchi , R. Wallny
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L. Pétré , D. Pinna, A. Savin, V. Shang , V. Sharma , W.H. Smith , D. Teague, H.F. Tsoi ,
W. Vetens , A. Warden

Authors affiliated with an institute or an international laboratory covered by a cooperation
agreement with CERN
S. Afanasiev , V. Alexakhin , D. Budkouski , I. Golutvin† , I. Gorbunov , V. Kar-
javine , V. Korenkov , A. Lanev , A. Malakhov , V. Matveev96 , V. Palichik ,
V. Perelygin , M. Savina , V. Shalaev , S. Shmatov , S. Shulha , V. Smirnov ,
O. Teryaev , N. Voytishin , B.S. Yuldashev97, A. Zarubin , I. Zhizhin , G. Gavrilov ,
V. Golovtcov , Y. Ivanov , V. Kim96 , P. Levchenko98 , V. Murzin , V. Oreshkin ,
D. Sosnov , V. Sulimov , L. Uvarov , A. Vorobyev†, Yu. Andreev , A. Dermenev ,
S. Gninenko , N. Golubev , A. Karneyeu , D. Kirpichnikov , M. Kirsanov ,
N. Krasnikov , I. Tlisova , A. Toropin , T. Aushev , V. Gavrilov , N. Ly-
chkovskaya , A. Nikitenko99,100 , V. Popov , A. Zhokin , R. Chistov96 , M. Danilov96 ,

https://orcid.org/0000-0001-5367-1738
https://orcid.org/0000-0001-7492-3201
https://orcid.org/0000-0002-6976-4637
https://orcid.org/0000-0003-2566-7496
https://orcid.org/0000-0003-2856-9090
https://orcid.org/0000-0001-7849-8863
https://orcid.org/0000-0003-4136-3409
https://orcid.org/0009-0001-8169-1020
https://orcid.org/0000-0001-6612-432X
https://orcid.org/0000-0002-3572-5701
https://orcid.org/0009-0009-4040-7407
https://orcid.org/0000-0002-9595-2623
https://orcid.org/0000-0002-6812-761X
https://orcid.org/0000-0003-0409-0341
https://orcid.org/0000-0002-5508-1827
https://orcid.org/0000-0002-7852-167X
https://orcid.org/0000-0002-9842-7015
https://orcid.org/0000-0002-1407-1972
https://orcid.org/0000-0001-7640-5264
https://orcid.org/0000-0002-3834-1316
https://orcid.org/0000-0001-6743-3781
https://orcid.org/0000-0002-5168-2932
https://orcid.org/0000-0001-6315-905X
https://orcid.org/0000-0001-6283-4316
https://orcid.org/0000-0002-6625-8085
https://orcid.org/0000-0002-4871-5449
https://orcid.org/0000-0002-3584-7856
https://orcid.org/0000-0002-2831-463X
https://orcid.org/0000-0002-1494-258X
https://orcid.org/0000-0003-2497-1242
https://orcid.org/0000-0003-0408-7636
https://orcid.org/0000-0002-7366-8090
https://orcid.org/0000-0003-0228-9760
https://orcid.org/0000-0003-2110-8021
https://orcid.org/0000-0002-9694-4625
https://orcid.org/0000-0002-7013-8094
https://orcid.org/0000-0002-4995-9285
https://orcid.org/0000-0002-8856-7401
https://orcid.org/0000-0001-6229-695X
https://orcid.org/0000-0002-1469-0335
https://orcid.org/0000-0001-9325-2175
https://orcid.org/0000-0002-3027-0752
https://orcid.org/0000-0001-6304-5861
https://orcid.org/0000-0003-1252-6213
https://orcid.org/0000-0003-3273-9419
https://orcid.org/0000-0002-4436-5461
https://orcid.org/0000-0002-3959-5174
https://orcid.org/0000-0002-0789-1200
https://orcid.org/0000-0002-3412-0508
https://orcid.org/0000-0002-5590-335X
https://orcid.org/0000-0001-5821-291X
https://orcid.org/0000-0002-7049-4646
https://orcid.org/0000-0001-7124-6911
https://orcid.org/0000-0001-9933-995X
https://orcid.org/0000-0001-5965-2386
https://orcid.org/0000-0001-7139-7322
https://orcid.org/0000-0003-3322-6287
https://orcid.org/0000-0001-9911-0143
https://orcid.org/0000-0002-0793-5664
https://orcid.org/0000-0001-5565-7868
https://orcid.org/0000-0003-4986-1728
https://orcid.org/0000-0003-3122-4245
https://orcid.org/0000-0002-6723-6689
https://orcid.org/0009-0009-0648-8151
https://orcid.org/0000-0002-8420-1488
https://orcid.org/0000-0001-9497-5471
https://orcid.org/0000-0002-6127-4350
https://orcid.org/0000-0003-3863-2567
https://orcid.org/0000-0002-7218-3323
https://orcid.org/0000-0003-4952-2873
https://orcid.org/0000-0001-6216-9002
https://orcid.org/0000-0003-0152-7683
https://orcid.org/0000-0002-3388-8339
https://orcid.org/0000-0002-2124-6312
https://orcid.org/0000-0002-4732-4008
https://orcid.org/0000-0002-2087-6128
https://orcid.org/0000-0003-3389-4584
https://orcid.org/0000-0003-2582-6469
https://orcid.org/0000-0002-2793-4052
https://orcid.org/0000-0001-5291-8903
https://orcid.org/0000-0002-9202-1516
https://orcid.org/0000-0003-3473-8858
https://orcid.org/0000-0002-1297-6065
https://orcid.org/0000-0003-1550-5223
https://orcid.org/0000-0001-6142-0429
https://orcid.org/0000-0003-1423-5241
https://orcid.org/0000-0003-2530-4265
https://orcid.org/0000-0001-5553-0891
https://orcid.org/0000-0003-3752-4759
https://orcid.org/0000-0001-9586-3316
https://orcid.org/0000-0003-0304-6330
https://orcid.org/0000-0003-4861-0943
https://orcid.org/0000-0003-3644-8627
https://orcid.org/0000-0002-0526-6161
https://orcid.org/0000-0003-1284-3470
https://orcid.org/0000-0001-7880-922X
https://orcid.org/0000-0001-7320-5080
https://orcid.org/0000-0001-8026-5380
https://orcid.org/0000-0001-5993-9045
https://orcid.org/0000-0003-1704-4360
https://orcid.org/0000-0003-3848-324X
https://orcid.org/0009-0008-3906-2037
https://orcid.org/0000-0003-3043-1090
https://orcid.org/0000-0002-1959-2363
https://orcid.org/0000-0002-4548-9992
https://orcid.org/0000-0002-2562-4405
https://orcid.org/0000-0003-2590-763X
https://orcid.org/0000-0002-3793-8516
https://orcid.org/0000-0001-8152-927X
https://orcid.org/0000-0001-9665-4575
https://orcid.org/0009-0000-7979-5771
https://orcid.org/0000-0002-1436-6092
https://orcid.org/0000-0003-1287-1471
https://orcid.org/0000-0003-3195-0909
https://orcid.org/0000-0002-2550-2184
https://orcid.org/0000-0003-1058-1163
https://orcid.org/0000-0001-7463-7360
https://orcid.org/0009-0006-8766-226X
https://orcid.org/0000-0002-4886-1569
https://orcid.org/0000-0002-2029-1007
https://orcid.org/0009-0007-6508-0215
https://orcid.org/0000-0003-3777-6606
https://orcid.org/0000-0002-5326-3854
https://orcid.org/0000-0002-2342-7862
https://orcid.org/0000-0001-8244-7321
https://orcid.org/0000-0001-8569-8409
https://orcid.org/0000-0002-2745-5908
https://orcid.org/0009-0008-0356-1061
https://orcid.org/0009-0005-5039-4874
https://orcid.org/0000-0002-9020-7384
https://orcid.org/0000-0002-2893-6922
https://orcid.org/0000-0001-5354-8350
https://orcid.org/0000-0002-4265-928X
https://orcid.org/0000-0002-9049-9196
https://orcid.org/0000-0001-7002-9093
https://orcid.org/0000-0001-6590-6266
https://orcid.org/0000-0002-1964-6106
https://orcid.org/0000-0001-6171-9682
https://orcid.org/0000-0001-9689-7999
https://orcid.org/0000-0002-0595-0297
https://orcid.org/0000-0001-5163-7632
https://orcid.org/0000-0001-7161-2133
https://orcid.org/0000-0003-4913-0538
https://orcid.org/0000-0002-0554-4627
https://orcid.org/0000-0003-4749-4995
https://orcid.org/0000-0002-7452-8380
https://orcid.org/0009-0009-8645-6685
https://orcid.org/0000-0002-7602-2527
https://orcid.org/0000-0002-7397-9665
https://orcid.org/0000-0001-5619-376X
https://orcid.org/0000-0001-6495-7619
https://orcid.org/0000-0002-9504-7754
https://orcid.org/0000-0001-9983-1004
https://orcid.org/0000-0002-7177-077X
https://orcid.org/0000-0002-8879-6538
https://orcid.org/0000-0002-8717-6492
https://orcid.org/0000-0003-1552-2015
https://orcid.org/0000-0002-2106-4041
https://orcid.org/0000-0002-6347-7055
https://orcid.org/0000-0002-9617-2928
https://orcid.org/0000-0001-5084-9019
https://orcid.org/0000-0002-1933-5383
https://orcid.org/0000-0001-8049-2583
https://orcid.org/0000-0001-7178-5907
https://orcid.org/0000-0003-1439-8390
https://orcid.org/0000-0001-9227-5164


