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Higgs boson production with a W or Z boson, respectively denoted by WH and ZH and collectively referred
to as V H associated production, provides direct access to the Higgs boson couplings to weak bosons. In the
case of VH associated production with a subsequent H — WW* decay, the Higgs boson couples only to
vector bosons at both the production and decay vertices, allowing these couplings to be precisely measured



and providing a stringent test of the Standard Model (SM) of particle physics. Statistically significant
deviations from their expected values could indicate beyond the SM effects; for example, the presence of
additional Higgs bosons [1, 2] or new heavy vector bosons [3, 4].

Measurements are presented of the total and differential WH and ZH production cross-sections in the
H — WW* decay channel, using proton—proton (pp) collisions at a centre-of-mass energy of /s = 13 TeV.
The data correspond to an integrated luminosity of 140 fb—! and were recorded by the ATLAS detector [5]
at the Large Hadron Collider (LHC) [6] between 2015 and 2018. Previous measurements were performed
by the ATLAS [7] and CMS [8] Collaborations at 4/s = 7 and 8 TeV and more recently by the CMS
Collaboration [9] at v/s = 13 TeV using 137 fb—! of data. The latest result from the ATLAS Collaboration
used data from 2015 and 2016 with an integrated luminosity of 36.1 fb—! [10]. In the H — WW* decay
channel, measurements of Higgs boson production via gluon—gluon fusion (ggF) and vector-boson fusion
(VBF) at 4/s = 13 TeV have also been performed by the ATLAS [11] and CMS [9] Collaborations, and VH
production has been studied in other decay modes including H — ZZ* — 4£[12, 13], H — yy [14, 15],
H — bb [16,17],and H — 77 [18, 19].

The analysis is performed using events with two (2£), three (3¢), or four (4¢) charged leptons (electrons or
muons) in the final state, targeting the WH and ZH channels. In the 2¢ channel, both opposite-sign (OS)
and same-sign (SS) lepton pair configurations are considered. Leptonic decays of 7-leptons resulting from
the decays of the associated W/Z bosons or the W bosons from the H — WW™ decay are considered as
signal, while no specific selection is performed for events with hadronically decaying 7-leptons in the final
state. Events from VH production with H — 77 are considered as background. Additionally, events from
ggF and VBF production are also considered as background.

In each channel, multivariate discriminants are used to maximise the sensitivity to the Higgs boson signal.
The distributions of these discriminants are combined in a binned maximum-likelihood fit to extract the
signal yield and the background normalisations. The maximum-likelihood fit provides results for the WH
and the ZH channels separately and for their combination VH. The VH fit is performed assuming the
SM prediction for the relative cross-sections of the WH and ZH production processes. Cross-section
measurements are also performed in bins of the transverse momentum, pr, of the associated vector boson,
p,‘r/ , (defined as the “py scheme” in the following) and in kinematic fiducial regions defined according to
the Simplified Template Cross-Section (STXS) framework [20-22] (defined as the “STXS scheme” in the
following).

The outline of the paper is as follows: Section 2 provides an overview of the signal characteristics and
the analysis strategy and a description of the STXS framework, Section 3 describes the ATLAS detector,
Section 4 describes the data and the simulated event samples, Section 5 describes the event reconstruction,
Section 6 details the various selections used to define the signal regions in the analysis, Section 7 discusses
how the backgrounds are estimated and includes the definitions of the control regions, and Section 8
provides commentary on the systematic uncertainties. Finally, Section 9 defines the likelihood fit procedure
and presents the results of the analysis, which are summarised in Section 10.

2 Analysis overview

Higgs boson production with a W or Z boson, followed by a H — WW?* decay, is sought using events
with two, three, or four charged leptons in the final state. The analysis is designed to select events



which are kinematically consistent with the WH and ZH, H — WW™ processes in order to enhance the
signal-to-background ratio. The channels are defined as follows:

(1) Opposite-sign 2¢ channel: The targeted signal contribution consists of a VH process in which the
associated weak boson V decays hadronically and produces two energetic jets, while W bosons from
the H — WW* decay produce two oppositely charged leptons and two neutrinos. The leading-order
Feynman diagram for this process is shown in Figure 1(a). After requiring two leptons of different
flavour, the leading backgrounds for this channel are ¢t and Wt processes. Other major components
are Z — 77 and WW production with two associated jets. Final states including W+jets and multijets
may produce mis-identified leptons, contaminating the signal region. Other background sources
include WZ production and other processes involving the Higgs boson, in particular its production
through ggF;

(2) Same-sign 2¢ channel: The targeted signal contribution consists of a WH process in which the
associated W boson decays leptonically, while for the H — WW* decay, the W boson with the same
sign as the associated W boson decays leptonically and the other W boson decays hadronically. The
final state therefore contains two leptons with the same charge, two neutrinos, and two energetic
jets. The leading-order Feynman diagram for this process is shown in Figure 1(b). Significant
backgrounds in this channel include WZ, W+y, and W+jets production; WW, Z+y, Z+jets, and
top-quark processes also contribute to this final state;

(3) 3¢ channel: The targeted signal contribution consists of a W H process where all weak bosons decay
leptonically producing three charged leptons and three neutrinos in the final state. The leading-order
Feynman diagram for this process is shown in Figure 1(c). The most prominent background to this
channel is WZ production. Non-resonant WWW production is another significant background with
the same final state as the signal. Other important backgrounds are ZZ, Z+y, Z+jets, tf, and Wt
production;

(4) 4¢ channel: The targeted signal contribution consists of a ZH process where all weak bosons decay
leptonically producing four charged leptons and two neutrinos in the final state. The leading-order
Feynman diagram for this process is shown in Figure 1(d). The main backgrounds to this channel
are non-resonant ZZ and WWZ production.

The selections defining the channels described above are mutually exclusive due to the requirements on the
respective multiplicity and total charge of the leptons. To maximise the analysis sensitivity to the VH,
H — WW? process in each of these event topologies, the data samples for each channel — except for the
opposite-sign 2¢ channel — are further subdivided into several signal regions (SRs). Additional kinematic
regions, with orthogonal selection criteria and designated as control regions (CRs), are used to determine
normalisation factors that are applied to the major backgrounds in each SR.

A multivariate analysis is performed in all analysis channels to increase the sensitivity. The most suitable
type of multivariate analysis, its configuration, and the set of input variables are chosen for each channel.
Specifically, the setup providing the best separation of signal from background is selected and less complex
setups are preferred if they provide the same performance. The 2¢ and 3¢ channels use neural networks
based on Keras [23] with the TensorFlow [24] backend, and the 4¢ channel uses boosted decision trees
(BDTs) in TMVA [25].

The final results are extracted from a fit that simultaneously considers all SRs and CRs. The final
results consist of a set of parameters of interest (POIs) which scale the SM expectations for the signal
yields or cross-sections to match the observed data. The 3¢ and 4¢ are the most sensitive channels for
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Figure 1: Leading-order Feynman diagrams for the signal topologies considered by the VH, H — WW* measurement.
The subscripts on the leptons are defined for the individual channels in Section 6: (a) the opposite-sign 2¢ channel,
(b) the same-sign 2¢ channel, (c) the 3¢ channel, and (d) the 4¢ channel.

the measurements of WH and ZH production, respectively, and for the overall measurement of VH
production.

Cross-section measurements of VH are also conducted using the Stage 1.2 scheme of the STXS frame-
work [20-22], which splits the production modes of the Higgs boson into kinematic fiducial regions or
“categories” which are theoretically relevant, experimentally accessible, and straightforward to statistically
combine. In this framework, the VH STXS category assumes a leptonic decay of the V and is further
categorised according to its transverse momentum, p¥ ; in contrast, the g§ — V(— ¢gg)H (along with
VBF) and gg — Z(— ¢g)H (along with ggF) topologies are included in the electroweak (EW) gqH
and ggH STXS categories, respectively. In the STXS measurement scheme, WH and ZH are measured
independently in fiducial bins of p¥ and gq — V(— ¢qq)H is measured as part of EW ggH in a single
fiducial bin of dijet invariant mass, m ;. In addition, the limited interference between gg — V(— qq)H
and VBF in the phase space relevant for this analysis motivates the use of the p¥ measurement scheme,
which is inclusive in the decay of the V. In the p¥ scheme, the sensitivity to low values of p¥ is primarily
enabled by the V(— leptons) H measurements, while the sensitivity to high values of p¥ is primarily
enabled by the V(— ¢g)H measurements. In both schemes, fiducial bins are merged to provide sensitivity
for all measured parameters. This leads to measuring four bins of VH in the p¥ scheme and three bins for
each of WH and ZH as well as one bin for EW ggH in the STXS scheme.



3 ATLAS detector

The ATLAS detector [5] at the LHC covers nearly the entire solid angle around the collision point.! Tt
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and
hadron calorimeters, and a muon spectrometer incorporating three large superconducting air-core toroidal
magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range of || < 2.5. The high-granularity silicon pixel detector covers the vertex region
and typically provides four measurements per track, the first hit normally being in the insertable B-layer
(IBL) [26, 27]. It is followed by the silicon microstrip tracker (SCT), which usually provides eight
measurements per track. These silicon detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction up to || = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |r7| < 4.9. In the region |77| < 3.2, electromagnetic
calorimetry (EM) is provided by barrel and endcap high-granularity lead/liquid-argon (LAr) calorimeters,
with an additional thin LAr presampler covering || < 1.8 to correct for energy loss in material upstream
of the calorimeters. Hadron calorimetry is provided by the steel/scintillator-tile calorimeter, segmented
into three barrel structures within |57| = 1.7, and two copper/LAr hadron endcap calorimeters. The solid
angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules optimised for
electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by the superconducting air-core toroidal magnets.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. Three layers
of precision chambers, each consisting of layers of monitored drift tubes, covers the region |g| < 2.7,
complemented by cathode-strip chambers in the forward region, where the background is highest. The
muon trigger system covers the range || < 2.4 with resistive-plate chambers in the barrel, and thin-gap
chambers in the endcap regions.

Events of interest are selected by the first-level trigger system implemented in custom hardware, followed
by selections made by algorithms implemented in software in the high-level trigger [28]. The first-level
trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz, which the high-level
trigger reduces further to record events to disk at about 1 kHz. The full ATLAS Run 2 data sample is
used for the analysis, consisting of pp collision data produced at 4/s = 13 TeV and recorded between 2015
and 2018. The data are subjected to quality requirements [29], including the removal of events recorded
when relevant detector components were not operating correctly. The total integrated luminosity after this
cleaning of the data corresponds to 140 b~ [30].

An extensive software suite [31] is used in the reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition systems of the experiment.

I ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, ¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as 7 = —Intan(6/2). Angular distance is measured in units of

AR = /(An)? + (Ag)2.



4 Monte Carlo samples

Monte Carlo (MC) generators are used to model the hard pp scattering matrix element (ME), parton
shower (PS) and hadronisation, and underlying event (UE). The generators that are used for modelling
signal and background processes are listed in Table 1.

The Higgs boson samples are simulated with the H — WW* decay in the four main production channels:
ggF, VBF, VH, and associated production with a top quark pair (tfH). These samples are simulated using
a Higgs boson mass of 125 GeV and then normalised to the cross-sections [21] computed for a mass of
125.09 GeV [32]. The normalisation of all Higgs boson samples accounts for the decay branching ratio
calculated with HDECAY [33-35] and PropPuECY4F [36-38]. All samples use the PDF4LHC15 [39]
parton distribution function (PDF) set and are interfaced to PytHia 8.2 [40] for parton showering and
hadronisation, with parameters set according to the AZNLO [41] (for VH, ggF, and VBF) or A14 [42]
(for ttH) set of tuned parameters (tunes). The decays of bottom and charm hadrons are performed using
EvTGeN [43].

The WH and ZH events are simulated at next-to-leading order (NLO) in perturbative quantum chro-
modynamics (QCD) for up to one additional jet using Pownec Box v2 MINLO [44—48]. Each sample
is normalised to a cross-section calculated at next-to-next-to-leading-order (NNLO) in QCD and at
NLO in EW[49-53]. The subdominant gg — ZH process is simulated at leading-order (LO) in QCD
with PowHEG Box v2 and normalised to a cross-section calculated at NLO in QCD with next-to-leading
logarithmic (NLL) corrections [54, 55].

The ggF events are simulated using PowHeG Box v2 NNLOPS [56]. The simulation achieves NNLO
accuracy for arbitrary inclusive gg — H observables by reweighting the Higgs boson rapidity spectrum in
Hy-MiNLO [57-59] to that of HNNLO [60]. The sample is normalised to a cross-section computed at
next-to-next-to-next-to-leading-order (N?*LO) in QCD with NLO EW corrections [21, 61-70]. The VBF
events are simulated using PowHEG Box v2 and normalised to a cross-section calculated at NLO in QCD
and EW [71, 72], with approximate NNLO in QCD corrections applied [73]. The t7H events are simulated
using PowHEG Box v2 [74, 75] at NLO accuracy in QCD. The sample is normalised to a cross-section
computed at NLO accuracy in QCD with NLO EW corrections [21].

