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1 Introduction

The three main production modes of single top quarks in proton-proton (pp) collisions are
mediated via electroweak interactions and are commonly categorised through the virtuality
of the exchanged W boson. When the four-momentum of the W boson is space-like, the
process is referred to as the ¢ channel, while when it is time-like, the process is referred to as
the s channel. The third production mode, referred to as the tW process, is characterised
by the production of a top quark in association with an on-shell W boson. The study
of this production mechanism is interesting due to its interference with top quark pair
(tt) production [1-3], its sensitivity to standard model (SM) parameters, such as the Vi,
Cabibbo-Kobayashi-Maskawa matrix element and the contribution of the bottom quark to
the proton parton distribution functions (PDFs) [4, 5]. It is also sensitive to physics beyond
the SM [6-12] and plays an important role as a background in several other analyses. One
example is the recent inclusive tt cross section measurement at /s = 13.6 TeV from the CMS
Collaboration [13] or at 13 TeV from the ATLAS Collaboration [14], where the uncertainty in
the tW cross section is one of the leading uncertainties. The tW production rate is sufficiently
high to perform a measurement of the production cross section differentially as a function
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Figure 1. Leading-order Feynman diagrams of single top quark production in the tW mode. The
charge-conjugate modes are implicitly included.

of various kinematic observables. These measurements are crucial to study the modelling
of the tW process in perturbative quantum chromodynamics (QCD).

The associated production of a top quark and a W boson involves the electroweak
interaction of a bottom quark with a W boson. At leading order (LO) in perturbative QCD
(pQCD) the final state contains a W boson and, after the decay of the top quark, an additional
W boson and a bottom quark. The LO Feynman diagrams for tW production are shown in
figure 1. At next-to-LO (NLO) in pQCD, the tW process can contain an additional bottom
quark and interferes with tt production [1-3]. The predicted cross section of tW production
in pp collisions at /s = 13.6 TeV is oy = 87.9739 (scale) & 2.4 (PDF+ag) pb (where ag
is the strong coupling constant) and was computed at approximate next-to-next-to-NLO
accuracy (aN?’LO) in pQCD with the addition of next-to-next-to-next-to-leading logarithmic
resummation of soft-gluon emission terms [15-17]. A top quark mass (m;) of 172.5 GeV and
the PDFALHC21 PDF set [18] were used. The quoted uncertainties include the uncertainty
from varying the renormalisation (up) and factorisation (up) scales, the choice of PDFs, and
the ag value used by the PDF set, respectively.

The first observation of electroweak production of single top quarks was achieved by
the DO [19] and CDF [20] Collaborations at the Fermilab Tevatron. Their observations are
consistent with the SM expectations for the ¢ and s channels. The tW channel was not
observed at the Tevatron due to its small cross section in proton-antiproton collisions at
Vs = 1.96 TeV. At the LHC, however, it represents the second-largest single top quark
production mode after the ¢ channel. The ATLAS and CMS Collaborations presented the
first evidence for the tW production at 7TeV [21, 22] and its observation at 8 TeV [4, 23].
The inclusive tW production cross section has also been measured by the ATLAS and CMS
experiments at 13 TeV using data recorded during 2016 [24, 25] and using data recorded during
2015-2018 [26, 27]. Measuring the inclusive and differential tW production cross sections
presents particular challenges due to the dominant background from tt events, constituting
approximately 80% [28] of the total number of events in the most tW-enriched category with
two leptons and one jet identified as coming from the fragmentation of a bottom quark. The
first measurement of the differential cross section of tW production was carried out by the
ATLAS experiment [28]. Additionally, a study [29] investigating the WWbb signature (that



includes tW and tt) was done by the ATLAS Collaboration. The CMS experiment has also
published differential cross section measurements [27] at /s = 13 TeV using data recorded
during the 2016-2018 period. Recent studies in the lepton+jets channel have been conducted
at 13 TeV by the CMS Collaboration [30] and at 8 TeV by the ATLAS Collaboration [31].
For each of these measurements, good agreement with theoretical predictions is observed.

This paper reports the first measurement of the inclusive and normalised differential tW
production cross sections at /s = 13.6 TeV in dilepton final states (ei 1), using data collected
with the CMS detector in 2022, corresponding to an integrated luminosity of 34.7 fb~!. For
the inclusive measurement, multivariate techniques are used to build a discriminant to
separate the signal from the dominant tt background, and a maximum likelihood fit to several
event categories is performed. For the differential measurements, a fiducial region is defined
according to the detector acceptance. The resulting distributions are unfolded to particle
level and normalised to the fiducial cross section.

The paper is structured as follows. Section 2 describes the CMS detector and event
reconstruction. Section 3 provides a summary of the data and Monte Carlo (MC) samples used
in the analysis. The object and event selection criteria are outlined in section 4. Sections 5
and 6 describe the signal extraction strategies for the inclusive and differential measurements,
respectively. The systematic uncertainties are discussed in section 7. The results of both the
inclusive and differential measurements are presented in section 8. Finally, a summary of
both measurements is given in section 9. Tabulated results are provided in the HEPData
record for this analysis [32].

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, 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 scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (n) coverage provided by
the barrel and endcap detectors. Muons are measured in gas-ionisation detectors embedded
in the steel flux-return yoke outside the solenoid. More detailed descriptions of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in refs. [33, 34].

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 us [35]. The
second level, known as the high-level trigger [36], 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 around 5kHz before data storage [37].

During the second long shutdown initiated in 2018, the CMS experiment underwent
numerous upgrades and improvements to the subdetectors, readout electronics, trigger, data
acquisition, software, and offline computing systems. Notable examples include new silicon
photomultipliers and readout electronics for the HCAL that allow for a finer granularity and
longitudinal segmentation [38], the replacement of the innermost layer of the silicon pixel



detector [39], the new hybrid farm of central processing units and graphics processing units
for the high-level trigger [40], and rebuilt dedicated online luminosity monitors [41-43].

The particle-flow (PF) algorithm [44] aims at reconstructing and identifying all stable
particles in an event, with a thorough combination of all subdetector information. In this
process, 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 (PV), which is the vertex corresponding to the hardest scattering in
the event, is evaluated using tracking information alone as described in section 9.4.1 of
ref. [45]. The energy of photons is obtained from the ECAL measurement. The energy of
electrons is determined from a combination of the electron momentum at the interaction PV
as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy
sum of all bremsstrahlung photons spatially compatible with originating from the electron
track. To account for the observed differences between the transverse momentum (pr) of
the electron in data and simulation, the simulated pr is corrected to match the scale and
resolution of data. Muons are identified as tracks in the central tracker consistent with either
a track or several hits in the muon system. The energy of charged hadrons is determined
from a combination of their momentum measured in the tracker and the matching ECAL
and HCAL energy deposits. Those energy deposits are corrected for the response function of
the calorimeters to hadronic showers. Finally, 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.

