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Analysis Overview

• ggF and VBF production of Higgs bosons in the 𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈 decay channel.
• Aim to measure cross-sections times branching fractions (𝜎"#$ ( 𝐵𝑅%→''∗)  and signal strengths (𝜇 = 𝜎"#$/𝜎())

Analysis Scope: ATLAS-CONF-2021-014

Higgs Hunting, Sept. 2021 Robin Hayes

1. arXiv: 1808.09054 [hep-ex]

• Data for this result comes from pp collisions at 𝑠 = 13 
TeV at CERN’s Large Hadron Collider (LHC).
o Collected between 2015-2018 (“Run 2”) with the 

ATLAS detector.
• This analysis makes several changes with respect to the 

previous (36 fb-1) ATLAS measurement [1]:
ü Addition of ggF ≥ 2-jet channel
ü Use of deep neural network (DNN) in VBF channel
ü Measurement of cross-sections in kinematic bins 

(“STXS”).

Full Run-2 Result

ATLAS

https://cds.cern.ch/record/2759651
https://cds.cern.ch/record/2759651
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Analysis Strategy

Higgs Hunting, Sept. 2021 Robin Hayes

• Cuts target features of H → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈 decay and 
reduce some common backgrounds:
ü Single-lepton and dilepton triggers used
ü 2 different-flavour, opposite-charge leptons
ü 𝑝*+,-. > 22 GeV, 𝑝*$/#+,-. > 15 GeV
ü 𝑚00 > 10 GeV
ü 𝑝*12$$ > 20 GeV (ggF channels only)

Common Preselection:

1 Introduction

This Letter presents a measurement of the inclusive Higgs boson production cross-sections via gluon–
gluon fusion (ggF) and vector-boson fusion (VBF) through the decay H!WW⇤! e⌫µ⌫ using 36.1 fb�1

of proton–proton collisions at a centre-of-mass energy of 13 TeV recorded by the ATLAS detector. Higgs
boson couplings have been studied in this channel with Run-1 data by the ATLAS [1] and CMS [2] exper-
iments and recently with Run-2 data by the CMS experiment [3]. The H!WW⇤ decay channel has the
second-largest branching fraction and allowed the most precise Higgs boson cross-section measurements
in Run-1 [4]. The measured cross-section of the ggF production process probes the Higgs boson couplings
to gluons and heavy quarks, while the VBF process directly probes the couplings to W and Z bosons. The
leading-order diagrams for the ggF and VBF production processes are depicted in Figure 1.
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Figure 1: Diagrams for the leading production modes (ggF and VBF), where the VVH and qqH coupling vertices
are marked with shaded and empty circles, respectively. The V represents a W or Z vector boson.

2 ATLAS detector

ATLAS is a particle detector designed to achieve a nearly full coverage in solid angle1 [5, 6]. It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting air-core
toroidal magnets. The inner tracking detector (ID) is located in a 2 T magnetic field and is designed
to measure charged-particle trajectories up to a pseudorapidity of |⌘ | = 2.5. Surrounding the ID are
electromagnetic and hadronic calorimeters, which use liquid argon (LAr) and lead absorber for the
electromagnetic central and endcap calorimeters (|⌘ | < 3.2), copper absorber for the hadronic endcap
calorimeter (1.5 < |⌘ | < 3.2), and scintillator-tile active material with steel absorber for the central
(|⌘ | < 1.7) hadronic calorimeter. The solid angle coverage is extended to |⌘ | = 4.9 with forward
copper/LAr and tungsten/LAr calorimeter modules. The muon spectrometer comprises separate trigger
chambers within the range |⌘ | < 2.4 and high-precision tracking chambers within the range |⌘ | < 2.7,
measuring the deflection of muons in a magnetic field generated by the three superconducting toroidal
magnets. A two-level trigger system is used to select events [7].
1 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 upward. 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 ✓ as ⌘ = � ln tan(✓/2). The distance in (⌘,�) coordinates,
�R =

p
��2 + �⌘2, is also used to define cone sizes. Transverse momentum and energy are defined as pT = p sin ✓ and

ET = E sin ✓, respectively.
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• Channels split by number of jets with 𝑝* > 30 GeV after 
preselection:
Ø 𝑁3,4$ = 0 and 𝑁3,4$ = 1 channels to target ggF
Ø 𝑁3,4$ ≥ 2 channels to target ggF and VBF

• Motivated by differing background compositions in each region.
• Remaining cuts are targeted to each analysis category.