The main background processes include single boson, diboson, triboson, single top quark, and top quark
pair production.

The Z/y* (“Z+jets”) processes are simulated using SHERPA 2.2.1 [76] at NLO in QCD for up to two jets
and at LO for up to four jets, calculated using the Comix [77] and OpexLoops [78—80] libraries. The
single boson samples are normalised to cross-sections computed at NNLO in QCD [81]. The VV and
V+y processes are simulated using SHERPA 2.2.2 and SHERPA 2.2.8, respectively, at NLO in QCD for up to
one jet and at LO for up to three jets. Throughout the paper, WZ and ZZ are assumed to correspond to
WZ/Wvy* and ZZ/Zvy*, respectively (i.e., including the virtual photon contribution). The on-shell VVV
processes are modelled by SHERPA 2.2.2 at NLO in QCD inclusively and at LO for up two jets. Virtual QCD
corrections to the VV, V+y, and VVV processes were provided by the OpENLoops library [78—80, 82]. The
gg-initiated diboson processes are modelled by Suerpa 2.2.2 at LO in QCD for up to one jet and normalised
to cross-sections computed at NLO in QCD [83, 84]. For all SHERPA samples, the events are simulated
using the NNPDF3.0nnLo [85] PDF set, and the matrix elements are matched with the SHERPA parton
shower [77, 86] using the MEPS@NLO prescription [87-90] and the set of tuned parameters developed
by the SHErPA authors. EW WW production in association with two jets (WWgqq) is simulated using
MaDpGrapruHS_aMC@NLO [91] with LO-accurate matrix elements [83] and using the NNPDF3.0nxLo [85]



PDF set. The events are interfaced to PyTHia 8 for parton showering and hadronisation, with parameters
set according to the A14 tune.

The top quark pair production is modelled by Pownec Box v2 at NLO in QCD with the Agamp parameter”
set to 1.5 X myop [92]. The events are normalised to a cross-section computed at NNLO in QCD with
next-to-next-to-leading logarithmic (NNLL) corrections [93-99]. The Wt process is simulated using
Pownec Box v2 [100] at NLO in QCD using the five-flavour scheme. The diagram removal scheme [101] is
used to remove interference and overlap with ¢7 production. The ¢fV, tZ, and tWZ processes are simulated
using MADGrAPHS_AMC@NLO at NLO in QCD. For all top processes, events are simulated using the
NNPDEF3.0nLo PDF set. EvTGeN is used to model decays of hadrons containing b- or c-quarks, and the
events are interfaced to PytHia 8 for parton showering and hadronisation, with parameters set according to
the A14 tune.

All samples are processed through the GEanT4-based [102] ATLAS detector simulation [103] and the
standard ATLAS reconstruction software [104]. The effect of pile-up is modelled by overlaying the
hard-scattering event with simulated inelastic pp events simulated with PyTnia 8.1 [105] using the
NNPDEF2.3L0 [106] PDF set and the A3 [107] tune.

Table 1: MC generators used to model the signal and background processes. Alternative generators or parton shower
models — used to estimate systematic uncertainties — are shown in parenthesis. In the last column, the prediction
order (in QCD, unless specified otherwise) for the total cross-section is shown.

Process ME PS/UE Prediction order
(alternative) (alternative) for total cross-section
qq —» WH Pownec Box v2 MINLO PyTHIA 8 NNLO QCD + NLO EW [49-53]
(Herwig 7 [108, 109])
qq —» ZH Pownec Box v2 MINLO PyTHIA 8 NNLO QCD + NLO EW [49-53]
(HErwiG 7)
gg > ZH PownEG Box v2 PyTHIA 8 NLO + NLL [54, 55]
(HErRWIG 7)
ggF H Pownec Box v2 NNLOPS PyTHIA 8 N3LO QCD + NLO EW [21, 61-70]
VBF H PowHEG Box v2 PyTHIA 8 NNLO QCD + NLO EW [71-73]
ttH Pownec Box v2 PyTHIA 8 NLO QCD + NLO EW [21]
Z/y* SHERPA 2.2.1 SHERPA 2.2.1 NNLO [81]
(MADGrRAPHS_AMC@NLO) (PyTHIA 8)
qqlg > WW SHERPA 2.2.2 SHERPA 2.2.2 NLO [78-80]
WZ|ZZ]Vy* SHERPA 2.2.2 SHERPA 2.2.2 NLO [110]
V+y SHERPA 2.2.8 SHERPA 2.2.8 NLO [110]
g8 > WW/ZZ SHErPA2.2.2 SHERPA 2.2.2 NLO [83, 84]
vvv SHERPA 2.2.2 SHERPA 2.2.2 NLO [111]
(MaDGrAPHS_AMC@NLO) (PyTHIA 8)
qq9 —> WWqq MabpGrapru5S_AMC@NLO PyTHiA 8 LO
tr PowHEG Box v2 PyTHIA 8 NNLO + NNLL [93-99]
(MaADGrAPHS_AMC@NLO) (HerwiG7)
Wt PowHEG Box v2 PyTHIA 8 NLO [112, 113]
ttv MabpGrapra5_aMC@NLO PytHIA 8 NLO [114]
tZ MabpGraPHS_aAMC@NLO PyTHIA 8 NLO [115]
tWZ MabpGraPHS_aAMC@NLO PyTHIA 8 NLO [116]

2 The hdamp parameter is a resummation damping factor and one of the parameters that controls the matching of PowHEG matrix
elements to the parton shower and thus effectively regulates the high-pr radiation against which the ¢7 system recoils.



5 Event reconstruction

Candidate signal events are selected using triggers that require a single isolated lepton with minimum
prt thresholds ranging from 24 to 26 GeV for electrons and from 20 to 26 GeV for muons [117, 118],
depending on the data-taking period. At least one of the leptons reconstructed offline is required to have
triggered the event. Additionally, the lepton is required to have a reconstructed pt higher than the nominal
trigger threshold by at least 1 GeV, which ensures that the pt is squarely on the plateau of the trigger’s
efficiency.

Selected events are required to have at least one primary vertex reconstructed from at least two matched
tracks, each with transverse momentum pt > 500 MeV, as described in Ref. [119]. If an event has more
than one reconstructed primary vertex, the vertex with the largest track }; p% is selected for the analysis.

Electrons are reconstructed by matching energy clusters in the electromagnetic calorimeter to well-
reconstructed tracks that are extrapolated to the calorimeter [120]. Electron candidates are required to
satisfy |n| < 2.47, excluding the transition region 1.37 < || < 1.52 between the barrel and end caps of the
LAr calorimeter.

Muons are reconstructed from a global fit to matching tracks from the ID and the MS [121]. They are
required to satisfy || < 2.5.

For the purpose of lepton counting, all leptons with pr > 10 GeV and passing a set of identification
requirements common to all channels are included. This ensures orthogonality between the channels when
divided according to an exact lepton multiplicity and total charge.

To suppress particles mis-identified as leptons, several identification, impact parameter, and isolation
criteria are applied to electron and muon candidates, shown in Table 2. For electrons, a likelihood-based
identification method [122] is employed. Electron candidates in the 2¢ and 3¢ channels must satisfy the
“Tight” likelihood working point, while electron candidates in the 4¢ channel must satisfy the “Medium’
likelihood working point. For muons, a cut-based identification method [121] is employed. Muon candidates
must satisfy the “Medium” working point. The impact parameter requirements are |zo sin 8| < 0.5 mm and
|dol/oa, <5 (3) for electrons (muons).? Electron candidates must also be unambiguously reconstructed
as electrons; they cannot be simultaneously reconstructed as photons.

b}

For 2¢ and 3¢ channels, a newly developed multivariate method based on a BDT, the prompt lepton improved
veto (PLIV), is employed. PLIV exploits isolation and lifetime information — including the presence
of secondary vertices — associated with a track jet matched to the selected lepton candidate. It leads
to a substantial improvement in the rejection of mis-identified leptons compared to previously available
methods within ATLAS while maintaining high efficiency for selecting prompt leptons. Lepton candidates
in the 2¢ and 3¢ channels must satisfy the “PLImprovedTight” working point, while electron and muon
candidates in the 4¢ channel must satisfy the cut-based “FCLoose” and “Loose_VarRad” working points,
respectively, which rely on tracking and calorimeter isolation variables [120]. To suppress electron charge
mis-identification in the same-sign 2¢ channel and the 3¢ channel with zero same-flavour, opposite-sign
lepton pairs in the final state, another BDT discriminant (“ECIDS”) [122] is used.

3 The transverse impact parameter, dy, is defined by the point of closest approach of the track to the beamline in the r—¢ plane, its
uncertainty being o, while the longitudinal impact parameter, z(, is given by the longitudinal distance to the hard-scatter
vertex from this same point.



Table 2: The electron and muon definitions used by the analysis. Any selection in brackets, (. ..), is specific to the
4¢ channel and is used instead of the preceding selection on that same line of the table; otherwise, the selections
are applicable to all channels. *ECIDS is only applied to the same-sign 2¢ channel and the 3¢ channel with zero
same-flavour, opposite-sign lepton pairs in the final state.

Flavour
Criteria Electrons ‘ Muons
pr [GeV] > 10
7] | < 1.37 or € [1.52,2.47] <25
Identification Tight (Medium) Medium
|z sin 6| [mm)] <0.5
|d() / a, dol <5 <3
Unambiguous e/y Yes -
. PLImprovedTight PLImprovedTight
Isolation (FIéLoose) : (Loofe_VarRagd)
ECIDS Yes* (No) -

Jets are reconstructed using the anti-k, algorithm with a radius parameter of R = 0.4 and particle-flow
objects as input [123-125]. The four-momentum of the jets is corrected for the response of the non-
compensating calorimeter, signal losses due to noise threshold effects, energy loss in inactive material, and
contamination from pile-up (defined as additional pp interactions in the same and neighbouring bunch
crossings) [126]. For jets entering the analysis, a kinematic selection of pr > 20GeV and |n| < 4.5 is
applied. For the purpose of jet counting, only jets with pt > 30 GeV are considered. A jet-vertex-tagger
multivariate discriminant selection that reduces contamination from pile-up [127] is applied to jets with
20 < pr < 60GeV and || < 2.4, utilising calorimeter and tracking information to separate hard-scatter
jets from pile-up jets. Furthermore, to suppress pile-up jets in the forward region, || > 2.5, jet shapes and
topological correlations in pile-up interactions are exploited [128, 129].

Jets with pt > 20 GeV and || < 2.5 containing b-hadrons (b-jets) are identified using a neural-network
discriminant, DL1r, based on a number of lower-level taggers which utilise relevant quantities such as the
associated track impact parameters and information from secondary vertices. The working point that is
adopted has an average 85% b-jet tagging efficiency, as estimated from simulated ¢ events [130, 131].

The missing transverse momentum p"', with magnitude Ef"*, is calculated as the negative vector sum of

the pt of all the selected leptons and jets, together with reconstructed tracks that are not associated with
these objects but are consistent with originating from the primary vertex [132]. It serves as experimental
proxy for the momentum carried by undetected particles. An object-based E%“iss significance [132], Spiss,
is used to reject events where the ET"** arises due to the mis-reconstruction of the physics objects entering
the calculation.

6 Event selection

In this section, the criteria used to define the SR in each channel are described. Table 3 summarises the
selections for each channel before applying multivariate techniques. In Table 3 and throughout this section,
the minimum lepton pt selections are smaller than the pt thresholds of the single lepton triggers. While

10



at least one lepton must have triggered the event and therefore satisfy one of these higher thresholds, all
leptons must satisfy minimum pr selections.

Table 3: Definition of the event selection for each SR in the analysis before applying multivariate techniques. The
selections are defined and motivated for all channels in their respective subsections of Section 6. “SFOS” and
“DFOS” refer to same- and different-flavour, opposite-sign lepton pairs, respectively. In the context of the 4¢ channel,
leptons 0 and 1, £y and ¢;, comprise the Higgs boson candidate — this is described in greater detail in Section 6.4.