Jets are reconstructed from the PF candidates using the anti-kp clustering algorithm [46,
47] with a distance parameter of 0.4. The jet momentum is determined as the vector
sum of all particle momenta in the jet. Additional pp interactions within the same or
nearby bunch crossings, known as pileup, can contribute additional tracks and calorimetric
energy depositions to the jet momentum. The pileup-per-particle identification algorithm
(PUPPI) [48, 49] is used to mitigate the effect of pileup at the reconstructed-particle level,
making use of local shape information, event pileup properties, and tracking information.
A local shape variable is defined, which distinguishes between collinear and soft diffuse
distributions of other particles surrounding the particle under consideration. The former
is attributed to particles originating from the hard scattering and the latter to particles
originating from pileup interactions. Charged particles identified as originating from pileup
vertices are discarded. For each neutral particle, a local shape variable is computed using
the surrounding charged particles compatible with the PV within the tracker acceptance
(In] < 2.5), and using all particles in the region outside the tracker coverage. The momenta
of the neutral particles are then rescaled according to their probability to originate from
the PV deduced from the local shape variable, eliminating the need for jet-based pileup
corrections [49]. Corrections to the jet energy scale (JES) are derived from simulation to bring
the measured response of jets to that of particle-level jets on average. In situ measurements of
the momentum balance in dijet, photon+jet, Z+jet, and multijet events from data collected in
2022 are used to account for any residual differences in the JES between data and simulation.
Additionally, the jet energy resolution (JER) in the simulation is corrected to reproduce
that obtained from data [50-52].
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the computation of pp [48, 49].

3 Data and simulated samples

Data from pp collisions at /s = 13.6 TeV collected in 2022 and corresponding to an inte-
grated luminosity of 34.7 b~ ! are analysed. The last part of the 2022 data-taking period,
approximately 27 fb_l, was affected by a water leak in one wheel of the ECAL endcap. As
a result, a small fraction of the wheel was turned off and did not record data. This aspect
is taken into account in the object selection of the analysis and in the simulated samples,
which are split into two periods. The data from the two periods are analysed separately,
and appropriate per-period calibrations are applied before the data are combined for the
cross section measurements.

Monte Carlo simulations are used to estimate the contributions from both signal and
background processes. The tW signal samples are generated with POWHEG BOX v2 [53-55]
at NLO accuracy in pQCD. The POWHEG hg,y,p Parameter is set to 250 GeV [56], and the
pr and ugp scales are set to the top quark mass of 172.5 GeV. The five flavour scheme of the
proton PDFs, where massless b quarks are considered as part of the protons, is used in the
simulation of the tW and tt samples. In order to avoid double counting of Feynman diagrams
arising from the common final states with tt, two schemes are introduced to define the tW
signal. “Diagram removal” (DR) [2], where all NLO diagrams that are doubly resonant
(i.e. that can have two top quarks on-shell) such as those in figure 2, are excluded from
the signal definition; and “diagram subtraction” (DS) [2, 57], in which the cross section is
modified with a gauge-invariant subtraction term, which locally cancels the contribution of
tt diagrams. The DR scheme is used as the nominal model in this analysis. Nonetheless,
the difference in the results obtained for the two schemes is also evaluated and used to
assign a systematic uncertainty in the MC modelling. Both DR and DS schemes are used for
comparison with the differential particle-level result. Additionally, signal samples generated
with MADGRAPH5__aMC@NLO v2.9.13 [58] using the DR and DS scheme are also studied. Two
additional derivations from these approaches are considered: the so-called “DR2” approach,
that includes the terms corresponding to the interference between tW and tt processes, and
an alternative way of implementing DS (later referred to as “DS dyn.”), where a dynamic
factor is used to model the top quark resonance, providing a better treatment than DS in the
subtraction of the off-shell tt contributions [59]. The HVQ generator [60] from POWHEG BOX is
used to simulate tt at NLO in pQCD in the narrow width approximation. The POWHEG Rgamp

parameter is set to 250 GeV, and the ugr and pp scales are set to ugp = pup = \/mf + p2T7t )
where pp is the pr of the top quark in the tt rest frame.

The NLO pQCD setup in POWHEG BOX is also used to simulate the WW, WZ, and
77 (denoted as VV) diboson processes. The Z /vy, referred to as Drell-Yan (DY), and W
background samples are simulated at NLO in pQCD, with up to two jets considered in the
matrix-element (ME) computation, using MADGRAPH5 aMC@NLO. Other contributions
from vector boson (W, Z, and ) production in association with tt events (denoted as ttV)
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Figure 2. Representative Feynman diagrams for tW single top quark production at NLO that are
removed from the signal definition in the DR scheme. The charge-conjugate modes are implicitly
included.

are simulated at NLO in pQCD using MADGRAPH5_ aMC@NLO. Finally, simulated W and
tt samples with one lepton and jets in the final state are used to estimate the background
contribution from events with a jet incorrectly reconstructed as a lepton (electron or muon).
The latter background contributions are labelled as non-W/Z since they contain a lepton
candidate that does not originate from a leptonic decay of a weak boson.

For all simulated samples, the proton structure in the ME calculation is described with
the NNPDF 3.1 PDF set [61] at next-to-NLO order (NNLO). The generators are interfaced
in all cases with PYTHIA v8.306 [62], which is used to model the hadronisation and parton
showering (PS). The underlying event is modelled with the CP5 tune [63] in all samples.
For comparison at the particle level, another signal sample is considered where the POWHEG
BOX generator is interfaced with HERWIG v7.2.2 [64-66] using the CH3 [67] tune. For the
samples generated with MADGRAPH5__aMC@NLO, the double counting of partons from the
ME calculations and PS described by PYTHIA is removed using the FXFX [68] matching
scheme. This is the case for the DY, W, and ttV samples. The nominal m; is set to 172.5 GeV
for all samples. For the tW signal and tt background, alternative samples were generated to
estimate systematic uncertainties, which are obtained from the same generator (POWHEG
BOX) and PS simulation (PYTHIA). These uncertainties are described in detail in section 7.