47

S. Polikarpov96 , V. Andreev , M. Azarkin , M. Kirakosyan, A. Terkulov , E. Boos ,
V. Bunichev , M. Dubinin86 , L. Dudko , A. Ershov , A. Gribushin , V. Klyukhin ,
S. Obraztsov , M. Perfilov, V. Savrin , P. Volkov , G. Vorotnikov , V. Blinov96,
T. Dimova96 , A. Kozyrev96 , O. Radchenko96 , Y. Skovpen96 , V. Kachanov , D. Kon-
stantinov , S. Slabospitskii , A. Uzunian , A. Babaev , V. Borshch , D. Druzhkin101

Authors affiliated with an institute formerly covered by a cooperation agreement with CERN
V. Chekhovsky, V. Makarenko

†: Deceased
1Also at Yerevan State University, Yerevan, Armenia
2Also at TU Wien, Vienna, Austria
3Also at Ghent University, Ghent, Belgium
4Also at Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
5Also at Universidade Estadual de Campinas, Campinas, Brazil
6Also at Federal University of Rio Grande do Sul, Porto Alegre, Brazil
7Also at UFMS, Nova Andradina, Brazil
8Also at Nanjing Normal University, Nanjing, China
9Now at The University of Iowa, Iowa City, Iowa, USA
10Also at University of Chinese Academy of Sciences, Beijing, China
11Also at China Center of Advanced Science and Technology, Beijing, China
12Also at University of Chinese Academy of Sciences, Beijing, China
13Also at China Spallation Neutron Source, Guangdong, China
14Now at Henan Normal University, Xinxiang, China
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