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1

Introduction

The discovery of a heavy scalar particle with a mass of about 125GeV by the ATLAS
and CMS collaborations [1, 2] at the Large Hadron Collider (LHC) provided experimental
confirmation of the Brout-Englert-Higgs (BEH) mechanism [3-8], which spontaneously breaks
electroweak (EW) gauge symmetry and generates mass terms for the W and Z gauge bosons.
The observation of Higgs boson decays into 7-leptons [9, 10], bottom-quarks [11, 12] and
associated production with top-quarks [13, 14] provided strong evidence to support the BEH



mechanism in the Standard Model (SM) where the fermion masses are generated via Yukawa
interactions. All measured couplings are so far consistent with the SM [15, 16].

Since the decay of the Higgs boson into b-quarks has the largest branching fraction (B)
with a SM expectation of 58.2% + 0.7% for a mass of 125 GeV [17], the b-quark Yukawa
coupling is of particular interest. It is the most sensitive decay channel to study some
of the rarer Higgs boson processes, such as associated production with a W or Z boson
(VH) [18, 19], W H production via vector boson fusion [20], Higgs boson production at high
transverse momentum [21-24] and Higgs boson pair production, in which the most sensitive
channels have one or both Higgs bosons decaying into b-quarks [25-30]. In the SM the b-quark
Yukawa coupling has the largest impact on the Higgs boson’s width and thus measuring it is
crucial to set constraints on phenomena beyond the SM [15, 16]. Furthermore, this decay
mode has allowed differential measurements of the V H cross-section in kinematic fiducial
volumes defined in the simplified template cross-section (STXS) framework [17].

Measurement of the decay of the Higgs boson into c-quarks is much more challenging
than its decay into b-quarks due to the smaller expected B (2.9% for a Higgs boson mass
of 125GeV [17]), the increased difficulty in identifying c-hadrons, due to their smaller
lifetimes and masses, and the larger background from vector boson plus c-quark production.
Phenomena beyond the SM could significantly enhance the coupling of the Higgs boson to
the charm-quark, and in turn the H — c¢ branching fraction [31-37]. Searches in the VH
channel [38, 39] offer the best direct constraints on the Higgs-charm coupling.

This paper reports on a combined study of H — bb and H — ¢¢ in the V H production
mode, using 140 fb~! of proton-proton collision data recorded with the ATLAS detector in
the years 2015-2018 at a centre-of-mass energy of 13 TeV. The associated V H production
mode is used as it provides a clean signature with the vector boson decaying into charged
leptons or neutrinos and allows the separation of the H — bb and H — c¢ signals from the
large multijet background. In the analysis presented in this paper, the W boson is searched
for in its decays into an electron, muon or 7-lepton (¢) in addition to a neutrino and the
Z boson in its decays into electron, muon or neutrino pairs. The channels are labelled as
0-,1- or 2-lepton corresponding to the number of reconstructed charged leptons in the final
state. The vector boson must have a minimum transverse momentum (p¥.) of 75 GeV in the
1- and 2-lepton channels and 150 GeV in the O-lepton channel.

The Higgs boson is reconstructed either from two small-radius (small-R) jets or from
a single large-radius (large-R) jet, whose definitions are given in section 4. The H — bb
and H — cc sensitive regions are defined according to flavour tagging information of the
jets. The H — cc search exclusively uses small-R jets. To reconstruct the Higgs boson decay
products, the H — bb analysis uses small-R jets for p¥ < 400 GeV (resolved regime) and
large-R jets for p¥ > 400 GeV (boosted regime). This approach offers good sensitivity across
the p¥ range. Events are further classified according to the transverse momentum of the
vector boson and the number of jets. Multivariate discriminants, built from variables that
describe the kinematic properties, jet flavour and missing transverse momentum content of the
selected events, are used to maximise the analysis sensitivity in all signal regions. The output
distributions are used as inputs to binned maximum-likelihood fits, which allows the yields
and kinematic properties of both the signal and the background processes to be estimated.



The measurements are validated using the diboson process (WZ and ZZ production), where
the multivariate discriminant is modified to extract the VZ, Z — bb and Z — c¢¢ diboson
processes. In addition to overall signal yields, differential STXS measurements of the VH
cross-section in the H — bb channel are presented. The results are also interpreted in
the k-framework [17, 40] to constrain the coupling modifiers of the Higgs boson to b- and
c-quarks, kp and k.. In the following, the sensitive region targeting the H — bb decay is
referred to as the Hbb category and the sensitive region targeting the H — cc decay is
referred to as the Hcc category.

This paper updates previous results presented in refs. [18, 22, 38|, which used the same
data sample as the present analysis, with several improvements: better reconstruction and
calibration of leptons and jets, an improved flavour tagging algorithm that combines b- and
c-jet identification and has a more precise calibration, extended acceptance for the WH
process to events with p¥ < 150 GeV, re-optimisation of multivariate discriminants and
first application to the H — bb boosted regime and H — cé search, updated theoretical
predictions, improved definition of signal and control regions and increased granularity of
STXS measurements both at high transverse momentum and as a function of jet multiplicity.

2 ATLAS detector

The ATLAS detector [41] at the LHC covers nearly the entire solid angle around the collision
point.! It 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 2T axial magnetic field and provides
charged-particle tracking in the range of |n| < 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) installed before Run 2 [42, 43]. It is followed
by the SemiConductor 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 |n| < 4.9. Within the region
In| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
In| < 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

'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 z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar 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 0 as

E+p-
E-p-

n = —Intan(6/2) and is equal to the rapidity y = % In (
measured in units of AR = /(Ay)? 4+ (A¢)2.

) in the relativistic limit. Angular distance is



structures within |n| < 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, cover the region |n| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |n| < 2.4 with resistive-plate chambers in the barrel, and thin-gap chambers
in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [44] detector that records Cherenkov
light produced by the quartz windows of photomultipliers located close to the beam pipe.

Events 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 [45].
The first-level trigger accepts events from the 40 MHz bunch crossings at a rate below 100 kHz,
which the high-level trigger further reduces to record events to disk at about 1kHz.

A software suite [46] is used in data simulation, in the reconstruction and analysis of
real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment.

3 Data and simulated event samples

The data were collected using triggers that require an electron, or a muon or large missing
transverse momentum in the event. Events are selected for analysis only if they are of
good quality and if all the relevant detector components are known to be in good operating
condition [47]. The recorded events contain an average of 34 inelastic pp collisions per
bunch-crossing (pile-up).

Monte Carlo (MC) simulated events are used to model most of the backgrounds from SM
processes and the V H, H — bb, c¢ signal processes. A summary of all the generators used for
the simulation of the signal and background processes is given in table 1. The V+ jets and
qq — V'V diboson processes are now modelled using the SHERPA 2.2.11 generator, using the
configuration described in ref. [48]. These are multijet merged samples with next-to-leading-
order (NLO) accuracy in the matrix element calculation. Virtual EW loop-terms are included
at NLO accuracy for the V+ jets and diboson processes. Furthermore, the default treatment
of interference between the ¢t and Wt processes now uses the diagram subtraction scheme [49]
instead of the previously used diagram removal scheme [50], as it was found to give a better
description of the data. Samples produced with alternative generators are used to estimate
systematic uncertainties in the event modelling, as described in section 7. All simulated
processes are normalised using higher-order theoretical cross-section predictions and are
generated at least to NLO accuracy, except for the gg — ZH and gg — V'V processes, which
are generated at leading-order (LO). For samples containing top-quarks or Higgs bosons, the
EvTGEN 1.6.0 programme [51] is used to model the decays of b- and c-hadrons.



Process ME generator ME PDF PS and UE Cross-section

Hadronisation tune order
Signal, mass set to 125GeV and bb branching fraction to 58%
qq— VH PowHEG Boxv2 [55] + PDF4LHCI5NLO PyTHIa8245 AZNLO NNLO(QCD)®+
GoSaM [56]+ [57] [58] [59] NLO(EW) [60-66]
MINLO [67, 68]
99— ZH PowHEG Box v2 PDF4LHC15NLO PyTHIA8.245 AZNLO NLO+
NLL [69-73]
Top quark, mass set to 172.5 GeV
tt PowHEG Box v2 [74] NNPDF3.0NLO PyTH1A8.230  Al4 [75] NNLO+NNLL [76]
s-chan. single top POWHEG Box v2 [77] NNPDF3.0NLO PyrHia8.230 Al4 NLO [78]
t-chan. single top POWHEG Box v2 [77] NNPDF3.0NLO PyrHia8.230 Al4 NNLO [79]
Wt PowHEG Box v2 [80] NNPDF3.0NLO PyrHia8.230  Al4 Approx. NNLO+NNLL [81]
Vector boson + jets
V4 jets SHERPA 2.2.11 NNPDF3.0NNLO SHERPA2.2.11 Default NNLO
[82-84] 85, 86] [87]
Diboson
qq—VV SHERPA 2.2.11 NNPDF3.0NNLO SHERPA2.2.11 Default NLO®
g9 > VV SHERPA 2.2.2 NNPDF3.0NNLO SHERPA2.2.2  Default NLOW

Table 1. Generators used for the simulation of the signal and background processes. If not specified,
the order of the cross-section calculation refers to the expansion in the strong coupling constant
(as). The acronyms ME, PS and UE stand for matrix element, parton shower and underlying event,
respectively. (1) The NNLO(QCD)+NLO(EW) cross-section calculation for the pp — ZH process
already includes the gg — ZH contribution. The gqqg — ZH process is normalised using the cross-
section for the pp — ZH process, after subtracting the gg — ZH contribution. An additional scale
factor is applied to the q¢ — V H processes as a function of the transverse momentum of the vector
boson, up to p¥. = 1TeV, to account for electroweak (EW) corrections at NLO. This makes use of
the V H differential cross-section computed with HAwk [52, 53]. Contributions from photon-quark
processes are also included for pp — WH [54]. (1) For the diboson samples the cross-sections are
calculated by the Monte Carlo generator at NLO accuracy in QCD.