Channel 2 3¢ 4

(0N SS Z-dominated Z-depleted | 1-SFOS 2-SFOS
Minimum lepton pt [GeV] 15 15 15 15 10 10
Number of leptons 2 2 3 3 4 4
Total lepton charge 0 +2 +1 +1 0 0
Number of SFOS pairs 0 - lor2 0 1 2
Number of DFOS pairs 1 - - - - -

Minimum AR, 0.1 04 0.1 0.1 0.2 (¢otr)
Minimum mge [GeV] 10 - 12 (all SFOS) — | 12 (all SFOS) or 10 (all DFOS)
Number of jets >2 >1 - - - -
Number of b-tagged jets 0 0 0 0 0 0
|mee — mz| [GeV] — > 20 (e*e*) | > 25 (all SFOS) - - -
mee [GeV] - - - - - < 50 (botr)
ET'S [GeV] - - > 30 - - -
m;j;— 85 GeVl [GeV] <15 - — — - —
mj; [GCV] - < 500 - - - -
ijj <1.2 - - - - -
[mae — 122.5 GeV| [GeV] - - - - - >17.5
ANNYHEC |l > 02 - - - - -
ANN‘Z”Clep - - - <0.25 - -

6.1 Opposite-sign 2¢ channel

The opposite-sign 2¢ channel requires two different-flavour, opposite-sign (DFOS) leptons from the decay
of the Higgs boson, labelled ¢y and ¢; in decreasing order of pt, and two or more jets from the decay of
the associated vector boson, which can be either a W or a Z. The leading and subleading leptons must
exceed pt thresholds of 22 GeV and 15 GeV, respectively, and are required to satisfy the common lepton
selections. The invariant mass of the leptons must satisfy mg, > 10 GeV to remove low-mass resonances,
and the angular separation between the leptons must satisfy ARy, > 0.1 to remove overlapping leptons.
To reject top quark production, events with at least one b-jet are vetoed. To ensure orthogonality with
the ATLAS ggF and VBF production measurements [11], the leading dijet system is required to have an
invariant mass of |m;; — 85 GeV| < 15 GeV and a rapidity separation of Ay;; < 1.2.

An artificial neural network (ANN) is trained to simultaneously classify VH, ggF, VBF, top, Z+jets, and
WW processes; ggF and VBF correspond to the dominant Higgs boson backgrounds, and top, Z+jets, and
WW correspond to the dominant non-Higgs boson backgrounds. The output consists of six distinct output
nodes, ANN{DFOS, each describing the likeliness of the input event to stem from process i (i = VH, ggF,
VBF, top, Z+jets, and WW) with the condition that };; ANN{DFOS = 1. Different nodes are needed to build
dedicated control regions to normalise the relevant background processes, as explained in Section 7. In

total, 19 variables are used as input — these are summarised in Table 14 of Appendix A. To construct the
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SR, the VH output node of the ANN is required to be greater than 0.2, corresponding to a signal efficiency
of 80% and a background rejection of 77%.

Figure 2 shows distributions of ANNgg)S and a signal-sensitive kinematic variable in the opposite-sign 2¢
SR, as obtained from the fit procedure described in Section 9.1 (hereafter called a “post-fit” distribution).
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Figure 2: Post-fit distribution of (a) ANNgg)S and (b) the dilepton azimuthal separation, A¢¢,, in the opposite-sign
2¢ SR. In (b), the post-fit WH and ZH signal yields are overlaid. The lower panel shows the ratio of the data to
the sum of the fitted signal and background. The hatched band shows the total uncertainty. The post-fit results are
obtained from the combined 2-POI fit described in Section 9.1. In all subsequent post-fit distributions, “Mis-id.” is
the mis-identified lepton background, as described in Section 7.1.

6.2 Same-sign 2¢ channel

The same-sign 2¢ channel selects exactly two same-sign isolated leptons with the leading lepton pt above
22 GeV and subleading lepton pt above 15 GeV. The leading and subleading leptons are labelled as £, and
{1, respectively. Events with at least one reconstructed jet are selected to maintain a high signal efficiency;
the choice to require at least one jet instead of at least two jets is made because a significant fraction of
simulated signal events, 57%, have only one reconstructed jet. The invariant mass of the leading dijet
system, m ;, is required to be below 500 GeV for events with two or more jets to suppress contributions
from the same-sign WW process [133]. Events containing any b-tagged jets are vetoed to reject the top
backgrounds. The angular separation between the leptons is required to be ARy, > 0.4 to suppress the
W+y events. The events are further split into SS2u, SS2e, and SSDF channels according to the lepton
flavour. The SS2e channel requires two electrons and vetoes events where the invariant mass of the electron
pair is within +20 GeV of the Z pole — this suppresses Z+jets events, where the charge of an electron
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is reconstructed incorrectly. The SS2u channel requires two muons, and the SSDF channel requires one
electron and one muon. The selections described above constitute the SS2u, SS2e, and SSDF SRs.

The WZ process is the dominant background in the same-sign 2¢ channel. A recurrent neural network
(RNN) [134] is trained to distinguish WH from WZ, and the same RNN is used in each of the SS2u,
SS2e, and SSDF SRs. The RNN has the advantage of being able to learn sequential dependencies for
arbitrary-length sequences of objects as input. This feature is used in the analysis where the number of jet
variables depend on the jet multiplicity of the events.

The sequences provided to the RNN consist of reconstructed objects placed in order of leptons, E%li“,
and jets (up to a maximum of five jets) with leptons and jets further ordered by pt. The RNN uses the
pT, 1, and ¢ of leptons and jets and the magnitude, E%liss, and the azimuthal angle, ¢p;ss, of the missing
transverse momentum. A variable containing the information to distinguish between different particle
types (leptons, missing transverse momentum, and jets) is also given as input to the RNN. The geometry
of the ATLAS detector — and the physics — has a rotational symmetry in the ¢ direction and a mirror
symmetry in the n direction. These symmetries are used to pre-process the input variables: the coordinate
system of the sequence is rotated to keep the leading lepton with a ¢ coordinate of 0 and reflected to keep
the leading lepton with a positive n coordinate. By doing so, the training data is used in a more efficient
way as the RNN does not need to learn these symmetries in the training process.

Figure 3 shows the post-fit distributions of the RNN discriminants and signal-sensitive kinematic variables
in the three same-sign 2¢ SRs. In the SS2u signal region, an RNN shape mis-modelling in WZ events,
the largest background in that signal region, was observed. A correction to the RNN shape was evaluated
using a validation region enriched in the WZ background and applied to each of the SS2u, SS2e, and
SSDF signal regions. A detailed description of this correction is given in Section 7.

6.3 3¢ channel

In the 3¢ channel, exactly three isolated leptons with pt > 15 GeV are required with a total charge of +1.
The lepton with unique charge is labelled £y, the lepton closest to £y in angular distance AR is labelled
{1, and the remaining lepton is labelled ¢,. This labelling scheme is demonstrated pictorially in the
leading-order Feynman diagram, Figure 1(c). In signal events, leptons £ and ¢; are most likely to originate
from the H — WW?* decay with probabilities of 99% and 85%, respectively.

The most prominent background processes in the 3¢ channel are WZ production and top quark processes
with either three prompt leptons (e.g., tfV) or two prompt leptons and one non-prompt lepton from a
b-hadron decay (e.g., t7).

The analysis of the 3£ channel separates events with at least one same-flavour, opposite-sign charge (SFOS)
lepton pair from events with zero SFOS lepton pairs, which have different signal-to-background ratios. Due
to the presence of background processes with Z — ££ decays as a dominant background, the former set of
events is hereafter referred to as the Z-dominated channel, while the latter is referred to as the Z-depleted
channel.

In the Z-dominated channel, the major background processes are those involving Z bosons. Therefore, the
invariant mass, mg¢, for each SFOS pair is required to satisfy a Z-veto selection: |mep — mz| > 25 GeV.
To suppress background events from heavy-flavour quarkonia, the minimum invariant mass of all SFOS
pairs is required to be greater than 12 GeV. Furthermore, the E‘T]rliSS is required to be larger than 30 GeV to
select final states with neutrinos. To suppress processes containing top quarks, events with at least one
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Figure 3: Post-fit distributions of the RNN discriminant in (a) SS2u, (b) SS2e, and (c) SSDF SRs and (d) the
minimum lepton-jet invariant mass for each lepton in the SS2u SR, (e) the AR between each lepton and the nearest
jet in the SS2e SR, and (f) the number of jets in the SSDF SR. In (d), (e), (f), the post-fit WH signal yield is overlaid.
The lower panel shows the ratio of the data to the sum of the fitted signal and background. The hatched band shows
the total uncertainty. The last bin includes overflow, where applicable. The post-fit results are obtained from the
combined 2-POlI fit described in Section 9.1. “Q-flip” is the electron background with mis-identified charge, as
described in Section 7.
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b-tagged jets are vetoed. To remove overlapping leptons, the angular separation between all lepton pairs
must satisfy ARy, > 0.1. These selections constitute the Z-dominated SR.

For both the channels, dedicated ANNs are used to separate signal from background. In the Z-dominated
channel, fifteen variables are used as input — these are summarised in Table 15 of Appendix A. The
purpose of the single output classifier, ANNzgom, is to distinguish between the signal and the dominant
WZ background. Accordingly, it is trained against this background process. The output is used as final
discriminant in this channel.

In the Z-depleted channel, the three dominant background processes are tf, WZ, and WWW. To
simultaneously separate the WH signal from these backgrounds, a multi-classifier is used providing four
distinct output nodes, ANNQdep, each describing the likeliness of the input event to stem from process i
(i = WH, tf, WZ, WWW) with the condition that 3 ; ANNZ

Zdep = 1. Table 16 of Appendix A summarises
the input variables used in the Z-depleted channel.

To suppress processes containing top quarks, events with a high ANNtZ’_dep score — greater than 0.25 —

or at least one b-tagged jets are vetoed. Additionally, all lepton pairs must satisfy ARy, > 0.1 to remove
overlapping leptons. These selections constitute the Z-depleted SR, whose final discriminant, ANN%dep, is
defined as:

A _ WH wZz WWW
ANNZ;., = ANNZ; o — ANNZ7© — ANN7, ™ (1)
Figure 4 shows the post-fit distributions of the ANN discriminants and signal-sensitive kinematic variables
in both the Z-dominated and Z-depleted SRs.

6.4 4¢ channel

The ZH channel includes events with four isolated leptons with pt > 10 GeV and total electric charge of
zero. Events containing an SFOS lepton pair with m¢p < 12 GeV or a DFOS lepton pair with ms, < 10 GeV
are rejected to suppress the contamination from heavy-flavour quarkonia. Selected events are classified
into channels according to the number of SFOS lepton pairs: 1-SFOS and 2-SFOS. Events with no SFOS
lepton pairs are excluded.

The most prominent background process in the 4¢ channel is ZZ production, with smaller contributions from
top quark processes (e.g., t7Z), processes with mis-identified leptons (e.g., 17#W), and WW Z production.

The reconstruction of the ZH process proceeds through the identification of the leptons from the Z boson,
called £, and ¢3, as the SFOS lepton pair with invariant mass closest to the mass of the Z boson. The
remaining two leptons, labelled ¢y and ¢}, are candidates for originating from the Higgs boson decay.
This labelling scheme is demonstrated pictorially in the leading-order Feynman diagram, Figure 1(d).
To suppress the t7Z process, events containing b-tagged jets are rejected. To reduce the ZZ background
process in 2-SFOS events, the invariant mass of ¢y and €1, mg,¢, , is required to be below 50 GeV; to ensure
orthogonality with the ATLAS H — ZZ* — 4¢ measurement [12], the 4-lepton invariant mass, mas¢, is
required to be below 115 GeV or above 130 GeV. Finally, the angular separation between £y and £1, ARy¢,,
is required to be larger than 0.2 to remove overlapping leptons.

The selections described above constitute the 1-SFOS and 2-SFOS SRs. For each SR, a discriminant based
on a BDT is used to achieve a further separation between the ZH and ZZ processes. Independent BDTs
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Figure 4: Post-fit distributions of (a) ANNz4om and (c) the azimuthal separation between lepton 0 and the E%“ss,
Adey,miss» in the Z-dominated SR as well as (b) ANN%dep and (d) the angular distance between leptons 0 and 1,
ARy, , in the Z-depleted SR. In (c), the post-fit WH signal yield is overlaid. The lower panel shows the ratio of the
data to the sum of the fitted signal and background. The last bin includes overflow, where applicable. The post-fit
results are obtained from the combined 2-POI fit described in Section 9.1.
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are trained for each SR but sharing a common set of input variables, which are summarised in Table 17 of
Appendix A.

Figure 5 shows the post-fit distributions of the BDT discriminants and signal-sensitive kinematic variables
in the two 4¢ SRs.

6.5 STXS categorisation

The Stage 1.2 STXS categorisation scheme for V H production is split by the production mode (9§ — WH,
qq — ZH, and gg — ZH), the p of the associated vector boson, and the number of jets, as shown
in Figure 17 of Appendix B. Based on the expected sensitivity of the measurement, kinematic fiducial
regions are merged to ensure each cross-section is measured with adequate precision, yielding a reduced
categorisation schemes, p¥ and STXS. In both the schemes, there is no splitting of events by jet multiplicity.
The fiducial regions for each are shown in Table 4.

For the p¥ scheme, the g4 — WH, q¢g — ZH, and gg — ZH categories are merged into a single
VH category which is inclusive in the decay of the vector boson and which is defined in the fiducial
region |yy| < 2.5 where yg is the rapidity of the Higgs boson. The 250 < p¥ < 400GeV and
p¥ > 400 GeV categories are merged into a single p¥ > 250 GeV category. This yields four measured
fiducial cross-sections.

