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First observation of tWZ production
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We present the first observation of single top quark production in association with a W and

a Z boson in proton-proton collisions using 13 and 13.6 TeV data recorded with the CMS

detector corresponding to integrated luminosities of 138 and 61.9 fb−1, respectively. Events are

selected if they contain three or four charged leptons, which can be electrons or muons. State-

of-the-art machine learning algorithms and sophisticated reconstruction methods result in an

unprecedented sensitivity to tWZ production. We report the first observation of this rare process

with a significance of more than five standard deviations.
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1. Introduction

The Standard Model (SM) of particle physics successfully describes properties and interactions

of elementary particles, but it cannot account for observed phenomena in the Universe, such as

neutrino masses, dark matter, and the matter-antimatter asymmetry. It is possible to explore new

physics scenarios by searching for discrepancies from the SM predictions in precise studies of SM

observables and searches for very rare processes. In this context, the production of a single top quark

in association with a WZ boson pair (tWZ) is particularly interesting as it offers enhanced sensitivity

to the top quark’s electroweak coupling (Figure 1). This very rare process is sensitive to unitarity-

violating effects induced by modified electroweak interactions [1, 2], which can be interpreted in

the Standard Model Effective Field Theory (SMEFT) framework [3, 4]. These proceedings present

the first observation of the tWZ process [5], achieved by analysing 200 fb−1 of data collected by

the CMS experiment. This dataset comprises 138 fb−1 recorded at
√
B = 13 TeV [6], with the

remainder collected at 13.6 TeV [7].

2. Simulation of signal and background

The tWZ final states exhibit many similarities with those of top quark pair production in association

with a Z boson (ttZ), posing significant theoretical and experimental challenges for measuring

tWZ. In particular, the modelling of the tWZ process requires special attention when simulated at

next-to-leading order (NLO) in QCD, as contributions of the type gg → tWZb must be included.

These diagrams can feature a resonant top quark pair causing overlap with the LO ttZ process [2].

Therefore, the tWZ process is simulated using MadGraph5_aMC@NLO [8, 9] at NLO in QCD

and the overlap is removed using the MadSTR plugin [10], which implements both diagram removal

(DR) and diagram subtraction (DS) techniques [11, 12]. The signal samples are generated using

the DR1 subtraction scheme, while the DR2 scheme is considered to evaluate the uncertainty in

the signal modelling. Also the experimental identification of tWZ is very challenging due to its

very small cross section, namely 136+9
−8

fb at
√
B = 13 TeV and 148+10

−9
fb at 13.6 TeV at NLO

in QCD [8, 9]. The main backgrounds are the ttZ and tZq processes, which are simulated at

b/b̄ W±

Z

g t/t̄

b/b̄ W±

Z

g t/t̄

Figure 1: Example Feynman diagrams for tWZ production in the SM (left) and for anomalous tWZ production

through an effective interaction (right). Figure from Ref. [5].
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NLO accuracy in QCD using MadGraph5_aMC@NLO. The ttZ cross section is scaled to include

approximate next-to-next-NLO (aN3LO) QCD and NLO electroweak corrections [13]. The WZ

process is simulated using POWHEG v2 [14–18]; while, smaller backgrounds are simulated using

MadGraph5_aMC@NLO, POWHEG, and MCFM v7.0.1 [19, 20].

3. Analysis strategy

Events with three or four leptons and at least one b-tag jet are included in the signal regions (SRs)

to enhance the sensitivity to tWZ. Electrons and muons are required to have ?T > 10 GeV and

?T > 15 GeV for events collected at
√
B = 13 and

√
B = 13.6 TeV, respectively. Electrons must

have |[ | < 2.5 and muons |[ | < 2.4. Leptons are identified using multivariate analysis techniques,

trained separately for 13 and 13.6 TeV data. The machine learning (ML) algorithms for 13 TeV data

have efficiencies of 87 and 92% for electrons and muons, respectively. A tighter working point with

efficiencies of 60 and 84% for electrons and muons, but with a threefold improvement in background

rejection, is employed for 13.6 TeV data. Jets must have ?T > 25 GeV and |[ |<2.4, and be separated

from leptons by a Δ' > 0.4. The b jets are selected using the DeepJet algorithm for 13 TeV data,

while the ParticleTransformerAK4 algorithm is used for 13.6 TeV data, resulting in improved

performance [21, 22]. The b-tag identification efficiencies are around 80%, with misidentification

rates of about 1% for light jets and about 14% for charm quark jets.