All samples of simulated events are processed with the ATLAS detector simulation [88]
based on GEANT4 [89]. The effects of multiple interactions in the same or nearby
bunch crossings are modelled by overlaying minimum-bias events, simulated using the soft
QCD processes of PYTHIA8.186 with the A3 [90] set of tuned parameters (tune) and
NNPDF2.3LO [91] parton distribution functions (PDFs).

4 Event reconstruction

Tracks measured in the inner detector are used to reconstruct interaction vertices [92], of
which the one with the highest sum of squared transverse momenta of associated tracks is
selected as the primary vertex of the hard interaction.

Electron candidates are reconstructed by matching ID tracks to clusters of energy
deposited in the electromagnetic calorimeter. Electrons must have pp > 7 GeV and |n| < 2.47.
The associated track must have |dp|/o4, < 5 and |z|sinf < 0.5mm, where dy (29) is the
transverse (longitudinal) impact parameter relative to the primary vertex and og, is the
uncertainty in dy. Candidates are identified with a likelihood method and must satisfy the
‘loose’ identification criteria and ‘loose’ isolation requirements as described in ref. [93]. The
electron energy is calibrated as described in ref. [93]. The electron reconstruction, identification
and trigger efficiencies in the simulation are corrected using comparisons with data [93].



Muon candidates are required to be reconstructed within the acceptance of the MS
In| < 2.7 and to have pr > 7GeV. They are further required to have |dy|/o4, < 3, and
|20] sin @ < 0.5 mm. Muons are selected using a ‘loose’ quality criterion as described in ref. [94]
and a loose track isolation requirement. The muon momentum is calibrated as described in
ref. [95]. The muon reconstruction, identification and trigger efficiencies in the simulation
are corrected using comparisons with data [94].

Hadronically decaying 7-lepton candidates (7haq) are reconstructed [96] in the range of
In| < 2.5 and pp > 20 GeV and identified using a tagger based on a recurrent neural network
that uses tracking and calorimeter information. The ‘loose’ working point as described in
ref. [97] is used. No attempt is made to distinguish between leptonically decaying 7-leptons
and electrons or muons.

The lepton selections as described above are used to remove overlaps between physics
objects (see below) and classify the events into 0-, 1- and 2-lepton channels, but more stringent
requirements are made in the 1-lepton channel to suppress background from multijet processes:
the quality is raised to ‘tight’ for electrons and ‘medium’ for muons and ‘HighPtCaloOnly’
isolation is used for both lepton flavours [93, 94].

Small-R jets? are formed using objects from a particle-flow (PFlow) algorithm [98], which
combines energy deposits in the calorimeter with inner detector tracks. The PFlow objects
are combined into jets using the anti-k; algorithm [99, 100] with a radius parameter R = 0.4.
These jets are then initially calibrated to the particle level by applying a jet energy scale
derived from simulation with in situ corrections based on the methodology derived in ref. [101].
Central jets, i.e. those with |n| < 2.5, are required to have py > 20 GeV while forward jets
(2.5 < |n| < 4.5) must satisfy the pp > 30 GeV requirement. A jet-vertex-tagging technique
using a multivariate likelihood [102, 103] is applied to central (forward) jets with pr < 60 GeV
(120 GeV) to suppress jets that are not associated with the event’s primary vertex.

Simulated jets are labelled as b, ¢ or Thaq by matching a b- or c-hadron or 7-lepton having
pr > 5GeV within a cone of AR = 0.3 [104] around the jet axis; the matching procedure
prioritises b-hadrons over c-hadrons and 7-leptons, and c-hadrons over 7-leptons. Jets without
a valid match are labelled as light (1) jets. The DL1r flavour tagger [104] computes for each
jet the probability of containing a b-hadron, a c-hadron or being an I-jet (py, pe, p1); these
probabilities are combined to define dedicated one-dimensional discriminants optimised to
select b-jets (Dpr1,°) and c-jets (Dgp ).

Central jets are then classified as either b-tagged, c-tagged or non-tagged in a scheme that
is specifically designed for this analysis and is illustrated in figure 1. Any jet that satisfies
the 70% b-tagging operating point of the Dpy, discriminant (b-70%) [104] is classified as
b-tagged. Jets that do not fall into this category are classified as c-tagged if they satisfy the
a Df) ;, discriminant working point designed to have a 45% efficiency for c-jets. All other
jets are classified as non-tagged. Jets that are c-tagged are further subdivided into loose
and tight categories. In the ¢t simulation the fraction of b, ¢, I, and Tyh.q jets that satisfy the
b-tagging selection is 69%, 7.9%, 0.18%, and 2.2% respectively. The corresponding fractions

2Unless explicitly stated the term ‘jet’ refers to small-R jets.
SDDLlr =In (p[,/(fL * Pe + (1 - fL) . pz)) with fc = 0.018.
"Dhrar = (pe/(fo - po + (1= fo) - p1)) with f, = 0.3.
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Figure 1. A schematic of the flavour tagging regions as used in the resolved regime. The efficiencies
for the various jet flavours in the various regions are extracted from a simulated ¢t sample following
the procedure detailed in ref. [104].

that satisfy the exclusive loose c-tagging selection are 11%, 21%, 6.5%, and 19% respectively,
while those that satisfy the tight are 4.8%, 24%, 0.9%, and 20% respectively. A tighter 60%
b-tagging working point is also used in the multi-variate analysis (MVA) as described in
section 6. The tagging efficiencies are measured with a data-driven method following the
approaches described in refs. [105-107] and the results are used to correct the simulation.

Large-R jets are formed from topological clusters of energy depositions [108] clustered
with the anti-k; algorithm with R = 1.0. They are trimmed [109, 110] to mitigate the effects
of pile-up and soft radiation. The jet mass is computed using tracking and calorimeter
information and calibrated following the technique described in ref. [111]. Such jets are
required to have pp > 250 GeV, |n| < 2.0 and a mass larger than 50 GeV. Track-jets with
pr > 10 GeV are used to identify the H — bb decay within the large-R jet [22]. Track-jets are
built with the anti-k7 algorithm with a variable radius (VR) pp-dependent parameter, from
tracks reconstructed in the ID [112-114]. Track-jets are ghost associated [115] to large-R jets.
In a similar manner to small-R jets, the DL1r algorithm is used to b-tag track-jets. For the
85% working point chosen for the definition of the Higgs boson candidate, the fraction of
b-, c- and [-track-jets that satisfy the b-tag selection in the ¢t simulation is 85%, 34% and
2% respectively. Tighter working points at 77%, 70% and 65% are used in the MVA. The
tagging efficiencies are measured in a similar way to small-R jets.

To maximise the statistical power of the available MC samples, the tagging requirement
is not applied to the V+ jets and s- and t-channel single-top-quark samples, or to the #¢ and
Wt samples in the boosted regime. Instead, events are weighted by the probabilities for
each jet to fall into a given tagging category. The probabilities are extracted with a neutral
network approach [116], which considers the flavour label and the kinematic properties of
every jet in the event. In the Hcc category all jets are considered in the calculation of the
event weight, while only light and c-jets are used in the Hbb category. For b-jets in the Hbb
category, the tagging requirement is applied. This neural network approach improves the
simple jet-based parameterisation used in ref. [38] since it is capable of directly capturing
the dependency of the tagging efficiency on nearby jet activity.

-7 -



Further corrections are applied to the four-momentum of the large- R jet or pair of small-R
jets used to build the Higgs boson candidate to account for semileptonic decays of b- and
c-hadrons and the different energy response of b-jets and c-jets compared with [-jets. Muons,
before imposing the isolation requirement, which are within a pr dependent AR cone® of
the (track-) jet axis, are added to the jet four-momentum for both jet types [22, 117, 118]
if the jets are b- or c-tagged. An additional MC-based correction is applied for small-R
b-tagged jets to correct to the energy to the truth level using a similar method to ref. [117]; a
separate correction is applied to jets with and without an associated muon. In the 2-lepton
channel, additional techniques are employed to improve the resolution on the reconstructed
Higgs boson candidate mass (mg). A per-event kinematic likelihood fit [117], primarily
exploiting the excellent energy and momentum resolution of electrons and muons, is adopted
for the boosted regime and events in the resolved regime with less than four jets. Finally in
the resolved regime, if an additional central jet is sufficiently close to both of the two jets
forming the Higgs boson candidate, the four-momentum of such a jet is added to the Higgs
boson four-momentum H, to compute its invariant mass and other related quantities. The
proximity criteria for the sum of the AR values between the jet and each of the two Higgs
boson candidate jets, is optimised as a function of the reconstructed vector-boson pr and
varies between 2.85 at p¥ = 75GeV and 0.91 at p¥ = 400 GeV. This procedure is referred
to as final state radiation (FSR) recovery and aims at minimising the effect of hard QCD
radiation of heavy quarks in the Higgs boson candidate reconstruction. The additional jet
employed in this approach is not included in the jet multiplicity calculation. The combined
effect of all these dedicated techniques improve the Higgs boson mass resolution by up to
12% in the 0O-lepton and 1-lepton channels and by up to 40% in the 2-lepton channel.