The GEANT4 package [69] is used to simulate the CMS detector for all simulation samples.
To compare with the measured data, the event yields in the simulated samples are normalised to
the product of the integrated luminosity and the corresponding theoretical cross section. These
are taken from aN®LO calculations for tW events [15-17], NNLO calculations for W production
and DY [70], and NLO calculations for diboson production [71]. For the normalisation of
the simulated tt samples, the full NNLO plus next-to-next-to-leading-logarithmic accuracy
calculation [72], performed with the TOP++ 2.0 program [73] with the PDF4LHC21 PDF
set, is used. The PDF uncertainty is added in quadrature to the uncertainty associated
with ag to obtain a tt production cross section of 923.6 733 (scale) + 22.8 (PDF+ag) pb
assuming m; = 172.5GeV.

To model the effect of pileup, additional simulated pp interactions in the same or
neighbouring bunch crossings are generated with PYTHIA and overlapped with the simulated
hard-scatter events. A reweighting is applied in simulations to match the pileup distribution
observed in data. The average number of pileup interactions per bunch crossing in 2022 is
46 (assuming a total inelastic pp cross section of 80 mb).



4 Event selection

The analysis strategy exploits the fact that in the SM the top quark decays almost always into a
W boson and a bottom quark. Signal tW events in which both W bosons decay leptonically are
used. The events with same-flavour leptons are rejected due to high background contamination
from DY events in this channel. This leads to a final state composed of two different-flavour
leptons with opposite electric charge, eiui, one jet resulting from the fragmentation of a
bottom quark, and two neutrinos.

Events are recorded using a set of dilepton and single-lepton triggers, with lepton isolation
requirements, that are looser than those applied later in the offline analysis, imposed on
all of them [36]. The dilepton triggers require events to contain either one electron with
pr > 12GeV and one muon with pp > 23 GeV, or one muon with pp > 8 GeV and one
electron with pp > 23 GeV. To increase the trigger efficiency, single-lepton triggers with one
electron (muon) with pp > 32 (24) GeV are also used. Lepton pr thresholds in the offline
analysis are chosen to be in the trigger efficiency plateau. The combined trigger efficiency
is measured using data events that pass the selection criteria of the analysis, and which
were collected with triggers based on the pr imbalance in the event. On average, the trigger
efficiency is about 98% for events passing the final analysis event selection and is corrected
in simulated events to match that observed in data.

Further requirements are imposed on the reconstructed lepton and jet candidates obtained
from the PF algorithm. For leptons, additional identification (ID) criteria are applied to
identify prompt leptons originating from W and Z boson decays at the PV. These criteria also
help to reduce background contributions from nonprompt leptons, such as leptons produced
by hadron decays, or jets misidentified as leptons.

Electrons and muons in the event are required to have pp > 20 GeV and |n| < 2.4 and
pass the “tight” working point of the cut-based ID criteria described in ref. [74] for electrons
and ref. [75] for muons. Electron candidates in the transition region between the barrel and
endcap ECAL, corresponding to 1.444 < |n| < 1.566, are ignored because of the suboptimal
electron reconstruction in this region. Electrons collected in the period and the region affected
by the water leak in ECAL endcap are also not considered. Additional criteria are imposed
on the impact parameter of the leptons in order to ensure that they originate from the PV.
In particular, muons are required to have a transverse impact parameter |dy,| < 0.2cm and
a longitudinal impact parameter |d,| < 0.5 cm. For electrons, the criterion depends on the
n of the electron: |dy,| < 0.05cm and |d,| < 0.1cm for [n| < 1.479, and |dyy| < 0.1 cm and
|d,| < 0.2cm for |n| > 1.479. This helps to reduce background contributions from nonprompt
leptons and pileup. Electrons and muons are also required to be isolated. The relative
isolation variable is defined as the pt sum of all reconstructed PF candidates (except the
lepton itself) within a cone of fixed radius around the lepton direction, divided by the lepton
pr. The cone radius is defined in terms of the separation variable AR = V/(An)* + (Ag)?,
where An and Ay are the difference in 7 and azimuthal angle, respectively. For electrons, the
ID criteria in ref. [74] include a requirement on the relative isolation calculated with AR < 0.3.
For muons, the “tight” requirement from ref. [75] on the relative isolation calculated with
AR < 0.4 is applied. In both cases, corrections for the residual contributions from pileup
particles to the isolation sum are applied [74, 75]. Events with W bosons decaying into t



leptons are considered as signal only if the T leptons decay into electrons or muons that satisfy
the selection requirements. In events with more than two leptons passing the selections, the
two with the largest pp are retained for further study.

Jets are required to have pp > 30GeV and |n| < 2.4, and to be separated from any
selected lepton by AR > 0.4. Jets reconstructed inside the ECAL region affected by the water
leak are not considered. Another category of low-pt jets, referred to as “loose jets”, is defined
using the same criteria as standard jets but with pr between 20 and 30 GeV. The differences in
these lower-pr jets between the tW and tt distributions can be exploited for their separation,
with tt events generally expected to feature more loose jets. Jets are identified as coming
from the fragmentation of bottom quarks (b jets) using the ROBUSTPARTICLETRANSFORMER
algorithm [76-81], with a working point that yields an identification efficiency of about 80%
and misidentification probabilities of about 1% for light quark and gluon jets and about
14% for charm quark jets. The ROBUSTPARTICLETRANSFORMER algorithm is a novel deep
learning approach based on a transformer model architecture recently introduced for heavy-
flavour tagging. The term “robust” refers to its adversarial training, which improves the
behaviour of the model making it more resilient against systematic effects that were not
present in the training data. It performs better than previous models such as DEEPJET [82],
as described in ref. [78].

The selected events belong to the eiqu final state if the two leptons with highest pr
passing the above selection criteria are an electron and a muon of opposite electric charge.
The highest pr (leading) lepton is required to have pp > 25GeV. In addition, to reduce
the contamination from low-mass resonances and DY production of T lepton pairs with
low dilepton invariant mass, the minimum invariant mass of all pairs of identified leptons
(including leptons beyond the leading two) is required to be greater than 20 GeV. The
remaining events are classified by the number of jets and the number of identified b jets in the
event, as shown in figure 3 (left). In the following, the notation njmb represents events with
exactly n jets where m of them are identified as b jets. The 1j1b region corresponds to the
most signal-enriched region with a signal-to-background ratio of about 16% compared to 8%
in the 2j1b region. For the inclusive measurement, the information from three regions with
one or two jets and one or two b jets (1j1b, 2j1b, and 2j2b) is considered, whereas for the
differential measurements, only the 1j1b region is used. Figure 3 (right) shows the distribution
of the number of loose jets in the 1j1b region. In order to decrease the relative contribution
from the tt background, the events in the 1j1b region with zero loose jets are used for the
differential measurements. The signal-to-background ratio in this region is about 20%.