Despite the tight physics object selection, the tWZ process accounts for only a small fraction of the

event yields, due to the presence of several background processes with final states similar to tWZ

but much larger cross sections. The leading background is ttZ followed by WZ, tZq, and processes

with nonprompt leptons. Nonprompt leptons are defined as reconstructed leptons not originating

from the decay of a W or a Z boson. Their contribution is estimated from data as it is often

poorly modelled in simulation. Dedicated control regions (CRs) are defined to accurately model

the nonprompt lepton contribution and constrain the normalization of the dominant backgrounds.

Signal and control regions are identified based on the number of leptons, jets, b jets, ?miss
T

, and the

di-lepton invariant mass (<ℓℓ) of the opposite-sign-same-flavor (OSSF) lepton pairs. The OSSF

leptons are considered inside the mass window of the Z boson if their <ℓℓ is within 15 GeV from

<Z. The SR3ℓ requires the presence of three leptons, at least two jets, one b jet, and an OSSF lepton

pair inside the Z boson mass window. The SR4ℓ requires the presence of four leptons, one b jet and

exactly one OSSF lepton pair inside the Z boson mass window. In addition, four different CRs are

also defined. Events with four leptons, two OSSF lepton pairs inside the Z boson mass window, and

at least one jet are selected in the CRZZ. The CRWZ includes events with three leptons, one OSSF

lepton pair inside the Z boson mass window, at least two jets, zero b jet, ?miss
T

> 40 GeV. This

control region is also used to reweight the jet multiplicity distribution of WZ events in simulation

to that measured in data, resulting in a significant improvement in the modelling of additional jet

emissions. The jet multiplicity distribution measured in the CRWZ is used as input to the maximum

likelihood fit to constrain the associated uncertainty. Instead, the event yield distribution is used

in the case of the CRZZ. The CRDY is defined requiring the presence of three leptons, one OSSF

lepton pair inside the Z boson mass window, zero b jet, and ?miss
T

< 40 GeV. The CRtt includes

events with three leptons, at least two jets, one b jet, and no OSSF lepton pair inside the Z boson

mass window. These two control regions are used to estimate nonprompt lepton contribution.
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The contribution of the nonprompt lepton background is estimated from a fit to data simultaneously

with the signal extraction. Dedicated nuisance parameters are constructed for the different non-

prompt lepton categories and constrained in the fit using the trailing lepton ?T distribution measured

in CRDY and CRtt. The category indicates whether the nonprompt lepton originates from a b jet, a

light jet, or a photon.

Dedicated machine learning algorithms based on the Particle Transformer (ParT) architecture [23]

are trained to separate tWZ from the background. Different trainings are performed for 13 and

13.6 TeV data. The input variables include the four-momentum vector of leptons and jets in the

events, as well as information about the missing transverse energy, b-tagging and particle ID. The

output distributions of the ML algorithms are used as input to the maximum likelihood fit for the

SR3ℓ and SR4ℓ . The classifier used in the SR3ℓ has four different output nodes targeting tWZ, ttZ,

WZ, and additional backgrounds. Three distributions are defined according to the node with the

highest score: one enriched in tWZ events, one dominated by ttZ events to constrain its normaliza-

tion, and one containing events classified as WZ or other backgrounds to constrain the associated

uncertainties. Because of the limited statistical precision, a binary classifier is employed for the

SR4ℓ and its output is included as an input to the fit. Figure 2 shows the tWZ and ttZ output node

distributions in the SR3ℓ , along with the ML output distribution obtained in the SR4ℓ .