An overlap removal procedure is applied to avoid any double-counting between electrons,
muons, Thaq candidates and jets. In the boosted regime, any small-R jet within a cone of
AR = 1.0 of the large-R jet axis is removed. The missing transverse momentum, E is
reconstructed in each event as the negative vector sum of the transverse momenta of electrons,
muons, ThadS, jets, and a ‘soft-term’. The soft-term is calculated as the vectorial sum of the
pr of tracks matched to the primary vertex but not associated with a reconstructed lepton
or jet [119]. The magnitude of EXS is referred to as EMiss,

The four-momentum of the vector-boson (V) is equivalent to EF® in the 0-lepton
channel. In the 1-lepton channel it is reconstructed as vector sum of the lepton and the
neutrino where the transverse component of the neutrino momentum is identified with E%ﬁss
and the longitudinal component is obtained by applying a W mass constraint to the lepton-
neutrino system. In the 2-lepton channel V is reconstructed from the two-lepton system.
The transverse momentum of V is denoted by pY.

5The cone size is optimised as a function of the reconstructed muon pr as AR =
min (0.4, 0.04 + 10/ (pt [GeV]))



5 Event selection and categorisation

5.1 Event selection

The events are classified into three channels depending on the number of charged leptons.
0-lepton events contain no electrons, muons or 73,4 candidates. Events in the 1-lepton channel
contain exactly one electron, muon or 7,,4 candidate. The electron or muon must fulfil the
stricter lepton selection described in section 4. Events in the 2-lepton channel have exactly
two electrons or two muons. Since the signal-to-background ratio increases with p¥., the
analysis focuses on the high p¥ phase space: p¥ > 150 GeV in the 0-lepton channel and
p¥ > 75 GeV in the 1- and 2-lepton channels. Jet cleaning criteria are used to identify jets
arising from non-collision backgrounds or noise in the calorimeters, and events containing
such jets are removed, using the ‘tight cleaning’ defined in ref. [120].

Events are triggered either by the single electron, single muon or EITniss triggers depending
on the channel and p¥ . Events with one or two electrons are collected with the single electron
triggers [121]; for these events at least one electron must have an offline pp greater than
27 GeV to ensure a high trigger efficiency. The single muon triggers [122] together with an
offline muon requirement of pr > 25GeV are used for the 1-lepton muon sub-channel for
p¥ < 150 GeV and the 2-lepton muon sub-channel for p¥ < 250 GeV. The EXsS triggers [123]
are used for the 0-lepton channel, the 1-lepton 7 sub-channel and at higher values of p¥ in
the 1- and 2-lepton muon sub-channels, where it becomes efficient because muons do not
deposit much energy in the calorimeters. A requirement on the scalar sum of the transverse
momenta of the jets, Hp > 120 (150) GeV for 2 (> 3) jet events, removes a region where
the E%liss trigger efficiency depends mildly on the number of jets in the event, corresponding
to less than 1% of the phase space.

This section describes the main selection criteria for the signal regions (SRs). Most of
the selections are also valid for the control regions (CRs), with any differences discussed
in section 5.2.

In the resolved Hbb category reconstruction, events must contain exactly two b-tagged
jets (BB regions). These two jets are labelled j; and js and define the Higgs boson candidate
along with a possible FSR jet (see section 4). Other jets in the event with pp > 30 GeV are
ordered in pt and labelled j; with ¢ > 2. They are referred to in the following as ‘additional
jets’ Events in the Hce category must contain at least one c-tagged jet and no b-tagged jets.
The events are further separated into tight-tight (CtCr), tight-loose (C1Cy,) and tight-non-
tagged (CtN) categories. Loose-non-tagged (CpN) events are used to define dedicated CRs
(see section 5.2). The Higgs boson candidate jets j; and jy are the two c-tagged jets with the
highest pr or, for the CtN and CyN categories, the c-tagged jet and the leading non-tagged
central jet. In the SRs, the C1pCp and C1Cy, categories are combined into a C1C category
and the flavour tagging scores of the jets are used in the boosted-decision-tree (BDT) training
to further improve the signal-to-background separation as explained in section 6. A further
category, in which the event contains a b-tagged jet and a tight c-tagged jet (BCr), is used to
define a CR as described below. A representation of the various analysis regions as a function
of the tagging requirements for the Higgs boson jet candidates is shown in figure 2.
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Figure 2. A representation of the analysis regions in the resolved regime as defined by the tagging
requirements for the Higgs boson jet candidates. The bold outline signifies the categories used in the
SRs. The green regions are used in the Hbb category, the blue regions are used in the Hcc category,
and the orange regions are used in the Top CRs, as defined in the text. Events in the grey categories
are not used in the analysis.

The resolved regimes require mg > 50 GeV and the angular separation of the two Higgs
boson candidate jets AR(j1,j2) < 7 to remove events with back-to-back jets that are far away
from the signal regions; the leading jet of the pair is further required to have pr > 45 GeV.

In the boosted Hbb regime the Higgs boson is reconstructed from the large- R jet with the
highest pt. This jet must have mass greater than 50 GeV and at least two matched track-jets.
Exactly two of the three leading matched track-jets ordered in pr must be b-tagged and are
labelled j; and js with the remaining track-jet labelled js if present.

A dedicated event selection is then applied in each lepton channel with the aim to profit
from the particular event topology to reduce key background contributions; the selection is
optimised independently for the resolved and boosted regimes.

0-lepton channel. High E in multijet events typically arises from mismeasured jets
in the calorimeters; such events are efficiently removed by requirements on: the minimum
azimuthal difference between E* and any jet min [A¢(ETZSS, 5;)] > 20° (30°) for 2 jet (>3
jet and boosted) events; the azimuthal difference between ER® and H, A¢(ERS, H) > 120°;
and the azimuthal difference between the two jets forming the Higgs boson candidate in the
resolved category A¢(j1,72) < 140°. Events with greater than two (one) additional jets are
rejected in the Hbb (Hcc) resolved regime to reduce the top-quark background.

1-lepton channel. In the electron sub-channel an additional selection of EX > 30 (50)
GeV is applied in the resolved (boosted) regime to reduce the background from multijet
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production; for similar reasons, the W boson transverse mass,’ m%f , is requested to be larger

than 20 GeV in events with p¥ < 150 GeV. Multijet background in the 7 sub-channel is
suppressed using the same azimuthal requirements as in the O-lepton channel, in addition
to m¥/ > 10 GeV. Events with greater than one additional jet in the resolved regime are
rejected to reduce top-quark background.

2-lepton channel. The invariant mass of the lepton pair (mg) must be close to the Z
boson mass (81 GeV < myy < 101 GeV for the resolved regime and 66 GeV < my < 116 GeV
for the boosted regime). In di-muon events, the two muons are required to have opposite-
sign charge. This requirement is not used in the electron sub-channel, where the charge
misidentification rate is not negligible.

5.2 Event categorisation

A graphical summary of the analysis regions is given in figure 3 and their composition is
discussed in detail in section 7.

Events are categorised according to the number of b- and c-tagged jets, the value of p¥
and, in the resolved regime, the number of additional jets. Regions at large p¥ and those with
no additional jets have higher signal purity. The Hcc category is split into regions of p¥ with
boundaries 75, 150 and 250 GeV. The Hbb category has additional p¥ boundaries at 400 and
600 GeV where the boosted reconstruction is used. In the 2-lepton resolved regime, which can
have larger jet multiplicities (defined as two more than the number of additional jets) than the
other channels, regions with at least four (three) jets are combined in the Hbb (Hcc) category.

Events are divided into the SRs, which contain most of the signal events, and several
CRs, which are defined by changing exactly one selection criterion of the SR, such that
they are orthogonal and extrapolations to the SR are small. The CRs are designed to
control the contribution of specific backgrounds and allow theoretical uncertainties in the
background predictions to be reduced.

Signal region events are defined with different criteria for the resolved and boosted regimes.
The resolved SRs are defined using a continuous selection on AR(j1,j2), as a function
of p¥ following a procedure similar to that described in ref. [38], but reoptimised for the
present analysis. An upper requirement on AR(j1,72) that depends also on jet multiplicity
is designed to retain 95% (85%) of the signal in the SRs with exactly two (at least three)
jet SRs. In the 1-lepton channel of the Hbb category, a lower limit on AR(j1,J2) is also
applied to retain 90% of the diboson background in the SRs. This requirement ensures little
signal loss, while retaining a large fraction of the diboson events that are used to validate the
analysis (see section 9). In the 0-and 1-lepton channels in the Hbb category the top-quark
background is further reduced by rejecting the event if any additional jet passes the tight
c-tag criterion.In the boosted regime, the events are required to have no b-tagged track-jet
outside the large-R jet in order to reduce the top-quark contribution.

The H — cc contamination in the Hbb category is negligible, while the expected
H — bb yield in the CtC (CtN) SRs of the H — c¢ category is approximately 1.5 (1.9)

SmiV = \/ 2ptp (1 — cos(¢pf — ¢¥)), where pf and ¢° are the transverse momentum and azimuthal angle of
the charged lepton and the corresponding quantities for the neutrino, p4 and ¢”, are reconstructed from E32sS,
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times that of the expected H — c¢ process. Due to the different tagging requirement, the
Hbb and Hcc categories are not orthogonal for events with p¥ > 400GeV. The VH, H — cc
signal (data) events selected by the boosted Hbb regime represents at most 1.9% (0.4%) of
the total amount of VH, H — cc signal (data) events selected in the Hec category. This
overlap has a negligible impact on the results.

High-AR control regions are defined by considering events with AR(j1,j2) above the
upper boundary (see above). Such CRs are designed to have a similar composition of V4 jets
backgrounds to the SR and also serve to constrain the top-quark background. In the Hcc
category C1Cr events are considered in separate regions from C1Cy, events in order to better
constrain different V+ jets flavour components as discussed in Section 7.

BB Low-AR control regions are formed from 1-lepton Hbb resolved events that are below
the lower boundary in AR(j1,72). The CRs are dominated by ¢t and W +jets backgrounds
with an enhanced contribution of W+jets with respect to the SRs and High-AR CRs.