In the STXS scheme, the gG — W (— {v)H category, written as {vH for brevity, is measured independently
of the ¢ — Z(— ¢£/vv)H and gg — Z(— ¢€/vv)H categories, which are merged and written as ££H
for brevity. The 150 < py < 250GeV, 250 < py < 400GeV, and pY > 400 GeV categories are merged
into a single p¥ > 150 GeV category. The EW ggH category with 60 < m;; < 120 GeV is measured
using the opposite-sign 2¢ channel. This yields seven measured fiducial cross-sections.

Table 4: Summary the differential cross-sections measured in the p¥ and STXS schemes.

py scheme STXS scheme

VH,0 < pY <75GeV ¢vH and (€H,0 < py < 75GeV
VH,75 < py <150GeV | ¢vH and €¢H, 75 < pY < 150 GeV
VH, 150 < pY <250GeV | {vH and €¢H, pY > 150 GeV

VH, py > 250GeV EW gqH, 60 < m;; < 120 GeV

For each of the channels considered by the analysis, subregions of the corresponding SRs are defined which
target the individual or pairs of the fiducial cross-sections above. The subregions are split using selections
on reconstructed proxies of p¥ ; the boundaries of these selections were scanned and chosen to ensure
adequate expected sensitivity for all POIs measured by the corresponding channel. Table 5 summarises the
p¥ proxies and selections for each channel and the relevant p¥ range for each subregion.

For the opposite-sign 2¢ channel, the chosen proxy is the dijet transverse momentum, p%j . For the same-sign
2¢ channel, the chosen proxy is the scalar sum of the lepton, jet, and missing transverse momenta, ). | pr|.
The same splitting is shared between the SS2u, SS2e¢, and SSDF SRs.

For the 3¢ channel, a regression ANN is used to reconstruct the transverse momentum of the W boson.
The regression ANN receives a subset of the input variables used by the multi-classifier of the Z-depleted
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candidate in the rest frame of the Higgs boson, A¢

in Section 9.1.
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SR — these input variables are summarised in Table 18 of Appendix A. Its output node, p"Te , is chosen as a
proxy for p¥ and is utilised in both the Z-dominated and Z-depleted SRs.

For the 4¢ channel, the chosen proxy is the transverse momentum of the Z boson candidate, p% = p?&.

The same splitting is applied to both the 1-SFOS and 2-SFOS SRs.

The performance of the proxies for several channels is shown in Figure 18 of Appendix B.

Table 5: Selections used to define the SRs entering the differential cross-section measurement. For each channel, the
p‘T/ proxy and the selections applied to it are shown. In the context of the Stage 1.2 STXS framework, the p¥ range
relevant to each SR is also shown. In the case of the same-sign 2£ channel, the selections are the same for each of the
SS2u, SS2e, and SSDF SRs; in the case of the 4¢ channel, the selections are the same for each of the 1-SFOS and

2-SFOS SRs.

Channel

p¥ proxy

Reconstructed SR

Relevant p¥ range

Opposite-sign 2£

Dijet transverse
JJ
momentum, pi;

0 < pJ/ < 160 GeV
160 < py/ <260GeV
py > 260GeV

0 < py < 150GeV
150 < p¥ < 250 GeV
pY > 250GeV

Same-sign 2¢

Scalar sum of lepton, jet,
and missing transverse
momenta, Y, |pr|

0 < Y |prl <200GeV
200 < 3 |pr| < 320 GeV
320 < Y |p1| < 460 GeV

> |pt| = 460 GeV

0< p¥ < 75GeV
75 < py < 150GeV
150 < p¥ <250 GeV
py = 250GeV

3¢ Z-dominated

Regression ANN
for W transverse
momentum, p¥

0 < pR <90Gev
90 < pR < 180 GeV
pR > 180GeV

0 < py <75GeV
75 < py < 150 GeV
py = 150GeV

3¢ Z-depleted

Regression ANN
for W transverse
momentum, p¥

0 < pR <90Gev
90 < pR < 180 GeV
180 < pR < 270GeV

pR >270GeV

0 < py <75GeV
75 < py < 150 GeV
150 < p¥ < 250 GeV

py = 250GeV

4¢

Z boson transverse
Z
momentum, py

0 < pZ <75GeV
75 < p% < 150 GeV
150 < pZ < 250 GeV

p% >250GeV

0 < pY <75GeV
75 < p¥ < 150 GeV
150 < p¥ < 250GeV

py > 250GeV

Each channel uses the trained multivariate discriminant from the inclusive SR in each of its subregions;
retraining of the discriminant was tested for the 3¢ channel without producing appreciable improvements
in sensitivity. The binning of the discriminant in each subregion is necessarily different from that of the
inclusive SR, owing to smaller sample sizes. These distributions are provided as input to the combined fit.
In the case of the STXS scheme, the opposite-sign 2¢ SR is still split according to p¥ ; however, only a
single fiducial cross-section of EW ggH is measured.

Figure 6 shows the relative contributions of the reduced categories in all reconstructed SRs. In each case,
the reduced categories provide the largest contributions in the corresponding SRs which aim to select
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them.

Post-fit distributions for a subset of the SRs are shown in Figures 7 and 8 for the 2¢£/3¢ and 4¢ channels,
respectively.

7 Background modelling

The background contamination in the SRs results from various physics processes, each modelled by pure
data-driven prediction, pure MC prediction, or MC prediction normalised to data either using dedicated
CRs or using only the SRs. The first method — pure data-driven prediction — is used to estimate the
backgrounds with mis-identified leptons and electrons with mis-identified charge. In this estimate, rates and
differential distributions (“shapes”) are extracted from data exploiting the method described in Section 7.1.
In the second method, the rates and shapes are extracted from simulation and normalised to the predicted
cross-sections. In the third method, the rates are fit to data using the CRs — which are orthogonal to
the SRs — in addition to the SRs themselves, while the shapes are extracted from simulation. Table 6
summarises the method adopted for each background process in each signal region. The same methods are
adopted for the STXS measurement with no change of the CR definitions.

Table 6: Summary of background modelling for each channel. “Normalised in the fit” are the background processes
which are normalised in the fit but which do not have dedicated control regions; instead, their normalisation is
determined by the signal discriminant. Data-driven background processes have at least one reconstructed mis-
identified lepton.

Channel Pure MC Normalised in the fit Control region Data-driven
Opposite-sign 2¢ WZ,Z7Z,VVV,H (non-VH) - ti/Wt, Z+jets, WW W+y, W4jets
Same-sign 2¢ WW, ZZ,VVV, tiVItZ wz - V+y, V4jets

3¢ ZZ,VVV (non-WWW), tiV/tZ, H (non-VH) wWwWw wZz Z+y, Z+jets, tilWt, WW
4¢ VVV,ttVItWZ, H (non-VH) - ZZ WZ, ttWitZ, Z+jets, tt/Wt

In the opposite-sign 2¢ channel, different CRs are defined to normalise the top, Z+jets, and WW background
processes. The VH output node of the ANN is required to be less than 0.2 to define a region orthogonal to
the SR, while dedicated selections on each of the ANN background nodes — ANNggOS, ANNS;JOetSS, and
ANN]‘S’FV(‘)/S — are used to define three CRs. The top CR is used to normalise both the 77 and Wt background
processes. The purities for the top, Z+jets, and WW CRs are 72%, 77%, and 58%, respectively. In this
section, a CR purity is defined as the number of events targeted by that CR relative to the total number of

events, each calculated within that CR.

In the same-sign 2¢ channel, the WZ background in the SR is normalised using a free fit parameter. The
tt and Z+jets background processes contribute when the charge of one lepton is wrongly assigned. An
electron with a hard bremsstrahlung or a mis-measured track curvature has a large charge mis-identification
probability, which is measured in data using a control sample of electrons from Z boson decays. In this
sample, the WZ background is obtained from MC and the mis-identified lepton background is obtained
from the data-driven procedure described in Section 7.1. The charge mis-identification probability is
parametrised as a function of electron pt with six bins and || with six bins. The bins were chosen in
accordance with the size of the event sample and the geometry of the detector. The charge mis-identification
probability varies from O(107°) for the electrons with 15 < pp < 60GeV and || < 0.6 to O(107!)
for electrons with pt > 300 GeV and || > 2.3. The measured charge mis-identification probabilities
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Figure 6: Relative SM signal composition in terms of the reduced categories for each reconstructed SR of the (a)
2¢ and (b) 3£/4¢ channels. The categorisation follows the p¥ scheme; however, the WH and ZH templates are
resolved to show their relative fraction in each SR. “Other WH/ZH” includes forward Higgs bosons (i.e., Higgs
bosons produced with rapidity |y| > 2.5) and — for the 3¢ channels only — Higgs boson processes not included in
the categorisation.
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Figure 7: Post-fit ANN/RNN discriminants in a subset of the SRs considered by the analysis: (a) opposite-sign 2¢
SR in the pjTj > 260 GeV subregion, (b) SS2u SR in the 230 < ) |prt| < 460 GeV subregion, (c¢) 3¢ Z-dominated
SR in the 90 < p¥ < 180 GeV subregion, and (d) 3¢ Z-depleted SR in the 0 < p¥ < 90 GeV subregion. The lower
panel shows the ratio of the data to the sum of the fitted signal and background. The hatched band shows the total
uncertainty. The post-fit results are obtained from the combined fit for the p¥ scheme, described in Section 9.1.
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Figure 8: Post-fit BDT discriminants in a subset of the SRs considered by the analysis: (a) 4¢ 1-SFOS SR in the
0< p% < 75 GeV subregion and (b) 4¢ 2-SFOS SR in the 75 < p% < 150 GeV subregion. The lower panel shows
the ratio of the data to the sum of the fitted signal and background. The hatched band shows the total uncertainty.
The post-fit results are obtained from the combined fit for the p¥ scheme, described in Section 9.1.

are applied to a sample of opposite-sign leptons that satisfies the requirements of same-sign 2¢ SRs,
resulting in an estimate of the charge mis-identification background in each SR. The fraction of the
charge mis-identification background is 26% in the SS2¢ SR and 1.6% in the SSDF SR. The muon charge
mis-identification probability is negligible in the pt range relevant to this analysis.

The quality of the WZ modelling of the RNN for the same-sign 2¢ channel was evaluated in a WZ-enriched
validation region, defined using the selections common to each of the SS2u, SS2e, and SSDF SRs but
inclusive in the flavours of the leading isolated leptons. This validation region also requires an additional
reconstructed lepton with pt > 15 GeV and meeting looser quality criteria than those applied to the two
leading isolated leptons. These looser leptons are reconstructed imperfectly and are similar to those missed
in WZ events in which only two leptons are reconstructed. As a consequence, the RNN distribution in this
region is sensitive to the quality of simulating events with real leptons from WZ. This validation region is
also depleted in signal, with relative signal fractions of < 1% inclusively and < 2% in the signal-sensitive
bin. A shape mis-modelling of the RNN shape for WZ events is observed, amounting to 30% less data
than predicted in the bins of higher value of the RNN output. The source of this mis-modelling was found
to be particularly enhanced at small values of the AR distribution between a lepton and its nearest jet. As
the signal events tend to be at low values of this variable, the high-score regions of the RNN also exhibit
this mis-modelling. A dedicated correction to the RNN shape in the WZ background is derived by fitting
an exponential function to the ratio of data — with the non-WZ background subtracted — to the WZ
background. The correction is then applied to the WZ background in each of the SS2, SS2e, and SSDF
signal regions, with a 100% systematic uncertainty assigned to the correction and decorrelated among the
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signal regions. This uncertainty reduces the expected sensitivity of the same-sign 2¢ channel by ~20% with
respect to what is obtained neglecting it. Good modelling is observed for events with three reconstructed
leptons that are required to meet stringent quality criteria — as shown in Figure 10. Consequently, no
additional correction or uncertainty is needed for the 3¢ channels.

In the 3¢ channel, WZ CRs are defined by requiring at least one SFOS lepton pair and by inverting the
Z-veto selection with respect to the Z-domintated SR. The WZ background normalisation depends on the
jet multiplicity of the events, so the CR is split into two regions containing events with no reconstructed
jets and events with at least one reconstructed jet, respectively. The purity of the regions without jets is
93% and the purity of the region with one or more jets is 88%.

Motivated by an excess in the measurement of the WWW + WH rate reported in Ref. [135], the WWW
background is normalised in the fit procedure through a floating parameter and without a dedicated CR.
The WWW process is the largest background in the 3¢ Z-depleted channel followed by WZ production,
and thus the value of the WWW normalisation factor is entirely determined by this channel. The measured
normalisation factor, 2.21%.76, is consistent with the measured signal strength, 1.61 + 0.25, from the ATLAS
WWW analysis [135].

In the 4¢ channel, a dedicated CR is used to estimate the normalisation factor of the ZZ process. It is
defined in the 2-SFOS channel after the b-jet veto by adding a set of requirements on the invariant mass of
each of the lepton pairs. To select on-shell Z boson leptonic decays, m ¢, is required to be within £10 GeV
of the Z boson mass. The invariant mass mg,¢, must be above 50 GeV. The purity of this region is about
97%.