5 Methodology for the inclusive measurement

A maximum likelihood fit is performed to extract the tW signal using the most signal-enriched
1j1b region together with the 2j1b category, which also contains a significant tW contribution,
and the 2j2b region. This latter region contains almost purely tt events and is used in the fit
to constrain its contribution. The remaining regions, which have a lower signal-to-background
ratio and substantial contributions from other backgrounds, such as DY and VV +ttV, do
not significantly improve the precision of the analysis and are therefore not included in the fit.
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Figure 3. Left: the number of events observed in data (points) and predicted from simulation (filled
histograms) in the eiu:F final state as a function of the number of jets and b-tagged jets before the
maximum likelihood fit. Right: the number of loose jets per event in the eiqu final state from the 1j1b
region before the maximum likelihood fit. The vertical bars on the points show the statistical uncertain-
ties in the data. The hatched band represents the sum of the statistical and systematic uncertainties
in the MC predictions. The lower panels show the ratio of data to the sum of the expected yields.

One of the main challenges of this measurement is to distinguish the signal contribution
from the dominant background contribution of tt in the dilepton final state, as there is no
single observable that gives enough discrimination power between tt and tW events. To
overcome this fact, two independent random forest (RF) multiclassifiers [83] implemented
with the SCIKIT-LEARN package [84], one for the 1j1b region and the other for the 2j1b
region, are trained to discriminate between tt in the dilepton final state, tW, and the second
largest background in each category. For the 1j1b region, the second largest background is
the DY process, whereas for the 2j1b region, tt with lepton+jets final states is the one that
is considered. An RF classifier is an ensemble machine learning method that combines the
predictions of multiple decision trees [85] to reach a single result. It improves the overall
accuracy and robustness compared with single decision tree classifiers. The “random” aspect
in RF comes from two sources: first, it uses a random subset of the training data for each
tree (bootstrap aggregating or “bagging”), and second, it selects a random subset of features
for each tree. By doing so, it reduces overfitting and increases the model’s generalizability.
The final prediction is obtained by averaging all predictions of each tree. Due to the large
difference in relative contribution between DY or tt in the lepton+jets final state compared
with the signal and dileptonic tt, RFs were chosen over boosted decision trees, as applied in
ref. [27]. Random forests were found to be more robust against this particular issue, preventing
any possible overfitting while keeping almost the same discrimination power. For both RFs,
there are three output nodes that give the probability of a certain event to be a tW, tt, or
DY /lepton-+jets tt event. The RFs are trained and tested using a set of simulated samples
that are statistically independent from the ones used in the signal extraction. Specifically,



50% of the simulated events are allocated for training and testing, while the remaining 50%
are reserved for signal extraction. Within the training and testing portion, 70% of the data
is used for training while 30% is used for testing.

The input variables used in the RFs are chosen depending on their discrimination power
and on how well the MC simulation models the data. The agreement between the observed
data and the simulation is estimated using a goodness-of-fit test based on the saturated
model [86], a model that fits the data exactly. If the p-value [87] is under 5%, the variable
is rejected. For the RF in the 1j1b region, the variables used in the training in order of
importance are:

e Leading loose jet pp: if there are no loose jets, this variable is set to 0.

e Leading lepton pr.

o pr (ei, u¥,j): the magnitude of the transverse momentum of the dilepton+jet system.
« m(e*,uT): invariant mass of the dilepton system.

e Ap(e®,u¥): azimuthal angle between the two leptons.

. m(ei, u¥,j): invariant mass of the dilepton+jet system.

e pr(4y,]): transverse momentum of the leading lepton+jet system.

o Jet pr.

The order of importance is computed using the Gini importance variable [84], which measures
the decrease in impurity that each feature brings when used for splitting. It computes the
weighted average of the impurity decrease across all the decision points where a feature is
used. The larger this decrease, the more important the feature is considered. Figure 4 shows
a comparison of the observed data and simulation for the four most discriminating variables
in the RF in the 1j1b region. Most of the discriminating power of the leading loose jet pr
comes from the binary decision of whether there is a loose jet in the event or not, but it also
benefits from the shape information when such a jet is present. Good agreement is observed
for all of them. A similar level of agreement is seen in the remaining distributions in the
1j1b region, and for the input variables of the RF trained in the 2j1b region.
The input variables listed in order of importance in the RF for the 2j1b region are:

. m(ei, uF): invariant mass of the dilepton system.

Subleading lepton pr.

AR(l,9,]j12): separation in n-¢ space between the dilepton and dijet systems.
e pr (ei, 1 j): transverse momentum of the dilepton and jet system.

. AR(ei, u™): angular distance in 7-¢ space between the two leptons.

AR(¢,,j;): separation in n-¢ space between the leading lepton and the leading jet.

,10,



- x10° 34.7 b7 (13.6 TeV) 10° 34.71b" (13.6 TeV)
LML BN B LR BUELELELES B L B > R L B B L R BN
(0] T . Q T .
8 %= cms  ew (it ¢ D@ 8 o cmMs  ewim)  *Daa
Y 40 mit e r mt
> z
2 mDY _ L mbDY _
5 3 VATV 2 8L VATV
D 30 m Non-W/Z o C m Non-W/Z
%s Uncertainty w B %5 Uncertainty
25 6
20 L
47
15 L
10 oL
5 L
O e b b L 0_
- 12— - 12 T T T T T T T
) E 1 [} 1
& 10 4055 ¥ T 1.0 - R
~ N L) L] ] ~ |
Covv v b v b v b v b v by w0 1 el b b b b b 1
£ 08590 15 20 25 30 £ 0873 20 60 80 100 120 140
a Leading loose jet P, (GeV) (=] Leading lepton p; (GeV)
34.7 6" (13.6 TeV) 34.7 6 (13.6 Tev)
= 0007 T T T e > T e e
6 L cms  ew(lip) ¢ EE S o CMS  ewrditb) e E
2 7000 mit 2 N mit 1
> E mDY > C mDY ]
£ 6000 X ViV £ 4000 mVV4+V ]
o F ﬁ . m Non-W/Z 2 r mNon-W/Z 1
w E 8 % Uncertainty w 8 s Uncertainty -
E 3000_— —
o 2000F
F 1000[
re .
of
-g 8 1.2 T T T T T
< T 10 - REEMRR
=~ = | 1 | 1 | ]
£ £ 085 Y00 150 200 250 300
[m) [m)

m(e*, u*) (GeV)

Figure 4. Distributions from data (points) and MC simulations (filled histograms) before the
maximum likelihood fit of the four most discriminating variables used for the RF training of the 1j1b
region: (upper left) the pr of the leading loose jet; (upper right) the pr of the leading lepton; (lower
left) the magnitude of the transverse momentum of the dilepton+jet system; and (lower right) the
invariant mass of the dilepton system. The last bin of each distribution includes the overflow events,
except for the leading loose jet pr distribution, which is only defined up to 30 GeV. The first bin
in the upper left plot contains events with no loose jets. The vertical bars on the points give the
statistical uncertainty in the data, and the hatched band represents the sum of the statistical and
systematic uncertainties in the MC predictions. The lower panels show the ratio of the data to the
sum of the MC predictions.
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e sin@: where 6 is the polar angle of the total momentum of the dilepton and jet system.
¢ Subleading jet pp.