CLN V+light control regions mimic the Hce SRs but consist of events in which one of
the Higgs boson candidate jets is a loose c-tagged jet and the other is non-tagged. These
CRs are used to constrain the backgrounds where a W or Z boson is associated with light
jets. This background is primarily relevant in the Hce category. These regions replace the
previously 0 c-tag region used in ref. [38].

BCt Top control regions in the 0- and 1-lepton channels are defined with at least one tight
c-tagged jet and at least one b-tagged jet and are used to constrain the top-quark background
in the resolved regime. This CR targets the top-quark process where a b-jet and a c-jet from
the same hadronically decaying top-quark are considered as a Higgs boson candidate.

Boosted Top control regions in the 0- and 1-lepton channels are defined by using the
same selection on the large-R jet on the boosted Hbb categories, but requiring the presence
of a b-tagged track-jet in the rest of the event. This CR enhances the fraction of tt events by
effectively targeting events with two b-tagged jets with large angular separation.

Top ep control regions are defined for the resolved regime by using the same selection
as the SR but replacing the same-flavour lepton selection with a selection containing an
electron and a muon in order to significantly increase the fraction of top-quark events. In
the Hbb category, the ey CRs directly provides the background prediction for the top-quark
background in a data-driven way, as it is detailed in Section 7. In the Hcc category this
data-driven method is not used due to low statistical precision. Instead, the ey CRs are used
to provide a constraint on the normalisation of the MC-based predictions. The CRs are not
split according to jet tagging and therefore events must have at least one tight c-tagged jet.

5.3 Categorisation for the simplified template cross-section measurement

In the Hbb category, cross-section measurements are conducted in an extended version of the
VH,V — leptons stage-1.2 STXS region scheme [124, 125]. In this scheme, q¢ — ZH and
gg — Z H are treated as a single Z H process, since there is currently not enough sensitivity to
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Figure 4. The predicted fraction of VH, H — bb signal events passing all selection criteria (in
percent) in every reconstructed-event category (z-axis) from each STXS category (y-axis). In the

y-axis label, “jet” refers to additional truth jets, thet, as specified in the text. Entries with signal

fractions below 0.1% are not shown.

distinguish between them. The expected signal distributions and acceptance times efficiencies
for each STXS region are estimated from the simulated signal samples by selecting events
using information from the generator’s ‘truth’ record, in particular the truth p%, denoted
by p¥’t, and the number of truth-level jets with pr > 30 GeV and |n| < 4.5 (additional truth
jets, thet) reconstructed from stable truth particles after excluding the Higgs boson decay
products. The truth templates are categorised as a function of p¥’t following the same p¥
boundaries used in the definition of the SRs. Only for the ZH process with p¥’t < 400 GeV,
a further separation is performed to distinguish between events with zero or at least one
additional truth jet. The choice is driven by the larger top-quark background in the 1-lepton
channel in events with one additional jet. A set of measurements is also made without

this split in jet multiplicity.

The fraction of events from each STXS category satisfying the requirements of the SRs
of the Hbb category is shown in figure 4. The correlation between ‘truth’ and reconstructed
categories is improved with respect to the previous iteration of the analysis thanks to the
dedicated treatment of the 7 sub-channel, which reduces the W H contribution in the 0-
lepton channel, and the increase in the pp requirement from 20 to 30 GeV for the additional
reconstructed central jets to align the definition with the targeted STXS observable.
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6 Multivariate discriminants

A multivariate approach is used to maximise the sensitivity of the analysis. Several BDTs are
used in the various signal regions of the analysis. A nominal set, referred to as BDTyv g, is
designed to discriminate the V H signal from the background processes. A second set, BDTy 2,
which aims to separate the VZ diboson process from the V H signal and other background
processes, is used to measure the WZ and ZZ processes, which serve as a validation of
the analysis. Finally, in the 1-lepton channel Low-AR CR for the resolved Hbb category,
additional BDTs are trained to separate the V+jets events from the other background, which
is dominated by top-quark production, called BDT|ow-ARCR-

The BDTs are generally trained separately for each SR but to reduce complexity, resolved
SRs with > 3 jets, or with p¥ < 150 GeV or with p¥ > 150 GeV are trained together. The
same training procedures as those detailed in ref. [18] are used.

The BDT input variables are listed in table 2 and briefly discussed below. Different sets
of variables are used for the 0-, 1- and 2-lepton channels in resolved and boosted regimes,
but the Hcc category and Hbb category resolved channels use the same variables. The
BDTiow-ArRcRr Uuses the same variables as the 1-lepton resolved Hbb category. Variables
are only included in the training if they improve the overall sensitivity. The distributions
of all input variables of the BDTs are compared between data and simulation, and good
agreement is found within the uncertainties.

The reconstructed Higgs boson mass my is the most discriminating variable, since no
backgrounds peaks at the same mass value. The transverse momenta of the tagged jets or
track-jets ng1 and pgﬁ are used together with the scalar sum of additional jets with ppr > 20 GeV
in the resolved channel, ) p?f with ¢ > 2, or the third track-jet p%? in the boosted regime.
Flavour tagging information for j; and jo is taken into account by using the binned output
of the Dpr1, tagging algorithm binp, , (j1) and binp,, ,.(j2), with bin boundaries as listed
in section 4. All channels use p¥ , which is equivalent to EEFiSS in the O-lepton channel. In the
resolved channel, the three jet system mj, j,;, is built considering the Higgs boson candidate
jets and the highest pr additional jet not retained for the FSR recovery procedure.

The 1-lepton channel uses E%iss as an additional variable. In the 2-lepton resolved
channel, where the signal does not have significant Effﬂiss, the variable Elj?iss /+/St is used,
where St is the scalar sum of Hp and the pr of the two leptons.

Angular variables include AR(j1,j2) and the minimum separation between either of
the Higgs boson candidate jets and any other jet, min[AR(j;, 1 or j2)] with ¢ > 2, and the
azimuthal and rapidity difference between the reconstructed Higgs boson and vector boson
vectors, |A¢(V, H)| and |Ay(V, H)| respectively.

Variables that are used in all lepton channels of the boosted regime are the total number
of track-jets in the Higgs boson candidate jet, the number of additional small-R jets in the
event and ‘colour ring’, which is a variable designed to exploit the difference in colour-flow
between gluon splitting and a decay from QCD singlet states [126]. Two variables are only
used in the O-lepton resolved channel: the pseudorapidity difference between the Higgs boson
candidate jets |An(j1,72)| and the sum of Hy and EXS. Variables that are only used in
the 1-lepton resolved channel are m%v , and the reconstructed top-quark mass assuming the
event contains a top-quark, myop, [18]. The transverse momentum of the lepton pZT and
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Resolved VH, H — bb, cé

Boosted VH, H — bb

Variable O-lepton  1-lepton 2-lepton | O-lepton 1-lepton 2-lepton
myg v v v v v v
M1 jajs v v v
PP v v v v v v
PR v v v v v v
P v v v
Spi,i>2 v v v
binp, ., (41) v v v v v v
binp,, ,,(42) v v v v v v
pr = Emiss v v = piss v v
Emiss v v v v
EF™/ /5 %
|Ap(V, H)| v v v v v v
|[Ay(V, H)| v v v v
AR(j31,72) v v v v v v
min[AR(j;, j1 or j2)], i > 2 v v
N (track-jets in J) v v v
N(add. small-R jets) v v v
colour ring v v v
A2 %
Hy +EP v
m v
Meop v
min[A¢(£, j1 or j2)] v
ph v
(v — EF™)/pY 4
Myp v
cos0*(£~,V) v v

Table 2. Variables used for the multivariate discriminant in each of the channels. The v' symbol
indicates the inclusion of a variable. The BDTyow.Arcr uses the same variables as the 1-lepton
resolved Hbb category as described in the text.

(]ofF — Emiss)/ p¥, which is a proxy for the W boson’s lepton pr asymmetry, are only used

in the 1-lepton boosted channel. The dilepton mass mys is used in the 2-lepton resolved

channel and cos#*(£~, V'), which is calculated using the lepton direction in the Z boson

rest frame and the flight direction of the Z boson in the laboratory frame, is used both in

the 2-lepton resolved and boosted regimes.
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Figure 5. The relative background composition in the signal and control regions with (a) 150 GeV <
py < 250GeV in the O-lepton channel and (b) 250 GeV < p¥ < 400 GeV in the 1-lepton channel.
The ratio of the data to the total signal-plus-background (S+B) prediction is also shown. The
background predictions are adjusted with the results of the V H fit to data described in section 9 and
the uncertainty band corresponds to the overall uncertainty in the background predictions.

7 Background predictions

The leading backgrounds affecting the analysis are ¢t and V+ jets production. Subleading
contributions arise from single top-quark production, multijet production and diboson
production (VV); for the latter case, the production of a vector boson and a Z boson
(VZ) decaying into bb or c¢ represent a process with similar topology to the V H signal and
is used to validate the analysis methodology.

The simulated event samples, which are summarised in section 3, are used to model all
background processes except for the ¢t background in the Hbb 2-lepton resolved channel
and the multijet background in the 1-lepton channel, which are both estimated by using
data-driven techniques. In the following, a brief overview of the composition of the leading
backgrounds and the techniques used to estimate them is given.

The detailed composition of background processes varies greatly across signal and control
regions. Examples of the background composition in a representative p¥ intervals for each
of the three lepton channels are shown in figures 5 and 6.