Defining Analysis Channels:
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ggF 0-jet and 1-jet Channels

Higgs Hunting, Sept. 2021 Robin Hayes

Background rejection
ü Δ𝜙00,6"#$%% > 𝜋/2
ü 𝑝*00 > 30 GeV

𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈
topology

ü 𝑚00 < 55 GeV
ü ∆𝜙00 < 1.8

ü 𝑚77 < 𝑚8 − 25 GeV
ü max 𝑚*

0 > 50 GeV
ü 𝑁9:;<=

>"?@A B,C = 0 0-jet 1-jet

Control regions for 
top, qqWW, 𝑍/𝛾∗
backgrounds.

Four signal regions each, 
split at 𝑚00 = 30 GeV and 
𝑝*DE90<FG = 20 GeV

0 & 1-jet



5

ggF ≥2-jet Channel

Higgs Hunting, Sept. 2021 Robin Hayes

Background rejection

𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈
topology

ü 𝑚00 < 55 GeV
ü ∆𝜙00 < 1.8
ü |𝑚;; − 85| ≤ 15 GeV or Δ𝑦;; > 1.2
ü Orthogonality with VBF analysis (fail central jet veto or 

outside lepton veto)

ü 𝑁9:;<=
>"?@A B,C = 0

ü 𝑚77 < 𝑚8 − 25 GeV

Control regions for top, qqWW, 𝑍/𝛾∗ backgrounds.

Two signal regions split at 𝑚00 = 30 GeV.
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VBF ≥2-jet Channel

Higgs Hunting, Sept. 2021 Robin Hayes

Background rejection

𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈
topology

ü Central jet veto
ü Outside lepton veto 
ü 𝑚;; > 120 GeV (Orthogonality with VH analysis) 

ü 𝑁9:;<=
>"?@A B,C = 0

ü 𝑚77 < 𝑚8 − 25 GeV

Control regions for top, 𝑍/𝛾∗ backgrounds.

Events categorized by DNN score based on 15 variables:

Δ𝑦!!, 𝑚!!, 𝜂ℓ
#$%&'()*&+, 𝑚ℓ,!,, 𝑚ℓ,!-, 𝑚ℓ-!,, 𝑚ℓ-!-,

𝑝.
/$&!, 𝑝.

/$&", 𝑝.
/$&#, Δ𝜙ℓℓ, 𝑚ℓℓ, 𝑚., 𝑝.&0&, MET sig
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Results: Inclusive ggF and VBF Cross-Sections

Higgs Hunting, Sept. 2021 Robin Hayes
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DNN output

ggF 1jggF 0j ggF 2j VBF

• Final discriminant: 𝑚* (ggF analyses) or DNN output (VBF analysis).
• Extract signal strengths using a profile likelihood fit to data in the signal and control regions. 

Simultaneous measurement of ggF and VBF signal strengths shows good consistency with the SM:

ATLAS DRAFT

8 Signal region yields and results509

Table 5 shows the post-fit SR yields for all of the four analysis categories defined in Section 4.510

Table 5: Post-fit MC and data yields in the ggF and VBF SRs. Yields in the bin with the highest VBF DNN output are
also presented. The quoted uncertainties correspond to the statistical uncertainties, together with the experimental
and theory modelling systematic uncertainties. The sum of all the contributions may di�er from the total value due
to rounding. Moreover, the uncertainty on the total yield di�ers from the sum in quadrature of the single-process
uncertainties due to anti-correlation e�ects in their systematic sources which dominate over their MC statistical
uncertainties.