Figures 9, 10, and 11 show distributions of the multivariate discriminants, described in Section 6, in the
relevant CRs. Good modelling is observed in the CRs for all of the distributions shown.

The background processes which are not normalised in the fit procedure or not measured via data-driven
methods are estimated via pure MC prediction and normalised to their theoretical cross-sections.
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Figure 9: Post-fit distributions of (a) ANNt\(,)I]E_’IOS in the top CR, (b) ANN\Z/;?SISS in the Z+jets CR, and (c) ANN\V,VI_I“(’)S in
the WW CR of the opposite-sign 2¢ channel. The lower panel shows the ratio of the data to the sum of the fitted signal
and background. The hatched band shows the total uncertainty. The last bin includes overflow, where applicable.

The post-fit results are obtained from the combined 2-POI fit described in Section 9.1.
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Figure 10: Post-fit distributions of ANNzgom in the (a) WZ CR with no jets and (b) WZ CR with at least one jet and
of ANNéd ep in the (c¢) WZ CR with no jets and (d) WZ CR with at least one jet. The binning of each distribution
matches that used in the corresponding SR where that distribution is relevant. The lower panel shows the ratio of the
data to the sum of the fitted signal and background, and the arrow in (d) indicates the position of a point outside the
vertical axis range. The hatched band shows the total uncertainty. The post-fit results are obtained from the combined

2-POI fit described in Section 9.1.
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Figure 11: Post-fit distributions of the (a) 1-SFOS BDT output and (b) 2-SFOS BDT output in the ZZ CR. The
binning of each distribution matches that used in the corresponding SR where that distribution is relevant. The lower
panel shows the ratio of the data to the sum of the fitted signal and background. The hatched band shows the total
uncertainty. The post-fit results are obtained from the combined 2-POI fit described in Section 9.1.

7.1 Backgrounds with non-prompt leptons

Non-prompt electrons can originate from the decays of heavy-flavour hadrons, mis-identification of
hadronic jets, and photon conversions in the detector material, with an admixture depending on the lepton
quality requirements and event categories. Non-prompt muons only originate from decays of heavy-flavour
hadrons. The physical processes which contribute non-prompt leptons in each channel are summarised in
Table 6.

All backgrounds with non-prompt leptons are estimated by weighting events from dedicated control
samples with extrapolation factors. Except for requiring one of the lepton candidates to be an anti-identified
(“anti-ID”) lepton, these control samples satisfy all of the nominal selections given in Table 2. An anti-ID
lepton fails to meet the full identification criteria used to select identified (“ID”) leptons but satisfies a
looser set of criteria. The extrapolation factors are defined as the ratios between the numbers of events with
non-prompt lepton candidates being ID and anti-ID. Using the control samples, a maximum-likelihood fit
measures the extrapolation factors such that the total number of weighted events matches the number of
observed data events with only ID leptons after subtracting the expected contribution from processes with
only prompt leptons.

The non-prompt electron background in 2¢ and 3¢ channels is estimated from simulation with data-driven
corrections. The corresponding extrapolation factors are measured separately for three sources — heavy-
flavour jets, light-flavour jets, and 7y conversions — using three sets of samples enriched in ¢7, Z+jets, and
Z+vy events, respectively. The simulated events with a non-prompt anti-ID electron are counted according
to the source of the non-prompt electron and weighted by extrapolation factors. This yields three sets of
extrapolation factors which are simultaneously measured using a maximume-likelihood fit. In contrast, the
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non-prompt muon background in 2¢ and 3¢ channels is estimated by using a fully data-driven technique.
From a sample enriched in ¢7, the number of events with a non-prompt muon is calculated from the
observed data after subtracting the expected contribution from processes with only prompt muons. The
corresponding extrapolation factors are then obtained from a maximum-likelihood fit. The non-prompt
electron and muon extrapolation factors are both measured in bins of lepton pr.

The measurement of the non-prompt electron and muon extrapolation factors for the 4¢ channel follows
a similar procedure to the measurement of the non-prompt muon extrapolation factors for the 2¢ and 3¢
channels. The differences between the 2¢ and 3¢ channels are due to the looser lepton selection and the
lower sample size available in the control samples. The extrapolation factors are measured in a sample
enriched in Z+jets events and are inclusive in lepton pt. Processes with two non-prompt leptons are
accounted for in the extrapolation by applying a correction term evaluated in a sample where two of the
lepton candidates are anti-1D.

8 Systematic uncertainties

The experimental and theoretical sources of systematic uncertainties are evaluated using MC samples
and their effects are included in the statistical analysis. The impact of each uncertainty is estimated per
analysis region and per bin. A list of the systematic uncertainty sources with corresponding impact on the
measurement is shown in Section 9.2.

The theoretical and experimental uncertainties are varied in a correlated way for all MC processes across
all signal and control region bins, which considers the normalisation extrapolation from control to signal
regions.

8.1 Experimental uncertainties

Experimental uncertainties associated with leptons originate from the reconstruction, identification, and
isolation efficiencies [120, 121] and from the scale and resolution of the energy or momentum [136, 137].
For jets, uncertainties arise from the jet energy scale and resolution [126], the performance of the pile-up
jet tagger [127, 129], and the b-jet identification [131]. Furthermore, uncertainties due to the trigger
selection [117, 118] and the soft term in the reconstruction of the E%liss [132] are estimated. The uncertainty
in the modelling of pile-up for simulated samples is estimated by varying the reweighting to the profile in
data within its uncertainties. The uncertainty in the integrated luminosity is 0.83% [30], which is measured
using the LUCID-2 detector [138]. The luminosity uncertainty is applied to the signal and background
processes which are normalised to theoretical predictions.

For the data-driven estimate of the backgrounds attributed to mis-identified leptons and electrons with
mis-identified charge, uncertainties are considered for the availability of data and MC statistics, variations
on the theoretical predictions of the prompt lepton backgrounds, variations in the analysis selections, and
the self-consistency of the method.

The largest sources of experimental uncertainties are the following: jet energy scale and resolution
uncertainties for the opposite-sign 2¢ channel; uncertainties relating to the RNN shape for WZ, the estimate
of the mis-identified lepton background, and the estimate of the electron background with mis-identified
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charge for the same-sign 2¢ channel; and uncertainties relating to the estimate of the mis-identified lepton
background and the isolation of leptons for the 3¢ and 4¢ channels.

8.2 Theoretical uncertainties

The impact of the theoretical sources of uncertainty is evaluated by reweighting MC events or by using
alternative MC samples, which are detailed in Table 1. Uncertainties computed as differences between
two samples are symmetrised. Uncertainties in background processes with negligible contributions in
the signal regions are not considered. All uncertainties are computed using detector-level events unless
specified otherwise.

For all processes, the uncertainty in missing higher-order corrections is computed as the maximum variation
of the envelope resulting from simultaneous variations of the renormalisation and factorisation scales
by factors of 0.5 and 2. The uncertainty in the central value of the PDF set is evaluated by comparing
the nominal weight to alternative weights, the latter encapsulating the experimental and model-related
uncertainties entering the PDF fit. The uncertainty in the central value of the strong coupling constant,
as = 0.1180 + 0.0015, is evaluated by varying it up and down by its uncertainty and recalculating the
event weight for each case. The midpoint between these varied weights is symmetrised and assigned as the
corresponding uncertainty in the nominal weight.

The uncertainty in the PS modelling for the Higgs boson processes is assigned as the difference between
the nominal sample showered with PyTHia 8 and an alternative sample showered with HErwic 7. For the
V H signal process, this uncertainty is computed using particle-level events with selections similar to those
on detector-level and the same multivariate discriminants.

The merging of the NLO and LO matrix elements for the VV processes, which are modelled by SHErRPA 2.2.2,
is performed using the MEPS@NLO prescription [90]. A jet merging uncertainty (“CKKW?”) is assigned
by varying the nominal threshold (20 GeV) separating the ME and the PS up (30 GeV) and down (15 GeV).
Similarly, a PS resummation uncertainty (“QSF”) is assigned by varying the resummation scale up and
down by factors of 2 and 0.5, respectively. The uncertainty due to the choice of the PS momentum
recoil scheme (“CSSKIN”) is computed by comparing the nominal sample, which uses the recoil scheme
described in Ref. [86], to an alternative sample, which uses the recoil scheme described in Ref. [139]. In a
manner analogous to the PS modelling uncertainty in V H, the CKKW, QSF, and CSSKIN uncertainties in
VV are all computed using particle-level events.

The uncertainty in the ME and PS modelling for the VVV and Z+jets processes are assigned as the difference
between the nominal SHERPA samples and alternative samples generated with MADGrAPHS_aMC@NLO
and showered with PyTHia 8.

The uncertainty in the hadronisation and fragmentation modelling for the ¢7 sample is assigned as the
difference between the nominal sample showered with PyTHia 8 and an alternative sample showered
with HErwiGg 7. The uncertainty in the choice of generator and matching algorithm is assigned as the
difference between the nominal sample generated with PowHEG and an alternative sample generated with
MaDpGrapHS_AMC@NLO. Uncertainties in the modelling of initial- and final-state radiation are assigned
by varying scale, resummation, and showering parameters.

In the total cross-section measurement, signal modelling uncertainties are computed separately for the
WH and ZH processes and decorrelated in the fit. The MC weights are varied using the inclusive samples
and the uncertainties are computed in each signal and control region. In the differential cross-section
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measurement, signal modelling uncertainties are computed for each fiducial bin of the corresponding
scheme, using the binning defined in the STXS Stage 1.2 convention and without applying any merging. For
the missing higher-order QCD corrections, the uncertainty model described in Ref. [140] is used, resulting
in a set of uncertainties in the total cross-section correlated across fiducial bins and a set of migration
uncertainties across the fiducial bin boundaries. Seven independent QCD uncertainty components are
considered. One component affects the total production cross-section, while the other six are pure migration
uncertainties. Four of these components are designed to model uncertainties across p¥ boundaries (75,
150, 250, and 400 GeV) while the other two affect jet bin migrations across the njes = 1 and 2 boundaries.
The uncertainties affect both the analysis acceptance, defined as the fraction of events in a fiducial region
passing the analysis selection, and the predicted cross-section per fiducial region.

The largest sources of theoretical uncertainties are the following: uncertainties in the hadronisa-
tion/fragmentation modelling of ¢7 production and on the ME/PS modelling of Z+jets production for the
opposite-sign 2¢ channel; uncertainties in the PS modelling of WZ production for the same-sign 2¢ channel;
uncertainties in the choice of PS recoil scheme for WZ production and on the ME/PS modelling of WWW
production for the 3¢ channel; and uncertainties in the missing higher-order corrections to ZH production
and on the H — WW* branching ratio for the 4¢ channel.

9 Fit procedure and results

9.1 Fit procedure

A binned likelihood function is constructed as a product of Poisson probability terms over the bins of the
different SRs defined in Section 6. The binned likelihood function is parameterised in terms of a signal
strength, u, defined as the ratio of the observed signal yield to that predicted by the SM. The signal strength
constitutes the POI of the measurement. Additionally, a Poisson probability term is added for each CR and
used to fit the normalisation of its corresponding background process in the combined measurement via
a floating normalisation factor. Systematic uncertainties enter as nuisance parameters in the likelihood
function — primarily in the form of Gaussian distributed constraints — and their correlations are taken
into account. The final results are obtained using the profile likelihood method [141].

For the cross-section measurement of WH and ZH production, two fit scenarios are considered: a combined
1-POI fit, where the WH and ZH yields are simultaneously scaled by a single POI, uy g, and a combined
2-POI fit, where the WH and ZH yields are independently scaled by two POIs, uw g and uz g, respectively.
In the case of the 1-POl fit, the SM expectation is assumed for the cross-section ratio of the WH and ZH
production processes.

Table 7 summarises the regions entering the combined fit. A similar prescription is followed for the
differential measurement, where the SRs in the table are split according to Table 5 and the four ( p¥ scheme)
or seven (STXS scheme) fiducial cross-sections of interest are independently scaled by an equal number
of POIs. The cross-sections for non-V H Higgs boson processes are fixed to their SM expectations in the
combined fit.

For both the total and differential cross-section measurements, the pure normalisation components of
the signal theory uncertainties are factorised from the pure acceptance components — only the latter
components enter the cross-section fit.
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Table 7: Summary of SRs — including the chosen SR discriminants — and CRs in each channel entering the
combined total cross-section fit. The SR discriminants enter the combined fit as histograms, and the corresponding
figures showing the post-fit histograms are referred in parentheses after each SR discriminant; the CRs enter the
combined fit as counters.