V+ jets. V4 jets is a major background in all the SRs and its relative importance increases
with p¥ . The 2-lepton channel contribution is almost exclusively composed of Z+ jets events,
while that of the 1-lepton channel is mostly W+ jet events. Both contributions are present
in the 0-lepton channel with a predominance of Z+ jet events. Simulated MC events are
categorised according to the flavours of j; and jo: V+ If when they are both light-flavour;
V+ hf for cc and bb; mixed flavour (V+ mf) for the remaining cases (cl, bl and bc). Events
from the V+bb process compose 85% to 95% of the V+ jets background in the resolved Hbb
regions; the fraction drops to 50% in the boosted reconstruction regions due to the relaxed
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Figure 6. The relative background composition in the signal and control regions with (a) 75 GeV <
p¥ < 150 GeV in the 2-lepton channel and (b) all regions with p¥. > 400 GeV. The ratio of the data
to the total signal-plus-background (S+B) prediction is also shown. The background predictions
are adjusted with the results of the V H fit to data described in section 9 and the uncertainty band
corresponds to the overall uncertainty in the background predictions.

lepton

flavour tagging requirement.” In the Hee category the flavour composition of V + jets events is
more diverse and strongly depends on the tagging requirements. In addition, the composition
differs between W+ jets and Z—+ jets processes due to W+c production, which significantly
enhances the fraction of W+ mf events. The C1tC SRs have a V+cc fraction of 30%-40%
(15%-20%) for Z+ jets (W+ jets); the values roughly double in the CtCr High-AR CRs.
Therefore, splitting the High-AR CR in C1Cy, and CtCr events provides better control of
the V+ jets flavour composition. More than 60% of V+ jets events in the CtN regions are
populated by V+ mf events; the composition is very consistent between SRs and High-AR
CRs. Finally, C;,N CRs are dominated by V+ If events.

The normalisations of the V+ hf, V+ mf, and V+ If components in the resolved regime
are free to float in the fits to data independently in different jet multiplicity (2-, or > 3-jets)
and p¥ intervals. For Z+ hf there are additional normalisation parameters for the regions
with exactly three jets, to decouple the background normalisation between the 3-jet and
> 4-jet regions. In the boosted regime, a common normalisation is used for the V+ hf and
V4 mf components in the two p¥ ranges. The V+ hf and V4 mf components are constrained
by the SRs, Low-AR and High-AR CRs, while the V+ [f are constrained by the C;,N regions.
In the 1-lepton channel of the resolved Hbb category, the W+ hf normalisation constraints are
significantly improved with the introduction of a BDT for the Low-AR CRs (BDT1ow.ARCR)
as described in section 6. In comparison to a fit with only a single bin in the Low-AR CR,
the uncertainty in the W+ hf normalisation factor is reduced, in the 75 GeV < p%}[_f < 150 GeV
(150 GeV < p¥ < 250 GeV) region by a factor of two (by 30%). In total, 42 free-floating
normalisation factors are used in the fits to achieve an adequate V' + jets background model.

" Approximately 15% of V+ jets events is V4cc in these regions.
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Top-quark background in 0- and 1-lepton channels. Top-quark processes represent
the leading background in several analysis regions of the 0-lepton and the 1-lepton channels;
its contribution is more relevant in the Hbb category than in the Hcc ones, which have
a veto on b-tagged jets. The relative contribution strongly increases with jet multiplicity
and decreases as p¥ increases.

The top-quark background primarily consists of t¢ production and Wt production, which
are treated jointly given the very similar final state topology and to minimise the impact of
interference effects. The relative fraction of Wt with respect to the total top contribution
varies from 5% to 15% with increasing p¥ in the Hbb category and from 15% to 20% in
the Hcce category, depending on the tagging requirements. Single-top ¢-channel background
is most relevant in the Hbb category of the 1-lepton channel, reaching almost 10% of the
top-quark background in the low p¥ SRs. The s-channel single-top process is negligible in all
the analysis regions. The contributions of ¢ and Wt arise primarily from events where one of
the W bosons decays leptonically and the other one hadronically; events enter the O-lepton
channel from cases where the lepton is not reconstructed, fails to meet the identification
criteria or is outside the detector acceptance.

In a similar way as the V+jets background, top-quark backgrounds are categorised
according to the truth flavour of j; and jo. The top(bb) process primarily captures
configurations where the Higgs boson candidate is built from the two b-jets from the top-quark
decays.® The events are characterised by large values of my and AR(j1,j2) and represent
the leading contribution in High-AR CRs of the Hbb category, while in the Hcc category the
relative contribution reaches at most 15%. The top(bg) contribution describes configurations
where the Higgs boson candidate is built from a b-jet and either a ¢- or light jet from
the W boson decay; my is therefore bound by the top-quark mass and the event is more
signal-like. The contribution increases with p‘T/ and it represents up to 70% of the relative
fraction of the total top-quark background in the SRs of both Hbb and Hcc categories a
well as the BCt Top CRs; in the latter, the usage of my. as discriminating variable in the
fits further contributes to isolating the contribution of this critical background. Finally, the
top(qq) background represents events where the Higgs boson candidate jets are c¢- or light
jets, and therefore it captures configurations where the Higgs boson candidate is primarily
built from jets from the hadronically decaying W boson; its contribution is negligible in the
Hbb category, while it reaches up to 40% of the top-quark background for the loose tagging
requirement regions in the Hece category. In the boosted regime, the large-R jet naturally
captures the full hadronic decay of the top-quark. In top(bq) events, particularly where one
of the subjets is a c-jet, represent up to 85% of the total top-quark background contribution.
The value is consistent between SRs and the Boosted Top CRs.

In the 0- and 1-lepton channels, separate free-floating normalisations are used for the
top(bb) component and the combined top(bq) and top(gq) components, collectively referred
to as the top(bg+qq) component. The normalisation factors are further split depending on
the jet multiplicity (2-, 3-, or 4-jet) and p¥ intervals. In total, there are 18 free-floating
normalisation factors for the top-quark background in the 0- and 1-lepton channels.

8The contribution of tt+ hf is suppressed by the upper requirement on the jet multiplicity.
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Top-quark background in 2-lepton channels. In the 2-lepton channels the top-quark
background comes mainly from di-leptonic ¢t and Wt events. In the Hbb resolved category
samples are defined in the data following a similar selection to the Top ey CR described in
section 5. These samples have the same selection as the SRs but require an electron and a
muon rather than two same-flavour leptons and are directly used as the background estimate.
They provide top-quark samples with purity above 99% since most backgrounds and the
signal are expected to contain same-flavour lepton pairs from a Z boson decay.

In the Hce category, where the MC-based predictions are used, all components are
correlated and there are five corresponding free-floating normalisation factors in the fits for
the Hcc category, depending on p¥ and jet multiplicity. Similarly for the boosted regime,
since the top-quark background decreases rapidly with p¥ and is small in this region, it
is taken from MC simulation.

Diboson. Diboson production is comprised of the WW, WZ and ZZ processes and
contributes primarily to the SRs. In the Hbb resolved category, the VZ, Z — bb process
contributes approximately to 90% of the overall diboson events; the fraction decreases to 60%
for p¥ > 400 GeV due the relaxed tagging requirement in the boosted reconstruction. In the
Hce category, the contribution from V' Z, Z — c¢ varies between 10% and 40% depending on
the tagging requirements. The leading process is VW, W — ¢s. The Z — bb contamination
in the Hee category is always lower than 5% thanks to the excellent performance of the
tagging algorithm, while the contribution from other hadronic Z boson decays is only relevant
in the CtN SRs.

Multijet. The production of events with multiple jets, multijet (MJ), has a large cross-section
and thus, despite not being a source of genuine missing transverse momentum or prompt
leptons, can contribute a non-negligible amount of background in the analysis regions. In
the 1-lepton channel, the MJ background is estimated in each analysis region by performing
a template fit to the m%/ distribution, which offers discrimination between MJ and other
background and signal processes. The fit is performed as a preliminary step prior to the final
analysis fit and it is used to extract overall normalisation of the MJ template and the related
uncertainties. The shape of the multijet template is evaluated from data using a dedicated
CR, defined as the nominal event selection, except the strict lepton isolation requirement is
inverted. Contributions from other backgrounds in this CR are estimated with simulation and
subtracted. The MJ background was demonstrated to be negligible in both the 0- and 2-lepton
channels and all boosted regions following the procedure described in refs. [11, 22, 38].

8 Systematic uncertainties

The sources of systematic uncertainty can be broadly divided into three groups: those of
an experimental nature, those related to the theoretical modelling of the backgrounds and
those associated with the Higgs boson signal simulation. The estimation of the uncertainties
builds upon the methodology outlined in refs. [18, 22, 38] and is briefly summarised below.
The breakdown of the systematic uncertainties and their impact on the signal strength
extraction is shown in section 10.
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8.1 Experimental uncertainties

The dominant experimental uncertainties originate from the flavour-tagging performance, jet
energy scale calibration and the modelling of the jet energy resolution.

The uncertainty in the flavour tagging correction factors (see section 4) is decomposed into
several independent and uncorrelated contributions. Additional simulation-based uncertainties
are derived to cover the extrapolation to higher-pr regimes outside the validity range of the
calibrations; following the procedure laid out in refs. [105-107]. Flavour-tagging uncertainties
are treated as uncorrelated between small-R and VR track-jets.

For small-R jets, the uncertainties in the calibration of the energy scale and resolution,
derived in ref. [101]; an additional uncertainty in the energy calibration of b- and c-jets is also
included. Furthermore, an uncertainty is assigned to the efficiency of the jet-vertex-tagging
requirement on jets [102]. For large-R jets, the uncertainties in the energy and mass scales
are based on a comparison of the ratio of calorimeter-based to track-based measurements
in dijet data and simulation, as described in ref. [111].

Uncertainties in the reconstruction, identification, isolation and trigger efficiencies of
muons [94] and electrons [93] are considered, along with the uncertainty in their energy
scale and resolution. The uncertainties in the energy scale and resolution of the jets and
leptons are propagated to the calculation of ErTniSS, which also has additional uncertainties
from the modelling of the underlying event and momentum scale, momentum resolution
and reconstruction efficiency of the tracks used to compute the soft-term [119]. A dedicated
uncertainty in the Ell?iss trigger selection efficiency, derived from the comparison of data and
simulation as explained in refs. [18, 38], is also included.