Process Njet = 0 ggF Njet = 1 ggF Njet � 2 ggF Njet � 2 VBF
DNN:

Inclusive [0.94,1.0]
HggF 2150± 220 1100± 150 470± 100 180± 70 2.0± 1.0
HVBF 24± 6 107± 24 50± 12 200± 40 40 ± 7

Other Higgs 34± 1 49± 1 47± 2 27± 2 0.1± 0.0
WW 9800± 400 3400± 500 1500± 500 2100± 400 5.3± 2.1
tt̄/Wt 2130± 210 5400± 400 6100± 500 7600± 400 3.1± 1.0
Z/�⇤ 140± 50 280± 40 930± 70 1410± 340 1.2± 0.6
Other VV 1380± 130 850± 100 440± 90 360± 80 0.5± 0.1
Mis-Id 1170± 130 740± 90 480± 50 340± 40 2.3± 0.3

Total 16 770± 130 11 940± 110 10 040± 100 12 200± 120 54 ± 6
Observed 16 726 11 917 9 982 12 189 60

The mT distributions for the separate Njet = 0, Njet = 1, and ggF-enriched Njet � 2 SRs as well as the511

combination of SRs are shown in Figure 10. The bottom panels of Figure 10 display the di�erence between512

the data and the total estimated background compared to the mT distribution of a SM Higgs boson with513

mH = 125 GeV. The total signal observed in all categories (see Table 5) of about 4000 events is in514

agreement, in both shape and rate, with the expected SM signal. The observed (expected) signal yields515

using only the ggF-enriched Njet � 2 category with the VBF contribution fixed to the standard model516

prediction reaches a significance of 2.2 (1.6) � above the background expectation.517

The VBF DNN output distribution in the final signal region is presented in Figure 11. The observed518

(expected) VBF signal reaches a significance of 7.0 (6.2) � above the background expectation.519

The signal strengths for the ggF and VBF production modes for a Higgs boson with mass mH = 125.09 GeV520

in the H!WW⇤ decay channel are simultaneously measured to be521

µggF = 1.20 +0.16
�0.15

= 1.20 ± 0.05 (stat.) +0.09
�0.08 (exp syst.) +0.10

�0.08 (sig theo.) +0.12
�0.11 (bkg theo.)

µVBF = 0.99 +0.24
�0.20

= 0.99 +0.13
�0.12 (stat.) +0.07

�0.06 (exp syst.) +0.17
�0.12 (sig theo.) +0.10

�0.08 (bkg theo.).

The cross sections times branching fraction, �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤ , are simultaneously522
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Figure 13: Best-fit values and uncertainties for the cross sections measured in each of the STXS categories, normalised
to the corresponding SM predictions. The black error bars, green boxes and tan boxes show the total, systematic, and
statistical uncertainties in the measurements, respectively. The grey band represents the theory uncertainty on the
signal production corresponding to the STXS category.
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Also measure cross-sections times branching fractions for both production modes:
ATLAS DRAFT

measured to be523

�ggF · BH!WW ⇤ = 12.4 ± 1.5 pb
= 12.4 ± 0.6 (stat.) ± 0.9 (exp syst.) +0.7

�0.6 (sig theo.) ± 1.0 (bkg theo.) pb
�VBF · BH!WW ⇤ = 0.79 +0.19

�0.16 pb
= 0.79 +0.11

�0.10 (stat.) +0.06
�0.05 (exp syst.) +0.13

�0.09 (sig theo.) +0.08
�0.06 (bkg theo.) pb,

in comparison to the SM predicted values of 10.4 ± 0.6 pb and 0.81 ± 0.02 pb for ggF and VBF [11],524

respectively.525

Table 6 shows the relative impact of the main uncertainties on the measured values for �ggF · BH!WW ⇤526

and �VBF · BH!WW ⇤ . Both measurements are dominated by systematic uncertainties. For the ggF527

measurement, uncertainties from both experimental and theoretical sources are comparable. For the VBF528

measurement, signal theory uncertainties make up the largest contribution.529

Table 6: Breakdown of the main contributions to the total uncertainty in �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤ ,
relative to the measured value. The individual sources of systematic uncertainties are grouped together. The
sum in quadrature of the individual components di�ers from the total uncertainty due to correlations between the
components.