Channel SR SR discriminant Relevant CR(s)
Opposite-sign 2¢ | — ANNpgos (2(a)) Top, Z+jets, WW
SS2u RNN output (3(a))
Same-sign 2¢ SS2e RNN output (3(b)) -
SSDF RNN output (3(c))

Z-dominated | ANNz4om (4(a))

- L
3¢ Z-depleted | ANNS,, (4(b) WZ 0-jet, WZ 2 1-jets
0 1-SFOS [-SFOS BDT output (5(@) | .,

2-SFOS 2-SFOS BDT output (5(b))

9.2 Results
9.2.1 Total cross-section results

The post-fit MC and data yields in each SR are shown in Table 8. The observed data yields agree, in both
the rate and shape, within uncertainties with the expected yields from MC in all SRs.

Table 9 shows the expected and observed values of the signal strengths for the single-channel, combined
1-POI, and combined 2-POl fits, and Table 10 shows the observed values of the normalisation factors for
the combined 2-POI fit. Figure 12 shows the observed values of the total WH, ZH, and VH cross-sections
times the H — WW* branching ratio, normalised to the SM predictions, and Figure 13 shows the observed
profile likelihood for the combined and single-channel results. Figure 14 shows the two-dimensional
likelihood contours of the observed values of ozg X By_,ww+ Vs. owng X Bg_ww+ compared with the
SM predictions.

For the combined 1-POIl fit, the VH signal strength is measured to be:

UvH = 0.921%22}) (stat.)ﬁ(()ilf2 (syst.),

corresponding to a 4.50 significance over the background-only hypothesis and consistent with the SM
expectation with a p-value of 73%. The total VH cross-section times the H — WW?* branching ratio is
measured to be:

ovH X Bg_ww+ = 0.44+%})% (stat.)+%_%65 (syst.) pb,

in agreement with the SM expectation of 0.48 + 0.01 pb [21].
For the combined 2-POl fit, the WH and ZH signal strengths are measured to be:

HUWH = 0.48t%‘_2265 (Stat.)f(())‘_llg6 (syst.),

5

2
pzu = 1.6707 (stat.) £ 0.2 (syst.) .
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Table 8: Post-fit signal, background, and observed data yields in each SR as measured by the 2-POI fit. The Z+jets
and top processes for a given channel correspond to those with only prompt leptons, as described in Section 7. The
uncertainties correspond to the total of all statistical and systematic sources. The quadrature sum of the individual
sources may differ from the total uncertainty due to correlations.

oS 2¢ SS 2¢

Process SS2u SS2e SSDF
WH 11 + 7 33 + 21 12 + 8 48 + 31
ZH 20 + 6 72 0+ 22 41 =+ 1.2 14 + 4
Other Higgs 61 + 14 190 = 22 93 =+ 1.1 33 + 4
44 260 + 50 260 + 40 109 + 15 380 + 50
wZzZ 415 =+ 3.1 1420 +150 850 + 90 2630 +270
ZZ 78 + 0.7 144 + 17 101 + 8 309 + 28
Z+y 10 + 7 — — —

vvv 19 + 6 190 + 50 86 + 24 290 + 80
Z+jets 302 + 27 — — —

Top 1020 + 70 330 + 27 162 + 13 54 + 5
Mis-identified leptons 25 + 6 320 +130 1090 + 100 2080 +260
Charge-flip electrons — — 930 + 70 109 + 8
Total 1780 + 40 2420 + 50 3200 + 50 5950 + 70
Observed 1788 2438 3233 5906

3¢ 4¢

Process Z-dominated Z-depleted 1-SFOS 2-SFOS
WH 12 + 7 6 + 4 — —

ZH 44 =+ 13 1.7 = 05 15 + 4 107 + 32
Other Higgs 1.80 = 0.17 283 + 031 1.88 + 0.22 0.68 + 0.08
wz 877 + 20 246 =+ 1.6 — —

ZZ 130 + 17 263 + 028 292 + 15 306 + 9
WWw 64 + 16 35 + 9 — —
WWwZ 381 = 0.09 1.64 = 0.05 109 =+ 1.0 1.58 + 0.14
WzZzZ 0.310 £ 0.008 <0.1 0447 + 0.034 <0.1

Top 145 =+ 13 48 + 04 88 =+ 09 145 + 0.14
Mis-identified leptons 98 + 14 125 + 29 145 + 32 55 =+ 1.2
Total 1205 + 23 92 + 8 80 + 5 326 + 9
Observed 1237 88 79 316
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The observed values of uwg and pzg are compatible at a level of 2.00-, and they are consistent with the
SM expectations with a p-value of 13%. The observed ZH result exceeds the SM prediction due to an
excess in the 4¢ 1-SFOS SR. The observed pw g is smaller than the SM prediction due to deficits in the 3¢
Z-depleted SR and the same-sign 2¢ channel. The total WH and ZH cross-sections times the H — WW*
branching ratio are measured to be:

own X Buww- = 0.14*5% (stat.) + 0.05 (syst.) pb, 3

ozm X Baoww- = 0.31*%% (stat.) + 0.03 (syst.) pb,

while the SM expectations are 0.294 + 0.009 pb (WH) and 0.19Ot%'_%%98 pb (ZH), respectively [21].

Table 9: The observed values of the signal strengths and the corresponding statistical significances, Z, for the
single-channel fits and the combined 1- and 2-POI fits. For each fit, both the expected and observed results are shown.
The uncertainties correspond to the total of all statistical and systematic sources. The statistical significances are
quoted in units of standard deviations above the background-only hypothesis.

Channel POI/Zy Expected Observed
1.0+1.0 1.9+11
Opposite-sign 2¢ HVH -1.0
VA 1.0 1.9
1.0+£0.5 0.1+0.5
Same-sign 2¢ Hwh

Zy 1.8 0.2
Zy 2.8 1.8
Zy 3.1 4.4
1 ‘00+O.26 0'92+0.25
Combined 1-POT | HV# 024 ings!
Z 4.8 4.5
HWH 1 .001%‘3353 0.48t%.33%
1.0Y%3  1.6+0.5

Combined 2-POI pzH -0.4
zVH 3.3 1.6
ziH 3.1 4.5
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Table 10: The observed values of the background normalisation factors for the combined 2-POI fit. The uncertainties
correspond to the total of all statistical and systematic sources.

Channel Background | Normalisation factor
+0.3
Top 1.0%55
Opposite-sign 2¢ | Z+jets 0.86f%' 111
+0.3
ww 0.975
. +0.17
Same-sign 2¢ wZz 0.907 16
WZ 0-jet 1.03 = 0.06
; +0.16
3¢ WZ >1-jets 0.887; 72
+0.7
wWww 2276
4¢ Z7Z 0.98 +£0.07
A L I IR I L IR L B
ATLAS Fed Total
Vs=13TeV, 140 fb™' [ Statistical Unc.
VH, H - WW* [] Systematic Unc.
p-value = 13% (2-POI) | SM Prediction
p-value = 73% (1-POI)
Total ( Stat., Syst.) SM Unc.
WH b 0.48 '0% (0%, 011 ! 008
ZH 16700 (U35, (37 ) o0s

+024 4021 +013 \ |
0.92 "% (o205 —o11 ) 3i0-02

VH

PR L L PR L L PR PR PR PRI R
0 0.5 1 1.5 2 25 3 3.5 4 4.5 5
(0% By, ww) 1 (6% By, g,

Figure 12: Best-fit values of the total WH, ZH, and VH cross-sections times the H — WW* branching ratio. The
WH/ZH and VH results are obtained from the combined 2- and 1-POI fits, respectively. Each measurement is
normalised to its SM prediction. The black error bars, orange boxes, and blue boxes show the total, statistical, and
systematic uncertainties in the measurements, respectively. The grey bands represent the theory uncertainty of the
corresponding Higgs boson production mode.

Table 19 of Appendix C shows the relative impact of the different sources of uncertainty in the observed
values of the total cross-sections. For all fit scenarios, the observed results are dominated by statistical
uncertainties in data. For the WH measurement, the RNN shape uncertainty for WZ (23%) and the WZ
0-jet (11%) and VVV (12%) background uncertainties are the dominant systematic uncertainties; for the
Z H measurement, muon experimental uncertainties (4.1%) are the dominant systematic uncertainties.
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Figure 13: Observed profile likelihood as a function of oo X By _,ww+ normalised by the SM expectation for (a)
the VH and WH/ZH measurements from the combined 1- and 2-POI fits, respectively, and (b) the single-channel
measurements.
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Figure 14: Two-dimensional likelihood contours of the observed values of oz X Bg_ww+ Vs. own X Bg_ww- at
the 68% and 95% confidence levels (CLs) compared with the predictions from the SM. The 68% confidence level on
the SM predictions for the ZH and W H cross-sections times branching fraction is indicated by the magenta ellipse.
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9.2.2 Differential cross-section results

For the differential cross-section measurement, two fits are performed: one for the p‘T/ scheme and one
for the STXS scheme. The analysis regions are the same for both the fits. The signal samples are split
into signal templates following the STXS Stage 1.2 categorisation. The cross-section for each template
is scaled by its own POI, (0 X By_ww-+)/(0 X Bg_ww+)sm- The POIs are correlated (i.e., coherently
tuned via a single POI) to provide the results in merged bins of the STXS categorisation; for example, the
POlIs for different jet multiplicity bins are correlated as are the POIs for the 250 < p¥ < 400 GeV and
p¥ > 400 GeV bins.

For the p¥ scheme, the POIs for the WH and ZH production modes are correlated to provide combined
V H production mode POIs; for the V — ¢¢ signal template fit, the signal is split into four p¥ bins and the
POIs are correlated with those of the V — ¢£/vv channels.

The fitted POIs and normalisation factors for the p¥ and STXS schemes are summarised in Tables 11 and
12, respectively. The POlIs are plotted in Figure 15.

Table 11: Observed fit results for the p¥ scheme. A lower limit on the POI for the VH, p¥ > 250 GeV category
was set at —0.76 to prevent the likelihood from reaching an unphysical region with zero observed and zero expected
events in any bin of the analysis. The label “LL” indicates that the interval reaches its minimum allowed value. “Stat.
unc.” and “Syst. unc.” indicate the statistical and systematic components, respectively, of the total uncertainty in
the corresponding POI. For the normalisation factors, only the total uncertainties are quoted. A 95% confidence
level upper limit on the POI for the VH, p¥ > 250 GeV category was computed and found to be 2.1. In the limit
computation, the other POIs were left free to float.

Fit results for the p¥ scheme

Normalisation factors (Tcategory X BHww*) [ (Tcategory X BHWW*)sM
Parameter Fit result || Category Fit result | Stat. unc. | Syst. unc.
Top 0.9'%3 || VH,0 < py <75GeV 1.2£0.5 iy 2
Z+jets 0.86*012 || VH,75 < pY <150GeV | 1.2+0.5 iy w02
ww 0.9*%3 || VH,150 < pY < 250 GeV 0.4+%7 iy +0.3
WZ(SS26) | 112791 || VH, pY > 250 GeV 0.176% ) 0 iy

WZ 0-jet 1.00 + 0.06
WZ >1-jets 0.89+0:16

-0.15
WWwW 2.04%8
zZZ 1.00 +0.03
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Figure 15: Observed fit results for (a) the p¥ measurement and (b) the STXS Stage 1.2 measurement. The hatched
band indicated with “Unp. Likelihood” shows the region of the parameter space where the likelihood becomes
unphysical.
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Table 12: Observed fit results for the STXS scheme. A lower limit on the POI for the {¢H, p¥ > 150 GeV category
was set at —0.2 to prevent the likelihood from reaching an unphysical region with zero observed and zero expected
events in any bin of the analysis. The label “LL" indicates that the interval reaches its minimum allowed value. “Stat.
unc.” and “Syst. unc.” indicate the statistical and systematic components, respectively, of the total uncertainty in
the corresponding POI. For the normalisation factors, only the total uncertainties are quoted. A 95% confidence
level upper limit on the POI for the {(H, p¥ > 150 GeV category was computed and found to be 1.6. In the limit
computation, the other POIs were left free to float.

Fit results for the STXS scheme

Normalisation factors (0sTXS category X BaH—ww+)/(TSTXS category X BHWW+)sM
Parameter Fit result || STXS category Fit result | Stat. unc. | Syst. unc.
Top 0.9*%3 || €vH,0 < pY < 75GeV 0.010% i +0.3
Z+jets 0.85*013 || ¢vH,75 < py < 150 GeV 0.9+0.8 sy 3
ww 0.9%03 || tvH, py = 150 GeV 0.5%97 iy 4
WZ(SS26) | 11417 || 66H,0 < pY < 75GeV 2.6%5% iy 4
WZ 0-jet | 1.00+0.06 || £€H,75 < py < 150 GeV 1.9%5% iy s
WZ >1-jets | 0.88*%10 || £¢H, p¥ > 150 GeV 02990, | v | han
www 22797 || qqH,60 < mj; < 120GeV 1.2+ +0.9 iy
zzZ 0.99 +0.03

Due to deficits in data in several bins of the analysis — in particular the SS2u region — some of observed
POIs are close to zero. Moreover, the expected total yield becomes negative for large negative values of
the POIs; therefore, a constraint was imposed on the POI for the VH, p¥ > 250 GeV category in the p¥
scheme and on the POI for the {€H, p¥ > 150 GeV category in the STXS scheme. In both the cases, the
lower limit of the 68% confidence interval cannot be reached before the likelihood becomes ill-defined
due to negative expected yields in some bins. The value at which this happens was specified in Tables 11
and 12. Given that this indicates a very low expected signal yield, a test of the validity of the asymptotic
approximation was performed on such parameters. A small degree of over-coverage (71% with respect
to 68%) of the confidence interval was observed for the POI for the {£H, p¥ > 150 GeV category. The
confidence interval is defined as in Ref. [141].