An uncertainty of 0.83% in the total integrated luminosity [127], obtained using the
LUCID-2 detector [44] for the primary luminosity measurements and complemented by
measurements using the inner detector and calorimeters, is assigned to physics processes
whose normalisations are taken from simulation. An uncertainty arising from the correction of
the pile-up distribution in simulation compared with that in data based on the measurement
of the visible cross-section in minimum-bias events [128], is also considered.

8.2 Background uncertainties

Background modelling uncertainties for the simulated samples cover three areas: absolute
normalisation uncertainties; relative acceptance uncertainties that account for the differences
in normalisation between samples with a common floating normalisation factor; and shape
uncertainties that account for uncertainties in the shapes of the different discriminants fit
in the various regions, as listed in table 3.

Shape uncertainties derived by comparing the nominal and alternative MC samples
commonly suffer from statistical fluctuations, especially in the tails of the distributions. In
ref. [18], this issue was mitigated with the BDTg reweighting technique, which is now further
improved by the neural-based Calibrated Likelihood Ratio Estimator (CARL) algorithm [129].
Utilising dense neural networks, the nominal and alternative (systematic variation) MC
samples for a given physics process are used in a classification problem to train an optimal
classifier, using the same kinematic variables as the ones used in the MVA described in
section 6. A transformation of the neural network output score is used to estimate the
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density ratio of the probability density functions for the alternative and nominal processes, as
described in ref. [130]. The CARL methodology then reweights the MC simulation to match
the probability distribution of the alternative process. Due to the larger statistical sample
size of the nominal dataset compared with the alternative, the reweighting process yields a
pseudo estimate of the alternative MC prediction with higher statistical precision, thereby
providing shape uncertainties that are less susceptible to statistical fluctuations.

V +jets production. The V4 jets normalisation uncertainties and relative acceptance
uncertainties are estimated by varying the renormalisation (u,) and factorisation (uf) scales
by factors of 0.5 and 2.0, by varying the PDF, by varying the nominal scheme of the
inclusion of the virtual NLO EW corrections compared with the NLO QCD corrections
(additive) to alternative schemes (multiplicative and exponentiated). These uncertainties
are obtained by constructing an envelope from the alternative generator weights and using
the LHAPDF prescription [131] for the PDF uncertainty. Furthermore, shape uncertainties
are derived with the CARL technique by comparing the nominal SHERPA 2.2.11 sample to
an alternative V4 jets sample produced with MADGRAPH5__AMC@NLO+PYTHIA 8 [132]
using FxFx merging [133]. The MADGRAPH5__AMC@NLO+PvYTHIA 8 sample is produced
with up to three additional partons at NLO accuracy and is described in more detail in
ref. [48]. All V+ jets modelling uncertainties are treated as uncorrelated between W+ jets
and Z+ jets processes.

Uncertainties are estimated for the relative normalisation of the heavy-flavour components
that constitute the V+ hfand V4 mfbackgrounds. These uncertainties account for the relative
difference in the normalisation of the bb to cc, bl to be, bl to cl, and be to ¢l components, as
a function of p¥ and jet multiplicity. In the boosted regime, where V+ hf and V+ mf are
floated coherently, additional uncertainties are also considered in the relative ratio of these
components.

Relative acceptance uncertainties for the W+ jets backgrounds are estimated for the ratio
of the event yield in the 0-lepton channel to that in the 1-lepton channel. For the Z+ jets
backgrounds, there is a relative acceptance uncertainty in the ratio of the event yield in the
0-lepton channel to that in the 2-lepton channel. For both W+ jets and Z+ jets, relative
acceptance uncertainties are estimated for the ratio of the event yield in the SR to that in the
Low-AR and High-AR CRs. Furthermore, relative acceptance uncertainties are estimated
for the ratio of the event yield between 400 GeV < p% < 600 GeV and p% > 600 GeV regions
where there is a common Z+ jets normalisation factor and for the 3-jet and 4-jet regions,
which are covered by a common W+ jets normalisation factor in the OL Hbb category.

Additional shape uncertainties are estimated for the V+ jets backgrounds using the
CARL technique by reweighting the nominal SHERPA 2.2.11 sample to the alternative
MADGRAPH5  AMC@NLO+PYTHIA 8 sample separately in two regions defined by the
AR(j1,j2) = 1.0 threshold.” The corrections obtained in the Low-AR CRs, which are
sensitive to the modelling of the parton shower and the matching between matrix element
and parton shower, are not necessarily applicable also to the High-AR regions. Shape

9The AR(j1,52) = 1.0 value approximately corresponds to the maximum kinematically allowed separation
between two jets originating from gluon splitting with the ME+PS matching scale set at 20 GeV, following the
m? ~ pil p?2 AR(j1, j2)? relation.
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uncertainties are also derived for the u, and us scale variations and variations in the scheme of
the virtual NLO EW corrections. Furthermore, dedicated p¥ shape uncertainties are derived
in addition to the scale uncertainties by comparing the SHERPA 2.2.11 and SHERPA 2.2.1 MC
samples separately for each V4 jets component. These uncertainties are not covered by the
ur and py variations and provide the needed flexibility in the likelihood fit to correct the p¥
spectra within a given p¥ bin. The scale setting algorithms in SHERPA 2.2.11 were updated
for better computational performance, as explained in ref. [48], which lead to 10%-level
differences in the p¥ shape between the two samples. It is found that the central value
of the p¥ shape modelled by SHERPA 2.2.1 matches the data better in the p¥ < 400 GeV
region while the SHERPA 2.2.11 p¥ shape matches the data better in the p¥ > 400 GeV region.
Most of these p¥% shape uncertainties are constrained in the CRs by directly fitting the p¥.
distributions as summarised in table 3.

tt and Wt production. Modelling systematic uncertainties are derived from
comparisons between the nominal sample (POWHEG+PYTHIA 8) and alternative samples
corresponding to matrix-element (MADGRAPH5__AMCQ@QNLO+PyTHIA 8) and parton-shower
(POWHEGH+HERWIG 7 [134]) generator variations. The corresponding shape uncertainties are
derived using CARL reweighting, similar to the V+ jets background. In addition, the impact
of additional radiation is assessed using (MADGRAPH5 AMCQ@QNLO+PYTHIA 8) samples
with modified parameter values for initial-state radiation (ISR) and FSR.

Uncertainties in the relative composition of the two commonly normalised components,
top(bg) and top(qq), and the relative composition between the tt and Wt processes, are
estimated from the difference in their relative rates between the nominal sample and the
alternative matrix element and parton shower generator samples. Furthermore, relative
acceptance uncertainties are estimated for the ratio of the top-quark event yields in the SRs
to that in the Low-AR and High-AR CRs and for the O-lepton to 1-lepton channel event
yield ratios. Lastly, dedicated acceptance plus normalisation uncertainties are evaluated from
comparisons between the nominal sample using the diagram subtraction scheme [49] and the
diagram removal scheme [50] to account for the interference between Wt and ¢t production.

The uncertainty in the top-quark background in the 2-lepton Hbb resolved channel is
dominated by the statistical uncertainty of the data control regions used to estimate it.

Single top t-/s-channel. The single top t-channel normalisation is constrained by the
theory prediction with a normalisation uncertainty applied, derived from the internal MC
renormalisation and factorisation scale and PDF variations. The acceptance uncertainties are
estimated for the extrapolation between the SRs and Low-AR and High-AR CRs, between
different p¥ regions, between different jet multiplicities, and between the 0-lepton and
1-lepton channels. The shape uncertainties are derived using the CARL technique from
comparisons between the nominal sample (POWHEG+PYTHIA 8) and alternative samples
corresponding to matrix-element (MADGRAPHS5__AMC@NLO+PyTHIA 8) and parton-shower
(POWHEG+HERWIG 7) generator variations, and from the impact of additional radiation
using MADGRAPHS5__AMCQ@NLO+PyTHIA 8 samples with modified parameter values for
ISR and FSR. For the single top s-channel, only a flat normalisation uncertainty is applied
as its contribution to the total background is small.
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Diboson production. The shape uncertainties, normalisation and relative acceptance
uncertainties are estimated similarly to the V+ jets processes: by comparing the nominal
SHERPA 2.2.11 samples to the SHERPA 2.2.1 samples, by comparing the nominal samples to
POWHEG+PYTHIA 8 diboson samples (also used in previous results [18, 22, 38]), by varying
the renormalisation and factorisation scales, by varying the PDF, and by varying the scheme
of the virtual NLO EW corrections. The shape uncertainties from two-sample comparisons
are estimated by using the CARL technique. In addition to the different scale choice between
SHERPA 2.2.11 and SHERPA 2.2.1 samples, SHERPA 2.2.11 samples have retuned heavy-flavour
hadron production rates and b-hadron fragmentation functions [48], which lead to shape
differences between the Z — bb and Z — cé dijet invariant mass distributions.

Multijet production. The shape and normalisation uncertainties in the multijet background
in the 1-lepton channel are derived by following the procedure outlined in ref. [11]. Two
different uncertainty components are considered, those that alter the normalisation and those
that alter the multijet template shape.

8.3 Signal uncertainties

The systematic uncertainties that affect the modelling of the signal are estimated with
procedures that closely follow those outlined in refs. [17, 135-137]. The systematic
uncertainties in the calculations of the VH production cross-sections and the H — bb,
cc branching fraction'® are assigned following the recommendations of the LHC Higgs Cross
Section Working Group [40, 73, 138, 139].

Uncertainties in acceptance and shape of the BDT output are estimated, as described
in ref. [11], from renormalisation and factorisation scale variations, PDF and ag (PDF+ay)
uncertainties, from varying the parton shower and underlying event (PS/UE) models using
PyTHIA 8 internal variations and from comparisons with alternative parton-shower generator
samples (POWHEG+HERWIG 7). The effects are treated as uncorrelated between gg-initiated
and gg-initiated processes.