Source ��ggF ·BH!WW ⇤
�ggF ·BH!WW ⇤ [%] ��VBF ·BH!WW ⇤

�VBF ·BH!WW ⇤ [%]

Data statistical uncertainties 5 13
Total systematic uncertainties 11 18
MC statistical uncertainties 4 3.2
Experimental uncertainties 6 7

Flavour Tagging 2.4 0.9
Jet energy scale 1.4 3.3
Jet energy resolution 2.3 1.9
Emiss

T 1.9 5
Muons 2.1 0.7
Electrons 1.5 0.3
Fake factors 2.4 1.0
Pile-up 2.4 1.3
Luminosity 2.0 2.1

Theoretical uncertainties 8 16
ggF 5 4
VBF 0.7 13
Top 4 5
Z⌧⌧ 2.0 2.1
WW 4 5
Other VV 3 1.2

Background normalisations 5 5
WW 3.1 0.5
Top 2.4 2.2
Z⌧⌧ 3.1 4

TOTAL 12 22

The 68% and 95% confidence level two-dimensional contours of �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤530

are shown in Figure 12 and are consistent with the SM predictions.531

A summary of the cross sections measured in each of the 11 STXS categories and normalised to their532

corresponding SM predictions is provided in Figure 13, while the correlation matrix of the measured533
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are shown in Figure 12 and are consistent with the SM predictions.531

A summary of the cross sections measured in each of the 11 STXS categories and normalised to their532

corresponding SM predictions is provided in Figure 13, while the correlation matrix of the measured533
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Largest contribution to measurement uncertainty comes from theory 
uncertainty on the signal (for 𝜎HIJ) and background (for 𝜎KKJ).
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Simplified Template Cross-Sections

Higgs Hunting, Sept. 2021 Robin Hayes

• Results are extended with measurement of cross-sections in kinematic bins prescribed by the Simplified Template 
Cross-Section (STXS) framework.

• Cross-section measured are defined by STXS Stage 1.2 splitting, with bins merged according to analysis sensitivity.
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by 𝑚!!, 𝑝.1.

ggH production:
Ø Measure 6 POIs 
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regions further split by 𝑝.1.



10Robin Hayes

ATLAS DRAFT

0.4 0.6 0.8 1 1.2 1.4
 [pb]

 WW*→H
B ⋅VBFσ

10

12

14

16

18

20

 [p
b]

 W
W

*
→

HB ⋅
gg

F
σ

 68% CL
 95% CL
 Best fit
 SM 68% CL
 SM

-1 = 13 TeV, 139 fbs
νµνe →* WW → H

ATLAS Preliminary
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Ratio of measured cross-section to SM prediction shown for all 11 cross-sections:

Results are compatible with the SM.

Results: Simplified Template Cross-Sections
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Signal theory uncertainties no longer dominate.

Most analysis categories are statistically-limited, 
with some ggH modes affected predominantly by 
background theory uncertainties.
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Conclusions

Higgs Hunting, Sept. 2021 Robin Hayes

• This measurement of inclusive VBF and ggF 𝐻 →
𝑊𝑊∗ cross-sections is the most precise to-date, and 
so far shows consistency with the SM. 

• Measurements in STXS bins also agree with the SM, 
and (for EW qqH) have a precision competitive with 
the latest combination of all Higgs results measured 
with the ATLAS detector [ATLAS-CONF-2020-027].

• Future measurements will benefit from a larger 
dataset and improving understanding of 
measurement uncertainties to further test the limits 
of the SM.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
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Simplified Template Cross-Sections

Higgs Hunting, Sept. 2021 Robin Hayes

ü Largest contribution to each reconstructed signal region come from the truth category it targets.