The distributions that are considered in the maximum likelihood fit are the RF output
distributions in the 1j1b and 2j1b regions, and the pt distribution of the subleading jet
in the 2j2b region. These distributions, before the maximum likelihood fit to the data,
are shown in figure 5. All of them show good agreement between the data and prediction.
The binning of the RF output distribution is chosen such that each bin contains about the
same number of tt events. This avoids the presence of bins with low event counts in the
background estimation, which would erroneously constrain the systematic uncertainties. The
pr distribution of the subleading jet is sensitive to JES variations and is useful in constraining
this systematic uncertainty. This variable was chosen to exploit the differences between the
subleading jet in tW and tt. In the tt process, the subleading jet typically corresponds with
the b jet from a top quark decay, while in the tW process it may be produced by additional
radiation producing a less energetic jet. A simultaneous fit is performed to the three regions.
The uncertainties are included using nuisance parameters, one for each source of systematic
uncertainty, correlated across all regions, parameterising the effect of the given source on
the expected signal and background yields.

The likelihood, £(7|u, 5), used in this maximum likelihood fit is a function of the observed
number of events in each bin 7, the signal strength u, defined as the ratio of the measured
and expected SM cross sections u = oyw/ U?%, and a set of nuisance parameters 0 that
parameterise the systematic uncertainties. It is built as the product of Poisson probabilities
corresponding to the total number of events in each bin of the distributions. Furthermore,
the systematic uncertainties are incorporated in the likelihood multiplied by constraint
terms for each nuisance parameter 6; given by p;(6;). For nuisance parameters affecting the
normalisation of different processes, a log-normal probability density function is used. For
uncertainties that also affect the shape, a Gaussian distribution is employed. The best fit
value for p is obtained by minimising the negative log likelihood function with respect to
all the parameters. The Barlow-Beeston-lite method [88, 89] is employed to estimate the
statistical uncertainties of the simulated samples. The maximum likelihood fit is implemented
with the CMS statistical analysis tool COMBINE [90], which is based on the ROOFIT [91]
and ROOSTATS [92] frameworks.

6 Methodology for the differential measurements

Differential cross section measurements provide results that may be directly compared with
theoretical predictions. The differential tW cross section is measured as a function of six
observables without using information from the maximum likelihood fit of the inclusive
measurement.

The collected data are affected by detector effects and are classified as detector level.
Then, the parton level is defined by the particles produced after the generation of the
hard-scattering process. When the information from the PS and hadronisation simulations
is incorporated, this provides the particle level. The particle-level object definitions are
summarised in table 1. These objects are constructed using stable generated particles (i.e.
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Figure 5. The distributions of the RF outputs for events in the 1j1b (upper left) and 2j1b (upper right)
regions, and the subleading jet pr for the 2j2b region (lower). The number of observed events (points)
and estimated signal and background events (filled histograms) before the maximum likelihood fit are
shown. The last bin of the subleading jet pr distribution includes the overflow events. The vertical bars
on the points represent the statistical uncertainty in the data, and the hatched band the total uncer-
tainty in the estimated events before the fit. The lower panels display the ratio of the data to the sum
of the estimated events (points) before the fit, with the bands giving the corresponding uncertainties.

with a lifetime larger than 30 ps), as described in ref. [93]. Electrons and muons not coming
from hadronic decays (prompt leptons) are “dressed” by taking into account the momenta of
nearby photons within a AR < 0.1 cone, improving their momentum resolution. Jets are
clustered from all of the stable particles excluding prompt muons, prompt electrons, prompt
photons, and neutrinos, using the anti-kp algorithm with a distance parameter of R = 0.4.
The jet flavour is determined by the ghost-matching procedure [94]. For each b hadron, an
additional collinear four-vector of infinitesimal magnitude is included in the jet clustering,
and each jet that includes such a “ghost” is identified as a bottom jet. With these criteria,
a fiducial region is defined as described in table 2. Requiring exactly one b jet reduces
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Object  py (GeV) )

Muons >20 <24
Electrons >20 <2.4, excluding [1.444-1.566]
Jets >30 <24
Loose jets  [20, 30] <24

Table 1. Selection requirements for particle-level objects.

Observable Requirement
Number of leptons >2
Leading lepton pt >25 GeV

Invariant mass of all dilepton pairs >20 GeV
Number of jets

Number of loose jets 0
Number of b jets 1

Table 2. Definition of the fiducial region.

the potential to have events from the doubly-resonant diagrams (see figure 2), reducing the
contribution from tt production and providing a purer signal region that is less affected by
the systematic uncertainties associated with the tt background process. The interference
effects, and the differences between the various models used to treat it, are expected to be
higher when the presence of events from doubly-resonant diagrams is larger. Therefore, this
choice of fiducial region reduces these effects and the accompanying modelling uncertainty
associated with the interference treatment (as discussed in section 7).

Unfolding techniques [95] are used to determine the distributions without the detector
effects, unrolling from the detector level to particle level. Unfolding to the particle level
instead of unfolding to the parton level is chosen due to the reduction of the migration
and efficiency corrections, and because this allows for the fiducial region definition to be in
close correspondence with the event selection of the analysis. For each measured observable,
the response matrix (R) parameterising the efficiency and the migrations among bins is
constructed using the signal MC simulations. The number of signal events in the bins of the

unfolded distribution (N ;ig’unf) can be estimated solving the equation

unf

n
N7 = N, = NP8 = 37 RN, (6.1)
=1

where N; '€ i the number of signal events in bin ¢ at the detector level, N; is the number of
observed events in bin 4, Nib k8 is the number of expected background events in the same bin,
and n"™ is the total number of bins in the unfolded distribution. Signal events falling outside
the fiducial region are considered as an additional background. In order to obtain the number
of events after unfolding, a X2 minimisation is performed to solve eq. (6.1). In this paper, the
equation is solved using the implementation of TUNFOLD [96]. If needed, regularisation terms
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could be added to the X2 function in order to suppress unphysical fluctuations. All response
matrices obtained in this analysis exhibit condition numbers < 7 and are thus considered
well-conditioned and suitable for unfolding without regularisation. The condition number is
computed as the ratio between the largest and smallest singular value of the matrix.