4. Systematic uncertainties

The systematic uncertainties are treated as nuisance parameters in the maximum likelihood fit used

to extract the signal strength of the tWZ process. Several sources of systematic uncertainties are

considered, including theoretical and experimental uncertainties. The experimental uncertainties

include those on the pileup description, jet energy corrections and resolution, trigger efficiency,

lepton efficiency, and b-tagging corrections. The integrated luminosity has an uncertainty of

1.6% for the 2016–2018 data-taking years, and 1.4 and 1.3% for 2022 and 2023, respectively.

Unconstrained nuisance parameters are used to describe the contribution of nonprompt leptons from

jets, while nuisances with Gaussian priors are used for nonprompt leptons coming from photons.

The theoretical uncertainties include those on the parton distribution functions, parton shower

simulation, and matrix element renormalization and factorization scales. The differences between

the DR1 and DR2 subtraction schemes are taken into account as signal modelling uncertainty.

Variations from DS are not considered, as these are smaller than the ones derived with DR2. A

shape uncertainty is assigned to the jet multiplicity reweighting for the WZ process by considering

two alternative configurations: one where the correction factor is doubled and another where no

correction is applied. In addition, theoretical uncertainties in the cross sections of the background

processes are considered. A normalization uncertainty of 7% is used for the ttZ cross section [24,

25]. Two distinct normalization uncertainties are employed for the WZ and ZZ processes, a

20% uncertainty is assigned to VV+b production [26] and a 10% uncertainty to VV+j [27]. An

uncertainty of 11% is employed for tZq production [26], and a 10% uncertainty for multi-boson

processes [28, 29] and photon associated production modes [30]. Uncertainties of 5 and 10% are

assigned to the tt [31] and DY processes [32]. A 25% uncertainty is used for the ttW process to

account for the discrepancy between measurements and SM predictions [33], and a 20% uncertainty

is used for t(t)X [34–36], which includes minor backgrounds from single top and top quark pair
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associated productions. Finally, uncertainties arising from the finite size of simulated samples are

included using the Barlow–Beeston light method [37].

5. Results

The signal strength of tWZ is measured to be `tWZ = 1.77 ± 0.32, with an observed statistical

significance of 5.8 s.d. compared to the background-only hypothesis, with 3.5 s.d. expected. This

result constitutes the first observation of the tWZ process and agrees within 2.3 s.d. with the

SM predictions. The measured cross sections are 248 ± 52 fb and 242 ± 77 fb for
√
B = 13 and
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Figure 2: Distributions in the classifier output nodes for the tWZ (upper left) and ttZ (upper right) nodes

in SR3ℓ , and in the classifier output node in SR4ℓ (lower) after a fit to the data. The dashed band shows the

postfit uncertainty. The ratio of data to the predictions from MC simulation is shown below the distributions.

Figure from Ref. [5].
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13.6 TeV, respectively. The dominant uncertainties are the normalization uncertainties of the ttZ

and WZ + b jet backgrounds. The correlation between tWZ and ttZ is studied in a dedicated fit

where the ttZ normalization is left unconstrained (Figure 3). The measured signal strengths are

`tWZ = 1.88 ± 0.34 and `ttZ = 0.91 ± 0.05, also resulting in a significance of more than 5 s.d. for

tWZ production. The signal strength of the ttZ process is compatible within 2 s.d. with the most

recent theoretical prediction at aN3LO QCD and NLO EW [13].

This result represents a significant improvement with respect to the previous analysis [38], both in

terms of reduced correlation between tWZ and ttZ and improved tWZ sensitivity. In particular,

the expected significance increases from 1.4 s.d. to 3.0 s.d., when considering the same dataset.

The observation of the tWZ process [5] marks a significant step forward in our understanding

of the top quark-electroweak interaction. Higher statistical precision is needed to enable SMEFT

interpretations of the tWZ process through future differential results to interpret the observed excess.
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Figure 3: Likelihood scan of the signal strengths for tWZ and ttZ production. The contours in different

shades of blue correspond to the 68%, 95%, and 99% confidence level. The black diamond indicates the SM

expected value, while the black cross shows the best fit value. Figures from Ref. [5].
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