ATLAS DRAFT

qqH STXS parameters. In addition, the same DNN and training is used as the final discriminating variable.338

Figure 6 shows the relative contributions of the di�erent merged STXS bins in all reconstructed SRs. In339

each case, the target categories provide the largest contribution in the corresponding SRs which aim to340

select them.341
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Figure 6: Relative SM signal composition in terms of the measured STXS categories for each reconstructed signal
region.

5 Background estimation342

The background contamination in the SRs originates from various processes: non-resonant WW , top-343

quark pair (tt̄) and single-top-quark (Wt), diboson (W Z , Z Z , W�, W�⇤, and Z�) and Drell–Yan (mainly344

Z/�⇤ ! ⌧⌧, hereafter denoted Z/�⇤) production. Other background contributions arise from W+jets345

and multi-jet production with misidentified leptons, which are either non-prompt leptons from decays346

of heavy-flavour hadrons or jets misidentified as prompt leptons. The backgrounds with misidentified347

leptons are estimated using a data-driven technique. Dedicated regions in data with low expected signal,348

identified hereafter as control regions (CRs), are used to normalise the predictions of the WW , top quark,349

and Z/�⇤ ! ⌧⌧ backgrounds. The background estimates for the remaining background processes, most350

notably the diboson processes other than WW , are obtained from simulated samples normalised to the351

theoretical cross sections for these processes.352

5.1 WW background353

The non-resonant WW background mainly originates from the quark-initiated process (labelled qqWW)354

with a small additional contribution from the gluon-initiated process proceeding via a box-diagram (ggWW).355

The ggWW process represents approximately 10% of the total WW background contributions, and it is356

estimated from simulated samples normalised to the theoretical cross sections. The qqWW process is357

normalised to the observed yields in dedicated CRs, defined separately for each analysis category. The358

30th March 2021 – 15:43 15
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1 Introduction18

The Higgs boson is a neutral scalar particle resulting from the electroweak symmetry breaking in the19

Standard Model (SM) that gives masses to the W and Z bosons [1–4]. Observation of a new particle20

consistent with being the Higgs boson was reported by the ATLAS and CMS collaborations in 2012 [5, 6].21

This note describes measurements of gluon fusion (ggF) and vector-boson-fusion (VBF) production of22

Higgs bosons in the H!WW⇤! e⌫µ⌫ decay channel in proton–proton (pp) collisions at a centre-of-mass23

energy of 13 TeV recorded with the ATLAS detector during the data-taking period between 2015–201824

(Run 2) of the Large Hadron Collider (LHC) [7] at CERN corresponding to an integrated luminosity of25

139 fb�1.26

This channel has previously been studied by the CMS Collaboration using the 137 fb�1 full Run-2 dataset [8]27

and by the ATLAS Collaboration using a partial Run-2 dataset corresponding to an integrated luminosity28

of approximately 36 fb�1 [9]. A preliminary result in the VBF channel, using 139 fb�1 of data collected29

with the ATLAS detector, was reported in Ref. [10].30

Compared to the previous Run-2 results from ATLAS, several improvements to the analysis have been31

incorporated in addition to the increase in data statistics – most notably, a measurement of the ggF32

production mode in the final state with two or more reconstructed jets and measurements of cross sections33

in kinematic fiducial regions defined in the Simplified Template Cross Section (STXS) framework [11,34

12].35

2 Analysis overview36

The H!WW⇤! e⌫µ⌫ channel is characterised by two charged leptons and two undetected neutrinos in the37

final state. The opening angle between the two charged leptons tends to be small due to the spin-0 nature of38

the Higgs boson and the vector-minus-axial-vector (V�A) structure in the decay of the two W bosons [13].39

This di�erence in topology is exploited to separate the Higgs boson signal from the main backgrounds40

such as continuum production of WW , where the charged leptons are more likely to have a large opening41

angle.42

In addition to the decay products from the Higgs boson, the final state can be populated by jets either from43

the quarks participating in the VBF production mode or from initial state radiation from quarks or gluons44