There are also some notable differences in the normalisation factors obtained from the total and differential
cross-section measurements. For the opposite-sign 2¢ channel, the top normalisation factor in the
differential cross-section measurement is smaller than that obtained in the total cross-section measurement.
The nuisance parameter which tunes the 7 parton-shower modelling uncertainty is sensitive to the p¥
modelling; therefore, it can be pulled differently in the two measurements. In the case of the differential
cross-section measurement, the best-fit value of this nuisance parameter increases the 7 yield in the 17 CR.
To compensate for such an increase, the top normalisation factor decreases. For the same-sign 2¢ channel,
the WZ normalisation factor in the differential cross-section measurement is larger than that obtained in
the total cross-section measurement. The WZ normalisation factor is driven by the background-like bins
of the signal regions in the same-sign 2¢ channel. As those signal regions are split differently in the two
measurement scenarios, the resulting WZ normalisation factors are also different.

The POIs were converted to fiducial cross-sections by multiplying the POIs by the cross-sections used to
normalise the signal templates in each bin of the p¥ and STXS schemes. The resulting values are shown in
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Table 13.

Table 13: Observed cross-sections times the H — WW™ branching ratio for the p¥ and STXS schemes. “Stat. unc.”
and “Syst. unc.” indicate the statistical and systematic components, respectively, of the total uncertainty on the
corresponding POI. “SM” indicates the SM expectation.

o X Baww- [fb]

p.l‘./ scheme (|ym| < 2.5) STXS scheme
p¥ interval [GeV] Value | Stat. unc. | Syst. unc. SM || STXS category [p¥ and m;; in GeV] | Value | Stat. unc. | Syst. unc. SM
VH (0 < py <75) 270 e 0 [ 22040 || tvH (0 < pY < 75) 0 ! +10 | 463+ 1.8
VH (75 < pY < 150) 180 s 0| 15134 || evH (75 < pY. < 150) 26 2 #1289+12
VH (150 < pY < 250) 18 s 11 50£15 || evH (pY > 150) 5 +6 +4 [ 11.5+0.5
VH (py > 250) 1 2 7 14+4 || LeH (0 < pY < 75) 62 = a4 +17
CCH (75 < py < 150) 35 i T 18715
¢LH (py > 150) -2 - 8710
qqH (60 < m;; < 120) 110 ) +60 | 91.8 +3.3

The differential cross-section as a function of p¥ is shown in Figure 16.

Finally, Tables 20 and 21 of Appendix C show the fractional contributions from statistical and systematic
sources to the total uncertainties reported in p¥ and STXS schemes, respectively. As for the total
cross-section measurement, the differential results are dominated by statistical uncertainties in data.
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Figure 16: Differential VH production cross-section as a function of the pr of the associated vector boson. The
theoretical expectation is also shown.
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10 Conclusions

A measurement of the total Higgs boson production cross-sections via associated WH and ZH production
using H > WW* — {vfv and H - WW* — {vjj decays is presented. Results for combined WH and
Z H production are also presented. The analysis uses proton—proton events delivered by the Large Hadron
Collider at a centre-of-mass energy of 13 TeV and recorded by the ATLAS detector between 2015 and
2018. The data correspond to an integrated luminosity of 140 fb—!. The VH signal strength is measured to
be 0.92t%'.2210 (stat.)f(())'_lf2 (syst.), corresponding to a 4.50 significance over the background-only hypothesis.
The products of the H — WW* branching fraction times the WH and ZH cross-sections are measured to
be 0. 14i%'.%87 (stat.) = 0.05 (syst.) pb and 0.3 1’:%.%% (stat.) + 0.03 (syst.) pb, respectively, in agreement with
the Standard Model predictions. Differential cross-sections have also been measured, oy X By ww+ as
a function of the pr of the associated vector boson and Simplified Template Cross-Sections for VH and

EW gqH production. The results obtained are in agreement with their Standard Model expectations.

Acknowledgements

We thank CERN for the very successful operation of the LHC and its injectors, as well as the support staff
at CERN and at our institutions worldwide without whom ATLAS could not be operated efficiently.

The crucial computing support from all WLCG partners is acknowledged gratefully, in particular from
CERN, the ATLAS Tier-1 facilities at TRIUMF/SFU (Canada), NDGF (Denmark, Norway, Sweden),
CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Netherlands), PIC (Spain),
RAL (UK) and BNL (USA), the Tier-2 facilities worldwide and large non-WLCG resource providers.
Major contributors of computing resources are listed in Ref. [142].

We gratefully acknowledge the support of ANPCyT, Argentina; YerPhl, Armenia; ARC, Australia; BMWFW
and FWF, Austria; ANAS, Azerbaijan; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN;
ANID, Chile; CAS, MOST and NSFC, China; Minciencias, Colombia; MEYS CR, Czech Republic; DNRF
and DNSRC, Denmark; IN2P3-CNRS and CEA-DRF/IRFU, France; SRNSFG, Georgia; BMBF, HGF
and MPG, Germany; GSRI, Greece; RGC and Hong Kong SAR, China; ISF and Benoziyo Center, Israel;
INFN, Italy; MEXT and JSPS, Japan; CNRST, Morocco; NWO, Netherlands; RCN, Norway; MNiSW,
Poland; FCT, Portugal; MNE/IFA, Romania; MSTDI, Serbia; MSSR, Slovakia; ARIS and MVZI, Slovenia;
DSI/NRF, South Africa; MICIU/AEI, Spain; SRC and Wallenberg Foundation, Sweden; SERI, SNSF
and Cantons of Bern and Geneva, Switzerland; NSTC, Taipei; TENMAK, Tiirkiye; STFC/UKRI, United
Kingdom; DOE and NSF, United States of America.

Individual groups and members have received support from BCKDF, CANARIE, CRC and DRAC,
Canada; CERN-CZ, FORTE and PRIMUS, Czech Republic; COST, ERC, ERDF, Horizon 2020, ICSC-
NextGenerationEU and Marie Sktodowska-Curie Actions, European Union; Investissements d’Avenir Labex,
Investissements d’Avenir Idex and ANR, France; DFG and AvH Foundation, Germany; Herakleitos, Thales
and Aristeia programmes co-financed by EU-ESF and the Greek NSRF, Greece; BSF-NSF and MINERVA,
Israel; NCN and NAWA, Poland; La Caixa Banking Foundation, CERCA Programme Generalitat de
Catalunya and PROMETEO and GenT Programmes Generalitat Valenciana, Spain; Géran Gustafssons
Stiftelse, Sweden; The Royal Society and Leverhulme Trust, United Kingdom.

In addition, individual members wish to acknowledge support from Armenia: Yerevan Physics Insti-
tute (FAPERJ); CERN: European Organization for Nuclear Research (CERN PJAS); Chile: Agencia

40



Nacional de Investigacién y Desarrollo (FONDECYT 1230812, FONDECYT 1230987, FONDECYT
1240864); China: Chinese Ministry of Science and Technology (MOST-2023YFA1605700, MOST-
2023YFA1609300), National Natural Science Foundation of China (NSFC - 12175119, NSFC 12275265,
NSFC-12075060); Czech Republic: Czech Science Foundation (GACR - 24-11373S), Ministry of
Education Youth and Sports (ERC-CZ-LL2327, FORTE CZ.02.01.01/00/22_008/0004632), PRIMUS
Research Programme (PRIMUS/21/SCI/017); EU: H2020 European Research Council (ERC - 101002463);
European Union: European Research Council (ERC - 948254, ERC 101089007), Horizon 2020 Frame-
work Programme (MUCCA - CHIST-ERA-19-XAI-00), European Union, Future Artificial Intelligence
Research (FAIR-NextGenerationEU PE0O0000013), Italian Center for High Performance Computing, Big
Data and Quantum Computing (ICSC, NextGenerationEU); France: Agence Nationale de la Recherche
(ANR-20-CE31-0013, ANR-21-CE31-0013, ANR-21-CE31-0022, ANR-22-EDIR-0002), Investissements
d’Avenir Labex (ANR-11-LABX-0012); Germany: Baden-Wiirttemberg Stiftung (BW Stiftung-Postdoc
Eliteprogramme), Deutsche Forschungsgemeinschaft (DFG - 469666862, DFG - CR 312/5-2); Italy:
Istituto Nazionale di Fisica Nucleare (ICSC, NextGenerationEU), Ministero dell’Universita e della
Ricerca (NextGenEU PRIN20223N7F8K M4(C2.1.1); Japan: Japan Society for the Promotion of Science
(JSPS KAKENHI JP22H01227, JSPS KAKENHI JP22H04944, JSPS KAKENHI JP22KK0227, JSPS
KAKENHI JP23KK0245); Netherlands: Netherlands Organisation for Scientific Research (NWO Veni
2020 - VI.Veni.202.179); Norway: Research Council of Norway (RCN-314472); Poland: Ministry of
Science and Higher Education IDUB AGH, POBS, D4 no 9722), Polish National Agency for Academic
Exchange (PPN/PPO/2020/1/00002/U/00001), Polish National Science Centre (NCN 2021/42/E/ST2/00350,
NCN OPUS nr 2022/47/B/ST2/03059, NCN UMO-2019/34/E/ST2/00393, NCN & H2020 MSCA
945339, UMO-2020/37/B/ST2/01043, UMO-2021/40/C/ST2/00187, UMO-2022/47/0/ST2/00148, UMO-
2023/49/B/ST2/04085, UMO-2023/51/B/ST2/00920); Slovenia: Slovenian Research Agency (ARIS grant
J1-3010); Spain: Generalitat Valenciana (Artemisa, FEDER, IDIFEDER/2018/048), Ministry of Science
and Innovation (MCIN & NextGenEU PCI2022-135018-2, MICIN & FEDER PID2021-125273NB,
RYC2019-028510-1, RYC2020-030254-1, RYC2021-031273-1, RYC2022-038164-1); Sweden: Carl Trygger
Foundation (Carl Trygger Foundation CTS 22:2312), Swedish Research Council (Swedish Research Council
2023-04654, VR 2018-00482, VR 2021-03651, VR 2022-03845, VR 2022-04683, VR 2023-03403), Knut
and Alice Wallenberg Foundation (KAW 2018.0458, KAW 2019.0447, KAW 2022.0358); Switzerland:
Swiss National Science Foundation (SNSF - PCEFP2_194658); United Kingdom: Leverhulme Trust
(Leverhulme Trust RPG-2020-004), Royal Society (NIF-R1-231091); United States of America: U.S.
Department of Energy (ECA DE-AC02-76SF00515), Neubauer Family Foundation.

41



Appendix

A Input variables for multivariate discriminants

This appendix describes the input variables for each of the multivariate discriminants utilised by this
measurement.

Opposite-sign 2¢ channel: The input variables for the ANN utilised by the opposite-sign 2¢ channel —
see Section 6.1 — are shown in Table 14. The transverse mass of the H — WW?* system, mr:

mr = \/2p§[Errrniss (1 — COS A¢€€,miss) > “4)

where p%‘) is the transverse momentum of the dilepton system and A¢g¢ miss is the azimuthal separation
between the dilepton system and the E"™.

Table 14: Summary of input variables for the ANN in the opposite-sign 2£ channel.

Variable(s) Description

pi", p? Leading and subleading lepton transverse momentum

mege Dilepton invariant mass

Adee Dilepton azimuthal separation

AYee Dilepton rapidity separation

mr Transverse mass (Eq. 4)

p%o, p%‘ Leading and subleading jet transverse momentum

mjj Dijet invariant mass

Adj; Dijet azimuthal separation

Ay Dijet rapidity separation

My jos Meyji> My jo» Me, j, | All lepton-jet invariant mass combinations

Mzt Invariant mass of the 7-lepton pair using the collinear approximation [143],
assuming the electrons and muons result from 7-lepton decays

E%liss Missing transverse momentum

Shiss Object-based E‘TIliSS significance

Hrt Transverse momentum sum of all hard objects

3¢ channel: The input variables for the ANN utilised by the 3¢ Z-dominated channel — see Section 6.3
— are shown in Table 15. The transverse mass (Eq. 4) of the W boson, m%v . It is constructed from the E?iss
and the lepton not belonging to the SFOS pair with an invariant mass closest to the mass of the Z boson,
either £; or £5.
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Table 15: Summary of input variables for the ANN in the 3¢ Z-dominated channel.