In addition, a systematic uncertainty from higher-order EW corrections is taken into
account as a variation in the shape of the p¥ distributions for V. H production. Acceptance
uncertainties, evaluated according to STXS regions, accounting for the migration and
correlations between regions, are evaluated for the scale variations, PS/UE models and
PDF+ag. All the contributions, apart from the branching ratio uncertainties, are treated
as fully correlated between the H — bb and H — c¢ processes.

For the STXS measurement, the signal uncertainties are separated into two groups. The
first group contains uncertainties in the acceptance and shape of kinematic distributions, which
alter the signal modelling (theoretical modelling uncertainties). The second set contains
uncertainties in the prediction of the production cross-section for each kinematic region
(theoretical cross-section uncertainties). Whilst theoretical modelling uncertainties enter the
STXS measurements, theoretical cross-section uncertainties only affect the predictions with
which they are compared, and are therefore not included in the likelihood function.

10T hese systematic uncertainties are fully degenerate with the signal yield and do not affect the calculation
of the significance relative to the background-only prediction and STXS cross-section measurement.
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9 Statistical model

The statistical procedure is based on fits using a likelihood function £(u, @) constructed as the
product of Poisson probability terms over the bins of the input distributions, with parameters
of interest (POIs) p extracted by maximising the likelihood. The effects of systematic
uncertainties enter the likelihood as nuisance parameters (NPs), 6. The normalisations
of the largest backgrounds, top-quark and V+jets processes in several analysis regions,
are determined by the fit, so they are left unconstrained in the likelihood. Experimental,
background and signal systematic uncertainties, discussed in section 7, are described by
NPs that are constrained with Gaussian or log-normal probability density functions. The
uncertainties due to the limited number of events in the simulated samples used for the
background predictions are included using the “light” Beeston-Barlow technique [140]. As
detailed in ref. [141], systematic variations that are subject to large statistical fluctuations
are smoothed, and systematic uncertainties that have a negligible impact on the final results
are pruned away region-by-region (treating signal and control regions separately).

The global likelihood fit comprises 59 signal regions (27 targeting H — bb and 32
targeting H — cc), where BDT distributions are considered, and 97 control regions. The
list of variables used in each CR of the resolved regime is shown in table 3; in the boosted
regime the mass of the large-R jet is considered in the Top CRs. The variables are selected
by balancing fit complexity, data statistical uncertainty and the capability to control critical
background modelling uncertainties.

The binning of the BDT distributions is determined following the algorithm defined in
ref. [117] to obtain a smoother distribution for the background processes and finer binning in
the regions with the largest signal contribution, whilst ensuring that the statistical uncertainty
of the simulated background is less than 20% in each bin. In addition, bins are required to
have at least three expected events considering the sum of the total backgrounds and the SM
expected signals. The final number of bins for each distribution varies from 15 to 3 depending
on the expected number of background events. The analysis is run blinded meaning all
selection criteria and the systematic model are determined without looking at the data in any
histogram bin with significant expected signal or looking at signal yields from the likelihood fit.

Multiple alternative sets of POIs are probed by the analysis. First in the V H fit, two
signal strength parameters, M?}"H and iy, are considered as multiplication factors that scale
the expected VH, H — bb and VH, H — c¢ predictions respectively. An upper limit at
95% confidence level (CL) on the VH, H — cc signal strength is computed using a modified
frequentist CLs method [142], with the profile-likelihood ratio as the test statistic [143].
Second, a fit with 4-POI is performed to extract simultaneously the signal strength for
the WH and ZH productions in H — bb and H — c¢ (18, 1%, 1565, 15y). Third,
a 13-POI fit version measures the signal cross-section multiplied by the H — bb and
V' —leptons branching fractions in the STXS categories defined in figure 4. For the categories
with p¥’t < 75GeV no dedicated signal region exist and their contribution is fixed to the
SM predictions including the full set of uncertainties described in section 8.3. For this fit
configuration, an inclusive signal strength is used for the V. H, H — c¢¢ component. Fourth,
an additional 10-POI fit is performed where no split is considered in the number of jets
(reduced STXS schema).
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Channel | Region BB CtN | CpCy, | CrCr | BCr CLN
High-AR CR Norm. Only —

BCt Top CR — M52 -
V+IfCR — Norm. Only
Low-AR CR | BDTow.ARCR -

High-AR CR Y My —
1-lepton | BCt Top CR — Mjy4s
V+1f CR — T
High-AR CR Py M1 jo —
Top en CR — Norm. Only —
V4 IfCR — Py

0-lepton

2-lepton

Table 3. A schematic of the fit variables used in the control regions. In the signal regions, the BDT
output is used as the fit variable. The ‘Norm. Only’ label indicates that only the event yield is used
in the fits and ‘“— indicates that the region is not used in the fits.

Finally, alternative fits are performed to extract signal strengths for the diboson processes
as a cross-check. First a 2-POI fit is used to extract p??, and p§,, then a 4-POI VZ fit
measures the signal strength of the WZ and ZZ, with Z — cé or Z — bb. These fits use the
BDT VZ output distributions instead of the V. H BDT. The SM Higgs boson is included
as a background process normalised to the predicted SM cross-section and including the
full set of uncertainties described in section 8.3.

10 Results

The background predictions in all post-fit distributions and tables are obtained by normalising
the backgrounds and setting the nuisance parameters according to the values determined
by the fit configuration with two inclusive signal strengths.

The post-fit normalisation factors of the unconstrained backgrounds in the V H fit are
shown in Tables 4-6. The V+ jets normalisation factors have a similar behaviour for W+ jets
and Z+ jets; the normalisation factors increase with the number of additional jets and with p¥ .
The same trends are observed in a dedicated measurement of the Z+ hf processes in ref. [144]
for comparable multijet merged MC samples generated at NLO precision. The normalisation
factors for the top-quark background processes show that the NLO POWHEG+PYTHIA 8
generator set-up overshoots the data with increasing p¥, similarly to the trend observed in a
dedicated measurement of the top-quark transverse momentum in ¢t events [145].

Figures 7-9 show the BDTy g output distribution for a selection of the most sensitive
signal regions for both the H — bb and H — c¢ signals. The goodness-of-fit evaluated using
a saturated model [146, 147] yields a probability of more than 75% for all fit configurations.
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pY. interval Number of jets W+ hf W+ mf W+ If
2 1.09 = 0.06 | 1.20 £ 0.03 | 1.03 + 0.04
1 v
75150 Ge >3 1.30 + 0.07 | 1.16 + 0.04 | 1.07 + 0.05
2 1.00 = 0.05 | 1.31 + 0.03 | 1.08 + 0.03
150-2
50-250 GeV >3 1.28 + 0.07 | 1.31 + 0.04 | 1.07 + 0.04
2 0.97 + 0.08 | 1.35 + 0.07 | 1.05 + 0.03
2504
50-400 GeV >3 1.46 + 0.12 | 1.32 + 0.07 | 1.10 + 0.04
400-600 GeV — 1.49 + 0.25 —
> 600 GeV — 2.03 + 0.25 —

Table 4. The normalisation factors applied to the W+jets background processes in the analysis
as obtained from the V H fit to data. The errors represent the combined statistical and systematic

uncertainties.
p¥. interval Number of jets Z+ hf Z+ mf Z+1f
2 1.20 £ 0.04 | 1.04 + 0.04 | 1.12 + 0.03
-1
75150 GeV >3 1.49 + 0.06 | 1.11 = 0.05 | 1.12 £ 0.05
3/>3 0.77 £ 0.03 — —
2 1.30 = 0.04 | 1.08 & 0.04 | 1.17 £ 0.02
150-250 GeV
¢ >3 1.59 + 0.07 | 1.14+ 0.05 | 1.17 £ 0.04
3/>3 0.80 + 0.04 — —
2 1.40 £ 0.07 | 1.31 + 0.08 | 1.16 + 0.03
250-400 GeV
¢ >3 1.78 £ 0.09 | 1.32 + 0.07 | 1.20 £+ 0.04
3/>3 0.74 £+ 0.04 — —
>400 GeV — 1.63 + 0.13 —

Table 5. The normalisation factors applied to the Z+jets background processes in the analysis as
obtained from the V H fit to data. The 3/ > 3 value is an additional correction factor applied to
Z+ hf events in categories with exactly three jets on top of the >3 normalisation factors. The errors

represent the combined statistical and systematic uncertainties.

p¥. interval Number of jets | Top(bb) Top(bq,qq) Top 2L
2 1.02 £0.04 | 0.98 £ 0.05 | 1.05 £ 0.05
75-150 GeV
¢ 3 0.97 £ 0.03 | 0.98 + 0.03 | 0.98 & 0.05
2 0.89 + 0.05 | 0.83 £ 0.04 | 1.07 £ 0.16
150-250 GeV 3 0.91 £ 0.03 | 0.86 + 0.03
95 +£0.14
4 0.97 + 0.02 | 0.95 + 0.03 0.95£0
2 0.78 & 0.08 | 0.82 + 0.05
250400 Gev 3 0.83 & 0.04 | 0.80 + 0.03 | 1.10 & 0.50
4 0.93 4+ 0.05 | 0.86 4+ 0.04
400-600 GeV — 0.83 £ 0.05 —
>600 GeV — 0.69 4+ 0.07 —