(for both the ggF and the VBF production modes). The composition of background processes changes45

significantly depending on the number of jets (Njet) in the final state. Therefore, the analysis is performed46

separately in the Njet = 0, Njet = 1, and Njet � 2 channels. The Njet = 0 and Njet = 1 channels solely target the47

ggF signal production mode, whereas the Njet � 2 channel is divided into two di�erent categories which48

separately target the VBF and ggF production modes.49

For the categories targeting the ggF production mode, the discriminating variable between signal and SM50

background processes is the dilepton transverse mass, defined as mT =

q�
E``

T + Emiss
T

�2 � ��p``T + E
miss
T

��251

where E``
T =

q
|p``T |2 + m2

`` and p
``
T is the vector sum of the lepton transverse momenta and E

miss
T (with52

magnitude Emiss
T ) the missing transverse momentum. For the Njet � 2 channel targeting the VBF production53

mode, the output of a deep neural network (DNN) trained to identify the VBF topology is used as the final54

discriminating variable.55
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Figure 2: Distributions of m`` (left) and ��`` (right) in the Njet = 0 (top) and Njet = 1 (bottom) categories, after the
Preselection and Background rejection steps, and also after the selection on m`` for the ��`` plots. The dashed lines
indicate where the selection on the observable is made. The distributions are normalised to their nominal yields,
before the final fit to all SRs and CRs (pre-fit normalisations). The shaded band represents the systematic uncertainty
and accounts for experimental uncertainties only. The bottom panels show the normalised distributions for the signal
and backgrounds, from which it can be inferred which background processes are primarily removed by the indicated
selections.
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Figure 4: Distributions of ��`` (a), m`` (b), and m⌧⌧ (c) in the ggF-enriched Njet � 2 category, after requiring all
selections up to the corresponding observable. The dashed lines indicate where the selection on the observable
is made. The distributions are normalised to their nominal yields, before the final fit to all SRs and CRs (pre-fit
normalisations). The shaded band represents the systematic uncertainty and accounts for experimental uncertainties
only. The bottom panels show the normalised distributions for the signal and backgrounds, from which it can be
inferred which background processes are primarily removed by the indicated selections.

compared to the description above. The STXS category merging strategy, referred to as Reduced Stage-1.2,325

and the reconstructed SRs are illustrated in Figure 5. For the exclusive Njet = 0 ggH category, only a326
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Figure 5: Two sets (Production Mode Stage and Reduced Stage 1.2) of exclusive phase-space regions (production bins)
defined at particle-level for the measurement of the Higgs boson production cross sections (left and middle-left shaded
panels), and the corresponding reconstructed signal regions (right panel). The description of the production bins as
well as the corresponding reconstructed signal regions is given in Section 4.5. The colours of each reconstructed
signal region box indicate the STXS category which provides the largest relative contribution.

single STXS parameter is measured with the same SR splitting defined in Section 4.1. For the exclusive327

Njet = 1 ggH category, all three Stage-1.2 measurements are retained, with the SR split along the same328

pH

T bin boundaries6. For the exclusive Njet � 2 ggH category with pH

T  200 GeV, only a single STXS329

parameter is measured, with the same SR splitting defined in Section 4.4 but also including a selection of330

pH

T < 200 GeV. For the Njet inclusive ggH category with pH

T > 200 GeV, only a single STXS parameter is331

measured using the Njet = 1 SR including a selection of pH

T > 200 GeV as well as the same ggF-enriched332

Njet � 2 SR with splitting defined in Section 4.4 but also including a selection of pH

T > 200 GeV. No events333

with Njet = 0 at the truth level are reconstructed in the region with pH

T > 200 GeV. For the exclusive Njet � 2334

EW qqH categories targeting VBF production7, the bins separated by pH j j

T
8 are merged as well as the bins335

separated by mj j for pH

T > 200 GeV, resulting in a total of 5 measured parameters. The same SR described336

in Section 4.3 is used but split into 5 subregions with the same boundaries that define the measured EW337

6 pHT is defined at the reconstruction level as the transverse momentum of the dilepton + Emiss
T system.