The differential cross section is measured as a function of the following physical ob-
servables:

leading lepton pr.

o jet pr.

e Ap(e®, uT): the azimuthal angle difference between the two leptons.

o pz(ei, u¥,j): the longitudinal momentum component of the dilepton-+jet system.
. m(ei, u,j): the invariant mass of the dilepton+jet system.

—miss

. mT(ei,;,ﬁ,j,pT ): the transverse mass of the dilepton—}—jet—l—ﬁ%niss system. For a
collection of particles with pr ;, m is defined as:

2
(6.2)

2
mr = <Z|ﬁT,z‘|> - ‘ZﬁT,i
i ;

The first two variables provide information on the kinematic properties of the events. The

A(p(ei, u¥) variable probes the kinematic and polarisation correlations between the W boson
and the top quark. The pz(ei, u',j) distribution can be used to study the boost of the tW
system. The last two variables, the dilepton-+jet invariant mass and m, are sensitive to the
invariant mass of the tW system. The distributions from the data and simulation for these
variables in the signal region, 1j1b with zero loose jets, are shown in figure 6. Overall, a good
agreement between the data and prediction is observed within the uncertainties.

After the unfolding, the result is normalised to the fiducial cross section (obtained from
the sum of contents of the bins) and the bin width. The uncertainties are propagated taking
into account the correlations between the uncertainties from the differential cross section and
the fiducial cross section. The Asimov data set [97] has been used to verify the performance
and the closure of the unfolding procedure.

7 Systematic uncertainties

Apart from statistical uncertainties, the determination of both inclusive and differential
tW cross sections is influenced by systematic uncertainties stemming from detector effects
and theoretical assumptions. Each source of systematic uncertainty is assessed individually
through appropriate variations of simulations or parameter values in the analysis within their
estimated uncertainties. These systematic uncertainties are integrated into the maximum
likelihood fit of the inclusive measurement as nuisance parameters. For the differential
measurements, the effect of every uncertainty source is considered in both the response
matrices and signal extraction. Signal events falling outside the fiducial region are considered
as background and are subtracted from the data during the signal extraction. The impact
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before the maximum likelihood fit of the six observables used to measure the tW differential cross
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The lower panels show the ratio of the data to the sum of the MC expectations.



of each uncertainty source on the unfolded results is determined by repeating the unfolding
with variations corresponding to each source.

In instances where the statistical uncertainty of a systematic variation is comparable to
or larger than the size of the systematic variation or where there is significant bin-to-bin
variation, smoothing of the systematic templates is required. To achieve this, a lowess-based
smoothing algorithm [98] is employed, which effectively constrains the shape differences
between the upward and downward fluctuations.

The following subsections outline the sources considered for both the inclusive and differ-
ential measurements. All experimental uncertainty sources are considered for all processes,
whereas modelling uncertainties are only considered for the tW and tt processes. Since data
and simulation samples from different periods (before and after the ECAL water leak) are
considered, it is specified whether each uncertainty is correlated across these two periods
or not. In the case of modelling uncertainties, it is indicated whether they are correlated
among processes or not.

7.1 Experimental uncertainties

JES and JER: The uncertainty is determined by varying the jet pt scale and resolution
within the uncertainties in bins of jet pr and 7, as described in ref. [50]. The JES
uncertainty sources are propagated to pp' 55 and separated into various components that
are correlated or uncorrelated across periods in different groups. More details about the
JES groups can be found in the caption of figure 9. The JER uncertainty is considered

uncorrelated across data-taking periods, one component for each.

Unclustered energy: The influence of unclustered energy from the calorimeters on py iss

is taken into account by considering the momentum resolution of the diverse PF
candidates [44, 99, 100]. This uncertainty is considered uncorrelated across periods.

b tagging: The uncertainties arising from the b tagging data-to-simulation scale factors
(SFs) are evaluated by varying them, within their uncertainties, for b, c, light-flavoured,
and gluon jets. For heavy-flavour (b and c) quarks, these uncertainties are split into
one correlated source across periods that includes the systematic part of the uncertainty
and two uncorrelated sources that include the statistical part. For light-flavoured/gluon
jet misidentification cases, one correlated source that includes both parts is used.

Trigger and lepton identification: The uncertainties associated with the trigger efficiency,
and lepton ID, reconstruction (for electrons), and isolation are estimated by varying the
data-to-simulation SFs according to their uncertainties. Trigger uncertainties contain
statistical sources (from both the MC simulations and data used) and systematic sources
that estimate the impact of the event topology used for their derivation. Lepton ID
and isolation SFs are determined via the tag-and-probe method [101] as a function of
the lepton pp and 1. For muons (electrons), an additional uncertainty of 0.5 (1)% is
added in quadrature to account for the extrapolation from the phase space in which
the isolation SFs are measured and the phase space for the analysis. The ID and
isolation uncertainties of muons are considered separately. The muon ID and isolation
uncertainties are split into statistical and systematic sources. For electrons, the ID
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uncertainties also contain isolation. The trigger and the statistical component of the
muon ID and isolation uncertainties are uncorrelated across periods while the other
mentioned sources are considered correlated.

Electron scale and resolution: To account for the uncertainties in the electron momentum
scale and resolution, the momenta of the electrons are varied within the uncertainties.
These effects are uncorrelated across periods.

Pileup: The uncertainty attributed to the number of pileup interactions in simulation
is derived by varying the total inelastic pp cross section of 69.2mb [102] within its
uncertainty of 4.6%. This uncertainty is correlated across the two periods.

Luminosity: The uncertainty in the integrated luminosity is estimated to be 1.4% for
2022 [103, 104], and is correlated across the periods.

7.2 Modelling uncertainties

To evaluate the impact of theoretical assumptions in the modelling, the analysis is repeated
while replacing the standard POWHEG BOX+PYTHIA8 tW or tt simulation with dedicated
simulation samples using modified parameters, or by reweighting the nominal samples. Each
modelling uncertainty source is considered correlated across periods.

ME scales: The uncertainty in the modelling of the hard process is considered for tW and
tt events and is determined by changing independently the ug and pp scales in the
simulation samples by factors of 2 and 0.5 relative to their common nominal value. This
uncertainty is considered separately for tW and tt events.