Variable(s) Description

pio Transverse momentum of £

|Z%:0 ﬁf" Magnitude of the vectorial sum of the lepton transverse momenta
Aneye, Aneye, Pseudorapidity separation between £y and £; and between ¢; and ¢»
Adeye, Azimuthal separation between ¢y and ¢

ARgye,, ARy, Angular separation between ¢ and ¢; and between £, and ¢,

Moty > Meye,> Moyt Dilepton invariant mass for each combination of leptons

ETmiSS Missing transverse momentum

Adey miss» Ade, miss» Ade, miss | Azimuthal separation between each lepton and the E%liss

w
T

m Transverse mass of the W boson (Eq. 4)

The input variables for the ANN utilised by the 3¢ Z-depleted channel are shown in Table 16. An input
deserving additional explanation is the compatibility of the event with the WZ hypothesis, F,. Given the
reconstructed charged lepton momenta and the ﬁ%“iss, the event kinematics can be calculated under the WZ
with Z — 771 hypothesis and using the collinear approximation for the 7-lepton decays with one remaining
unknown — for example, the ratio of one 7-lepton’s energy to the energy of the lepton from the same
7-lepton’s decay. This unknown is varied, and the number of physical kinematic solutions is taken as a
measure of the compatibility with the WZ hypothesis.

Table 16: Summary of input variables for the ANN in the 3¢ Z-depleted channel.

Variable(s) Description

p?, p? , p? Transverse momentum for each lepton

Aneye,s Aneye,» Aniepe, Dilepton pseudorapidity separation for each combination of leptons
ARgye,s ARgye,, ARy e, Dilepton angular separation for each combination of leptons
Meye,s Meyty> Mey s Dilepton invariant mass for each combination of leptons

m,?m, m,i"fz, mi‘ b Dilepton transverse mass for each combination of leptons

|Z%:0 pf” Magnitude of the vectorial sum of the lepton transverse momenta
Meee Trilepton invariant mass

Mjets Number of jets

Np-jets Number of b-tagged jets

p%‘) Transverse momentum of the leading jet

E%‘iss Missing transverse momentum

Adey,misss Ade, misss Ade, miss | Azimuthal separation between each lepton and the E%niss

Shmiss / E‘T]fllss Ratio of the E%“SS significance to the E‘TnlSS

Fq Compatibility of the event with the WZ hypothesis
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4¢ channel:

The input variables for the BDTs utilised by the 4¢ channel — see Section 6.4 — are

shown in Table 17. The azimuthal separation between the leptons from the Higgs boson candidate in the

frame where the Higgs boson pr is zero is denoted by A¢

boost

. The Higgs boson transverse momentum is
bty

approximated with ﬁTH ~ — ﬁTZ or ﬁ{’ ~ — ﬁTZ - ﬁft, if at least one jet is in the event.

Table 17: Summary of input variables for the BDTs in the 4¢ channel.

Variable(s) Description

pi", p?, p?, p? Transverse momentum for each lepton

Mmeye, Invariant mass of the Higgs boson candidate

me,e, Invariant mass of the Z candidate

p‘%‘) Transverse momentum of the 4-lepton system

Magp Invariant mass of the 4-lepton system

Mrr Invariant mass of the 7-lepton pair using the collinear approximation [143],
assuming the electrons and muons result from 7-lepton decays

Mjets Number of jets

E%“iss Missing transverse momentum

Adeye, miss Azimuthal separation between the dilepton system composed of £ and ¢; and the E‘Tmss

A¢‘;§§f‘ Azimuthal separation between ¢ and ¢; in the Higgs boson candidate’s frame

STXS categorisation: Table 18 shows the input variables for the ANN regressing the W boson’s pr.
This ANN is utilised by the 3¢ channels for their differential measurement — see Section 6.5.

Table 18: Summary of input variables for the regression ANN in the 3¢ channel.

Variable(s)
o 6 .0
prs Prs Pt
AR¢ye,s ARgyey» AR g,

Meoey> Mgty Mey 0,

Description

Transverse momentum for each lepton
Dilepton angular separation for each combination of leptons

Dilepton invariant mass for each combination of leptons

bt bt . o
T my?, m? & Dilepton transverse mass for each combination of leptons
f.
?:0 Pr Scalar sum of the lepton transverse momenta
E%‘iss Missing transverse momentum

A¢€0,mi55a A¢€1,miss, A¢€2,miss

Azimuthal separation between each lepton and the E%‘iss

B Additional plots for the STXS categorisation

This appendix includes additional plots supporting the STXS categorisation scheme described in Sec-
tion 6.5.

Figure 17 shows the Stage 1.2 STXS categorisation scheme for VH production. Figure 18 shows the
correlation between p¥ and the proxy used for its reconstruction for several channels.
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Figure 17: The Stage 1.2 STXS categorisation scheme for VH production [22].
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Figure 18: Performance of the p¥ proxies for several channels: (a), (b), (c) the correlation between the pt of the
associated boson and the proxy and (d), (e), (f) the fractional resolution of the proxy as a function of p,‘r/ . Shown are
(a), (d) the X |p| of all objects in the SS2e channel, (b), (e) the regression neural network output, p’Te, in the 3¢
Z-dominated channel, and (c), (f) the dijet pr, p%j , in the opposite-sign 2¢ channel. The p¥ resolution is compared
with that obtained using as a proxy the pr of the lepton identified as that from the W boson decay, while the } | pr|
resolution is compared with that obtained using as a proxy the highest pr lepton.
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C Breakdown of uncertainties contributing to observed results

This appendix includes tables which show the breakdown of uncertainties contributing to the observed
results presented in Section 9.2.

Table 19 shows the relative impact of the different sources of uncertainty in the observed values of the total
cross-sections, presented in Section 9.2.1.

Tables 20 and 21 show the fractional contributions from statistical and systematic sources to the total
uncertainties in the observed values of the differential cross-sections, presented in Section 9.2.2.

Table 19: Breakdown of the average contributions to the total uncertainties (in percentage) in the observed values of
the cross-sections for the combined 1-POI (oyg X By_ww+) and 2-POI (cwy X Byg_ww+ and ozyg X Bg_ww~)
fits. Indentation is used to denote subcategories. The quadrature sum of the individual sources may differ from the
total uncertainty due to correlations.

Source B ] A ] A e ]
Statistical uncertainties in data 22 54 29
Statistical uncertainties in SR data 20 46 28
Statistical uncertainties in CR data 10 29 6.3
Systematic uncertainties 13 35 10
Statistical uncertainties in simulation 6.2 13 5.9
Experimental systematic uncertainties 54 12 5.7
Electrons 1.1 1.6 1.6
Muons 2.7 3.0 4.1
Jet energy scale 1.0 3.1 0.5
Jet energy resolution 0.5 2.4 0.6
Flavour tagging 1.0 1.5 0.8
Missing transverse momentum 0.6 0.2 0.9
Pile-up 1.0 1.3 0.8
Luminosity 1.1 1.2 1.1
Mis-identified leptons 3.7 10 2.8
Charge-flip electrons 1.7 5.0 0.0
Theoretical uncertainties 6.9 20 4.2
WH 2.1 23 0.1
ZH 0.5 0.3 24
Other H 1.2 24 0.9
ww 1.2 3.7 0.2
WZ 0-jet 32 11 0.2
WZ >1-jets 32 9.7 0.4
zZZ 1.2 2.1 0.8
Vvv 2.7 12 1.0
Top 2.8 5.0 24
Z+jets 1.6 2.9 1.5
RNN shape uncertainty for WZ 7.5 23 0.7
Total 26 64 30
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Table 20: Breakdown of the average contributions to the total uncertainties in the differential cross-sections measured
in the p¥ scheme. The uncertainties of a single source, A;, are expressed in percentage of the total uncertainty,
A. Indentation is used to denote subcategories. Also shown is the total relative (non-fractional) uncertainty in the
cross-section, A (o X Bg_ww+)/ (0 X Bg_ww+), in percent. The quadrature sum of the individual sources may
differ from the total uncertainty due to correlations.

Ai (ove (X<pY <Y)X By _ww+
A((U:: <(x§ 1f§<y>)x S )) [%], [X,Y): X < p¥ <Y GeV
Source VH [0,75) VH[75,150) VH[150,250) VH [250,c0)
Statistical uncertainties in data 95 95 87 81
Statistical uncertainties in SR data 92 93 87 81
Statistical uncertainties in CR data 22 18 59 5.7
Systematic uncertainties 33 32 49 44
Statistical uncertainties in simulation 20 22 24 33
Experimental systematic uncertainties 17 13 13 10
Electrons 3.8 1.6 1.5 1.2
Muons 6.6 3.8 6.6 4.9
Jet energy scale 4.0 29 6.5 5.6
Jet energy resolution 7.1 5.7 7.4 5.1
Flavour tagging 1.3 1.4 1.7 1.6
Missing transverse momentum 5.1 1.6 1.2 0.9
Pile-up 4.4 1.2 0.8 0.6
Luminosity 3.1 2.5 1.3 1.1
Mis-identified leptons 9.2 9.0 4.4 3.7
Charge-flip electrons 2.1 2.2 4.0 3.1
Theoretical uncertainties 16 16 21 11
WH 0.6 0.7 1.1 0.6
ZH 0.6 0.7 1.2 0.6
STXS bin migration 2.1 4.2 32 1.7
Other H 0.6 1.3 7.7 7.3
ww 1.2 4.4 12.1 2.2
WZ 0-jet 2.5 5.3 5.0 4.0
WZ >1-jets 2.2 3.1 3.6 2.5
zZ7Z 14 11 6.3 2.0
vVvv 4.5 2.8 4.5 2.7
Top 2.3 8.4 4.8 5.0
Z+jets 0.6 3.0 1.8 29
RNN shape uncertainty for WZ 1.1 8.0 36 7.7
Total relative uncertainty (non-fractional) 40 41 170 1000
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Table 21: Breakdown of the average contributions to the total uncertainties in the differential cross-sections measured
in the STXS scheme. The uncertainties of a single source, A;, are expressed in percentage of the total uncertainty,
A. Indentation is used to denote subcategories. Also shown is the total relative (non-fractional) uncertainty in the
cross-section, A (o X Bg_ww-)/(0 X Bg_ww-), in percent. The quadrature sum of the individual sources may
differ from the total uncertainty due to correlations.

Nl gy 191 [X.1): X < (pf ormyy) < ¥ Gev
Source CvH [0,75) ¢vH[75,150) ¢vH[150,00) (¢CH [0,75) ¢€CH [75,150) ¢CH [150,00) gqH [60,120)
Statistical uncertainties in data 93 95 83 94 95 96 82
Statistical uncertainties in SR data 920 94 83 92 94 95 82
Statistical uncertainties in CR data 23 15 8.1 14 12 7.6 5.7
Systematic uncertainties 36 32 56 35 32 30 57
Statistical uncertainties in simulation 22 24 18 31 28 20 28
Experimental systematic uncertainties 23 18 11 8.7 8.3 20 23
Electrons 2.6 1.2 1.6 3.6 2.0 0.9 2.1
Muons 2.6 1.7 2.0 3.1 2.5 19 2.4
Jet energy scale 4.8 3.7 24 1.7 22 1.3 20
Jet energy resolution 11 9.4 22 1.9 1.0 0.8 10
Flavour tagging 0.9 1.5 23 0.8 1.3 1.2 3.5
Missing transverse momentum 34 1.9 0.9 4.0 1.7 12 1.1
Pile-up 32 1.1 04 1.4 1.1 0.3 0.8
Luminosity 1.2 0.9 1.3 2.3 2.3 0.9 2.0
Mis-identified leptons 18 13 7.3 42 6.2 42 7.1
Charge-flip electrons 3.8 42 6.3 0.9 0.8 0.1 1.3
Theoretical uncertainties 12 12 19 15 13 111 44
WH 0.5 0.8 0.7 0.9 0.8 <0.1 0.7
ZH 0.3 0.3 0.5 1.0 0.7 0.3 0.7
STXS bin migration 1.6 2.5 2.0 2.5 3.6 4.7 1.0
Other H 0.3 0.3 0.5 0.9 0.8 <0.1 14.2
ww 0.6 3.7 0.7 0.9 0.8 0.1 19
WZ 0-jet 5.7 6.8 11 1.1 0.9 0.4 0.7
WZ >1-jets 3.8 6.2 9.5 1.0 0.8 0.5 1.9
ZZ 39 1.8 2.7 14 12 9.6 0.6
vvv 8.4 22 10 1.8 0.8 1.1 0.6
Top 2.1 1.3 0.7 1.0 0.8 0.5 32
Z+jets 0.7 0.9 0.5 0.9 0.8 <0.1 4.5
RNN shape uncertainty for WZ 22 6.9 49 0.9 0.9 0.9 0.6
Total relative uncertainty (non-fractional) | 19000 88 140 40 47 140 93
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