7 This analysis is not sensitive to the exclusive Njet � 2 EW qqH categories with mj j < 350 GeV that target V(! qq)H production,
thus these categories are not measured.

8 pH j j

T is defined at the reconstruction level as the transverse momentum of the system composed of the two leptons + Emiss
T +

two leading jets in the event.
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Figure 14: Correlations between the cross-section measurements in the 11 STXS categories for the H!WW⇤! e⌫µ⌫
analysis.
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Table 4: Post-fit normalisation factors which scale the corresponding estimated yields in the signal region; the dash
indicates where MC-based normalisation is used. The quoted uncertainties include both statistical and systematic
contributions.

Category WW tt̄/Wt Z/�⇤

Njet,(pT>30 GeV) = 0 ggF 1.03+0.07
�0.07 0.96+0.23

�0.18 0.96+0.07
�0.06

Njet,(pT>30 GeV) = 1 ggF 0.82+0.15
�0.14 1.07+0.19

�0.16 0.97+0.10
�0.09

Njet,(pT>30 GeV) � 2 ggF 0.80+0.35
�0.34 0.94+0.23

�0.18 0.97+0.18
�0.16

Njet,(pT>30 GeV) � 2 VBF – 1.00+0.37
�0.22 0.96+0.25

�0.20

to the theoretical cross section. The WW CR for the Njet � 2 channel targeting the ggF production mode is369

defined by requiring m`` > 80 GeV and mT2 > 165 GeV. The mT2 variable [116] represents a lower bound370

on the mass of the parent particle, and can be used to separate WW from top quark pair events.371

The purity of the WW process in the CRs are 67% (Njet = 0), 34% (Njet = 1), and 39% (Njet � 2 ggF channel).372

The post-fit background normalisation factors, from the fit described in Section 7 are summarised in Table 4.373

Figure 7 presents the post-fit mT distributions in the Njet = 0, Njet = 1, and ggF-enriched Njet � 2 CRs.374

5.2 Top quark backgrounds375

The tt̄ and Wt processes constitute the majority of the top quark backgrounds in the analysis. They are376

normalised to the observed yields in CRs, defined separately for each analysis category. The CRs are377

orthogonal to the SRs, normally through inverting the b-jet veto. The exception is in the Njet � 2 channel378

targeting the ggF production mode, where the top quark CR is defined with a b-jet veto. This is possible379

due to the high purity of top quark events even with a b-jet veto in the Njet � 2 channel, and this definition380

reduces the uncertainties from the b-jet selection in this channel. For the Njet = 0 channel, the top quark381

CR requires the presence of a reconstructed jet with 20 < pT < 30 GeV which is identified as coming382

from a b quark. Table 3 summarises the selections used to define the top quark CRs, which start from the383

preselection defined in Table 2.384

The purity of top quark processes in the CRs are 89% (Njet = 0), 98% (Njet = 1), 71% (Njet � 2 ggF channel),385

and 97% (Njet � 2 VBF channel). The post-fit background normalisation factors are summarised in Table 4.386

Figure 8 presents the post-fit mT distributions in the Njet = 0, Njet = 1, and ggF-enriched Njet � 2 CRs as387

well as the post-fit DNN output distribution in the VBF-enriched Njet � 2 CR.388

5.3 Z/�⇤ ! ⌧⌧ background389

The Z/�⇤ ! ⌧⌧ background is normalised in dedicated CRs, defined separately for each analysis category.390

Table 3 summarises the selections used to define the Z/�⇤ ! ⌧⌧ CRs, which start from the preselection391

defined in Table 2. For the Njet = 0 channel, the reconstructed leptons are required to have a large opening392

angle, ��`` > 2.8. For the Njet = 1 and Njet � 2 channels, the main selection that separates the Z/�⇤ ! ⌧⌧393

CR from the SR is that the Z/�⇤ ! ⌧⌧ CR includes the region in m⌧⌧ around the nominal Z boson mass.394
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