PS: To take into account the PS uncertainties, different effects are considered:

e Underlying event: PYTHIA parameters are tuned to match measurements of the
underlying event [63, 105]. These account for nonperturbative QCD effects. They
are varied up and down in simulated tW and tt events. This variation is correlated
between tW and tt events.

o ME/PS matching: the uncertainty in the combination of the ME calculation with
the PS in simulated tt events is estimated from the variation of the POWHEG
parameter hqumyp, which regulates the damping of real emissions in the NLO
calculation when matching to the PS [105]. The nominal value used for the Agamp
parameter (250 GeV) [56] is taken as the rounded average of the values used by
the ATLAS (258.75 GeV) and CMS (237.8775 GeV) [63] Collaborations. For the
variations (158 and 418 GeV), they are obtained performing a translation of the
old values (150.7305, 237.8775, and 397.6125 GeV) [63]. This variation is only
considered for tt events.

e Initial- and final-state radiation scales: the PS scale considered for simulating
the initial- and final-state radiations is varied up and down by a factor of two
and only considered for tW and tt events. These variations are motivated by the
uncertainties in the PS tuning [105]. This variation is performed separately for
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tW and tt events in the case of the initial-state radiation, and together for the
final-state radiation.

e Colour reconnection: the modelling of colour reconnection has been studied in
ref. [106]. A simulation including colour reconnection of early resonance decays
is used as the reference model. The uncertainties that arise from ambiguities
in modelling are estimated by comparing with two alternative models of colour
reconnection: a model with string formation beyond leading colour, and a model
in which the gluons can be moved to another string [107]. All models are tuned to
measurements of the underlying event [105, 108]. The different models are used to
define separate variations in treating this uncertainty. This variation is correlated
between tW and tt events.

PDF and ag: The uncertainty arising from the choice of PDFs is assessed by reweighting
the simulated tW and tt events according to the 100 NNPDF3.1 replicas [61]. As they
represent the contents of a diagonalised Hessian matrix, the eigenvectors are summed
quadratically to obtain the PDF uncertainty. On the other hand, the uncertainty in
the value of ag used in the PDFs is considered separately. These uncertainties are
correlated between tW and tt events.

Top quark mass: The nominal m; of 172.5 GeV is modified by +3 GeV in the simulation.
In order to assess a more realistic uncertainty based on current experimental precision,
a variation of £0.33 GeV, corresponding to the uncertainty in the measurement of
my from the CMS and ATLAS experiments [109], is applied and obtained assuming
linearity of the deviations from the nominal value. The difference with respect to the
nominal results is taken as the uncertainty and is considered for tW and tt events.
This variation is correlated between tW and tt events.

Top quark py: Previous measurements of the differential cross section for tt production
have indicated that the top quark exhibits a lower average pr value compared to
predictions from the POWHEG BOX simulation [110-112]. This is understood and
considered to be an effect of missing higher-order calculations. To address this, SFs
are derived by comparing the generated distributions of the top quark pp at NNLO
pQCD accuracy including NLO electroweak corrections [113] with the NLO pQCD
POWHEG BOX calculations at 13 TeV. Additional SFs are derived to extrapolate these
SFs to 13.6 TeV. The nominal tt events are corrected with these SFs and the difference
between corrected and uncorrected shapes is taken as the uncertainty associated with the
modelling of the top quark pp. This uncertainty is symmetrised, with the up variation
corresponding to the unweighted template and the down variation to the symmetrised
template going in the opposite direction. This variation only affects tt events.

DR/DS methods: The difference between the DR and DS methods is used to estimate the
uncertainties in the tW simulation.
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Process 1j1b 2j1b 2j2b

tW 8000300 3660160 1140=£70
tt 49200 £ 300 42520+£190 33380+ 160
Drell-Yan 670 £ 60 330 £40 42+ 7
VV+ttV 460 £ 50 450 £ 70 190 £ 30
Non-W/Z 340 £ 70 810 £ 50 64 + 12
Total 58700 £150 47780+130 34810+£130
Observed 58 635 47810 34 818

Table 3. The number of estimated signal and background events after the fit in the 1j1b, 2j1b, and
2j2b regions compared to the observed number of events. The total uncertainties in the estimated
events after the fit are given.

7.3 Background normalisation uncertainties

An uncertainty of 3.5%, taken from the total uncertainty of the experimental measurement
of the tt inclusive cross section at /s = 13.6 TeV [13], is included as the uncertainty in the
normalisation of the tt background. For the ttV and VV backgrounds, a normalisation
uncertainty of 50% is used, as in ref. [27]. For the non-W/Z background contribution, a
normalisation uncertainty of 15% is taken from an estimation performed with data in a region
where the selected leptons have the same electric charge. The DY background is assigned a
10% normalisation uncertainty based on the differences observed between data and simulation
in regions of phase space closely resembling the signal region.

8 Results

8.1 Inclusive measurement

The measured signal strength, u = oyw /of’vl\é, is obtained by maximising the likelihood
function with respect to all its parameters. The fit is performed using the RF discriminants
in the 1j1b and 2j1b regions and the subleading jet pp distribution in the 2j2b region. These
distributions, after the fit to the data, are shown in figure 7. An improved agreement between
the data and the estimated events after the maximum likelihood fit is observed compared to
the distributions before the fit shown in figure 5. The number of observed and estimated
signal and background event yields in the three regions after the fit are also given in table 3.
The signal strength result corresponds to a measured tW inclusive cross section of

oow = 82.3 £ 2.1 (stat) 797 (syst) + 3.3 (lumi) pb, (8.1)

that is consistent with the SM expectation of 87.975 (scale) + 2.4 (PDF+ag) pb.

The result from this measurement is shown in figure 8 together with other measure-
ments from the CMS Collaboration at different centre-of-mass energies, along with a global
comparison to the SM prediction.

Figure 9 shows the twenty largest impacts on the signal strength and the correspond-
ing nuisance parameters. The impact is defined as the shift Af induced in g when the
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Figure 7. The distributions of the RF outputs for events in the 1j1b (upper left) and 2j1b (upper right)
regions, and the subleading jet pr for the 2j2b region (lower). The number of observed events (points)
and estimated signal and background events (filled histograms) from the maximum likelihood fit are
shown. The last bin of the subleading jet pr distribution includes the overflow events. The vertical
bars on the points represent the statistical uncertainty in the data, and the hatched band the total
uncertainty in the estimated events after the fit. The lower panels display the ratio of the data to the
sum of the estimated events (points) after the fit, with the bands giving the corresponding uncertainties.

nuisance parameter  is varied by £1 standard deviation around its best fit value. The
leading uncertainties are from the JES corrections, top quark pr modelling, underlying event
description, and b tagging efficiencies. Figure 9 also shows the fit constraints of the nuisance
parameters, (6 — 60;)/Af, where 0 and 0, are the values after and before the fit of the nuisance
parameter 6, and A6 the corresponding uncertainty before the fit. The uncertainty coming
from the b tagging efficiency is less constrained and the DY normalisation uncertainty has
less impact than in ref. [27].
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8.2 Normalised fiducial differential cross section measurements

The tW differential cross sections, normalised to the bin width and the total fiducial cross
section ogq , which is obtained by summing the contents of the particle-level bins, are shown
in figure 10 for the data and the simulation predictions. The uncertainties, roughly 20-40%
in most cases, depending on the distributions and bins, are dominated by the statistical
uncertainties. Tables 4 and 5 give the p-values from the X2 goodness-of-fit tests done for the
distributions, using the different MC generators and taking into account the full covariance
matrix of each result, as well as the statistical uncertainties of the predictions. The full
covariance matrix is derived by normalising the covariance matrix to the measured fiducial
cross section and bin width. The p-values indicate good agreement between data and all
MC predictions in the six observables. The methods to treat the interference between tW
and tt, DR, DR2, DS, and DS with a dynamic factor, show small differences among them,
pointing to small interference effects on these distributions in the defined fiducial region.
This is also true for the DR predictions interfaced with HERWIG7. The smallest p-values
are obtained for the Acp(ei, u™) differential cross section, consistent with a similar result
reported by CMS in ref. [115].
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Figure 9. The twenty largest impacts Afi (right column) and fit constraints (6 — 6y)/A0 (middle
column) of the nuisance parameters listed in the left column from the maximum likelihood fit used to
determine the inclusive tW cross section. The horizontal bars on the fit constraints show the ratio of
the uncertainties of the fit result to the previous ones, effectively giving the constraint on the nuisance
parameter. If the period is specified alongside the uncertainty name, it indicates that this is the com-
ponent of the uncertainty uncorrelated by periods. There are two possible periods, before (2022PreEE)
and after (2022PostEE) ECAL water leak. The JES uncertainties are divided into several sources,
where “JES — absolute” groups contributions from scale corrections in the barrel, pileup corrections,
and initial- and final-state radiation corrections; “JES — relative sample” encodes the uncertainty in
the n-dependent calibration of the jets; “JES — relativeBal” accounts for the full difference between
log-linear fits of MPF (Missing transverse energy Projection Fraction) and pr balance methods [114];
and “JES — quark/gluon” comes from the corrections applied to correct the different detector response
to gluon and quark jets. This last uncertainty is split in three components. These components are:
light for the gluon and up, down, and strange quark jets, charm for the c jets, and bottom for the b jets.
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Figure 10. Normalised fiducial differential tW production cross sections as functions of the pp of
the leading lepton (upper left), pz(ei,].ﬁ,j) (upper right), pp of the jet (middle left), m(ei,},ﬁ,j)
(middle right), Ago(ei, u™) (lower left), and mT(ei, uF,j, 7 (lower right). The horizontal bars
on the points show the bin width. Predictions from POWHEG BOX (PH) DR and DS + pyTHIAS (P8),
POWHEG BOX DR + HERWIGY (HT7), MADGRAPH5_amMc@NLO (aMC) DR, DR2, DS, and DS with a
dynamic factor + PYTHIAS are also shown. The grey band represents the statistical uncertainty and the

yellow band the total uncertainty. In the lower panels, the ratio of the predictions to the data is shown.
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Variable PHDR + P8 PHDS + P8 PHDR + H7

Leading lepton pr 0.92 0.94 0.92
Jet pr 0.93 0.98 0.94
Ap(e® u¥)/x 0.79 0.83 0.77
p. (e, u¥.j) 0.86 0.88 0.85
mp(e®, uT,j, paiss) 0.93 0.96 0.93
m(e*, nuF,j) 0.88 0.74 0.92

Table 4. The p-values from the X2 goodness-of-fit tests comparing the six differential cross section
measurements with the predictions from POWHEG BOX (PH) DR and DS + pyTHIA8 (P8) and
POWHEG BOX DR + HERWIGY (H7). The complete covariance matrix from the results and the
statistical uncertainties in the predictions are taken into account.

Variable aMC DR + P8 aMC DR2 + P8 aMC DS 4 P8 aMC DS dyn. + P8
Leading lepton pp 0.91 0.95 0.92 0.93
Jet pr 0.91 0.93 0.94 0.98
Ap(e®,u¥)/x 0.75 0.79 0.79 0.76
po (e, uj) 0.89 0.86 0.86 0.85
mp(e®, 1T, j, g 0.92 0.96 0.94 0.95
m(e*,u¥,j) 0.98 0.88 0.94 0.93

Table 5. The p-values from the X2 goodness-of-fit tests comparing the six differential cross section
measurements with the predictions from MADGRAPH5__aMC@NLO (aMC) DR, DR2, DS, and DS with
a dynamic factor + PYTHIAS8. The complete covariance matrix from the results and the statistical
uncertainties in the predictions are taken into account.

9 Summary

Inclusive and normalised differential cross sections of top quark production in association
with a W boson are measured in proton-proton collision data at /s = 13.6 TeV. The selected
data, corresponding to an integrated luminosity of 34.7 fb_l, contain events with an electron
and a muon of opposite charge.

For the inclusive measurement, the events have been categorised depending on the number
of jets and jets originating from the fragmentation of bottom quarks. The signal is measured
using a maximum likelihood fit to the distribution of random forest discriminants in the regions
with one or two jets where one of them is identified as originating from the fragmentation of a
bottom quark (b jet), and to the transverse momentum (p) distribution of the second-highest
pr jet in a third category with two jets, both of which are b jets. The measured inclusive cross
section is 82.3 + 2.1 (stat) 793 (syst) = 3.3 (lumi) pb, with a total relative uncertainty of about
13%. This measurement is in agreement with the latest theoretical prediction at approximate
next-to-next-to-next-to-leading order accuracy in perturbative quantum chromodynamics
and with other measurements.

The differential cross section measurements are performed as functions of six kinematic
observables of the events in the fiducial phase space corresponding to the selection criteria.
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The results have relative uncertainties in the range of 20-40%, depending on the measured
observable. The uncertainties are mainly statistical. There is good agreement between
the measurements and the predictions from the different event generators. The different
approaches used to simulate tW events give similar values in all distributions, which points
to small effects related to the tW/tt interference on these distributions in the defined
fiducial region.
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