Table 6. The normalisation factors applied to the top-quark background processes in the analysis
as obtained from the V H fit to data. The errors represent the combined statistical and systematic

uncertainties.
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Figure 7. The BDTyy post-fit distributions in the (a) 150GeV < p¥ < 250GeV and
(b) 250GeV < p¥ < 400GeV signal regions of the Hbb category in the O-lepton, (c)
75GeV < p¥ < 150GeV, (d) 150GeV < p¥ < 250GeV and (e) 250GeV < pY < 400 GeV
in the 1-lepton and (f) 75GeV < p¥ < 150GeV, (g) 150GeV < p¥ < 250GeV and (h)
250 GeV < p¥. < 400 GeV in the 2-lepton channel for events with 2 jets. The background contributions
after the VH fit are shown as filled histograms. The Higgs boson signal VH, H — bb is shown as
a filled histogram on top of the fitted backgrounds normalised to the signal yield extracted from
data (1 = 0.92), and unstacked as an unfilled histogram, scaled by a value reported in the legend
for better visualisation. The size of the combined statistical and systematic uncertainties for the
sum of the fitted signal and background (S+B) are indicated by the hatched band. The ratios of
the data to the sum of the fitted signal and background are shown in the lower panel.
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Figure 8. The BDTy y post-fit distributions in the (a) 150 GeV < p¥ < 250 GeV and (b) 250 GeV <
pY. < 400 GeV signal regions of the Hee CrC category in the O-lepton, (c) 75 GeV < p¥ < 150 GeV,
(d) 150 GeV < p¥. < 250 GeV and (e) 250 GeV < p¥. < 400 GeV in the 1-lepton and (f) 75 GeV < p¥. <
150 GeV, (g) 150 GeV < p¥ < 250 GeV and (h) 250 GeV < p¥ < 400 GeV in the 2-lepton channel for
events with 2 jets. The background contributions after the V H fit are shown as filled histograms. The
VH, H — c¢signal and the contribution from V H, H — bb are shown unstacked as unfilled histograms,
scaled by the factor indicated in the legend. The size of the combined statistical and systematic
uncertainties for the sum of the fitted signal and background (S+B) are indicated by the hatched band.
The ratios of the data to the sum of the fitted signal and background are shown in the lower panel.
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Figure 9. The BDTy g post-fit distributions in the (a) 400 GeV < p¥ < 600GeV and (b) p¥ >
600 GeV signal regions of the boosted regime in the 0-lepton, (c) 400 GeV < p¥. < 600 GeV and (d)
py. > 600 GeV in the 1-lepton and (e) 400 GeV < p¥ < 600 GeV and (f) p¥ > 600 GeV in the 2-lepton
channels. The background contributions after the V' H fit are shown as filled histograms. The Higgs
boson signal VH, H — bb is shown as a filled histogram on top of the fitted backgrounds normalised
to the signal yield extracted from data (u = 0.92), and unstacked as an unfilled histogram, scaled by a
value reported in the legend for better visualisation. The size of the combined statistical and systematic
uncertainties for the sum of the fitted signal and background (S+B) are indicated by the hatched band.
The ratios of the data to the sum of the fitted signal and background are shown in the lower panel.
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10.1 Diboson signal strength measurements

Measurements of V' Z production, which are used to validate the Higgs boson analysis, yield
signal strengths of

u}, = 0.92109% = 0.92 +0.05 (Stat.)
u§s, = 0.987025 = 0.98 4 0.13 (Stat.)

in good agreement with the SM predictions. The correlation between the two measurements
is +46% primarily driven by signal modelling uncertainties, which also represent the leading
contribution to the overall uncertainty. For the VZ, Z — c¢ process, the observed (expected)
significance over the background-only prediction is 5.2 (5.3) standard deviations. The V Z,
Z — bb process is observed with a significance greater than 10 standard deviations. A fit is
also performed with separate signal strengths for the W Z and ZZ processes in the two decay
modes of the Z boson; the results are shown in figure 10. The W Z, Z — bb process is observed
(expected) at 6.4 (6.5) standard deviations, while the significance is greater than 10 standard
deviations for ZZ, Z — bb. Evidence for both WZ and ZZ with Z — cé is found with an
observed (expected) significance of 3.9 (2.7) and 3.1 (4.3) standard deviations respectively.

10.2 V H signal strength measurements

The measured signal strength for the H — bb and H — c¢ signals are:

3 = 0.927018 = 0.92 + 0.10 (Stat.) T513 (Syst.),
py = 1.0725 = 1.0735 (Stat.) 5% (Syst.).

The results are shown in figure 11 together with the expected and observed 68% and 95%
CL contours. Both measurements show good agreement with the SM and their correlation
is +5%.

The measurement of u%%; has an observed (expected) significance of 7.4 (8.0) standard
deviations. The measured H — bb signal strengths of the W H and ZH processes separately

T T e
ATLAS VZ, Z— bb/cT, {s=13 TeV, 140 fb™! ATLAS VZ, Z- bb/cT, {s=13 TeV, 140 fb™"

— Total unc — Stat. unc Tot. ( Stat., Syst.) — Total unc — Stat. unc Tot. ( Stat., Syst.)
WZ, Z bb ——p——1 1.00 o2 (055, %%) WZ, 7 o8 ——e——i 1.46 03 (051, 037)
22,2556|  tret o1 9 (28.%12) 22,25 re 071 9% (517.%%)
Comb. VZ, Z— bb e 0.92 *$13 (008, 512) Comb. VZ, Z— ¢& e 0.98 "0 (013 022)
Il Il Il Il Il Il Il Il Il Il Il Il Il
06 08 1 12 14 16 18 2 22 05 1 15 2 25 3 35 4
bb cc
Hyz Hyz
(a) (b)

Figure 10. The fitted values of the V Z signal strengths for the (a) Z — bb and (b) Z — ¢ processes.
The values for the W Z and ZZ signal strengths are obtained from a simultaneous fit with the signal
strengths for each of the WZ and ZZ processes floating independently for the two decay modes.
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VH, H— bband VH, H— cc signal strengths, along with their best-fit values.
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Figure 12. The fitted values of the WH, H — bb and ZH, H — bb signal strengths, along with their
combination.

are shown in figure 12, in agreement with the SM predictions. The ZH, H — bb measurement
has an observed (expected) significance of 4.9 (5.6) standard deviations, while the observed
(expected) significance for WH, H — bb is 5.3 (5.5) standard deviations. This is the first
observation of the WH, H — bb process.

The effects of systematic uncertainties in the measurement of the VH, H — bb,
WH,H — bb, ZH, H — bb and VH, H — c¢ signal strengths are shown in table 7.
The impact of a set of systematic uncertainties is defined as the difference in quadrature
between the uncertainty in p computed when all NPs are fitted and that when the NPs in
the set are fixed to their best-fit values. The total statistical uncertainty is defined as the
uncertainty on g when all the NPs are fixed to their best-fit values. The total systematic
uncertainty is defined as the difference in quadrature between the total uncertainty in
and the total statistical uncertainty.
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Ou

Source of uncertainty

VH,H—bb |WH, H—bb ZH,H—bb |VH, H— cc

Total 0.153 0.204 0.216 5.31
Statistical 0.097 0.139 0.153 3.94
Systematic 0.118 0.149 0.153 3.57
Statistical uncertainties
Data statistical 0.090 0.129 0.139 3.67
tt ey control region 0.009 0.014 0.027 0.08
Background floating normalisations 0.034 0.049 0.042 1.24
Other V H floating normalisation 0.007 0.018 0.014 0.33
Simulation samples size 0.023 0.033 0.030 1.62
Experimental uncertainties
Jets 0.027 0.035 0.030 1.02
Emiss 0.010 0.005 0.021 0.23
Leptons 0.003 0.002 0.010 0.25

b-jets 0.020 0.018 0.026 0.29
Flavour tagging c-jets 0.013 0.017 0.012 0.73

light-flavour jets 0.005 0.008 0.008 0.66
Pile-up 0.008 0.017 0.002 0.23
Luminosity 0.006 0.007 0.006 0.08
Theoretical and modelling uncertainties
Signal 0.076 0.074 0.101 0.72
Z + jets 0.042 0.018 0.081 1.77
W + jets 0.054 0.087 0.026 1.42
tt and Wt 0.018 0.033 0.018 1.02
Single top-quark (s-, t-ch.) 0.010 0.018 0.002 0.16
Diboson 0.033 0.039 0.049 0.52
Multijet 0.005 0.010 0.005 0.55

Table 7. The breakdown of contributions to the uncertainty in the fitted value of the signal strengths
(o,) for VH, H — bb, WH, H — bb, ZH, H — bb and VH, H — c¢. The sum in quadrature of
uncertainties from different sources may differ from the total due to correlations. In cases where the
upward and downward systematic variations have different values, the mean of the absolute values is
shown.

For the W H and ZH signal strength measurements the total statistical and systematic
uncertainties are similar in size. The background modelling, in particular W+jets and Z+jets
production, and signal modelling represent the largest contribution to the total systematic
uncertainty while detector-related systematic uncertainties, primarily jet and flavour tagging,
have a subdominant effect.

An improvement of 23% (10%) is observed in the total uncertainty of the WH (ZH)
measurement compared with the previous VH, H — bb result in ref. [18]; the W H channel, in
particular, profits from the 25% increased c-jet rejection of the Dpyq, algorithm for a similar b-
jet efficiency, improved treatment of 7,4 candidates, addition of the 75 GeV < p%v < 150 GeV
region, use of BDT[ow.ARCR, and the dedicated CRs to constrain the top(bg) background.
Additional reasons for the improved performance are more precise flavour tagging and jet
calibrations, larger signal-background separation of re-optimised BDTs, improved boosted
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H — bb reconstruction and identification, and up to a 50% increase in the effective size of
the MC simulated samples primarily in the V+jets background.

The p§fy result corresponds to an observed upper limit of 11.5 times the SM predictions
at 95% CL, while a limit of 10.6 is expected in the case of no H — c¢ process. The upper
limits at 95% CL on VH, H — cé for each individual channel and the combinations are shown
in figure 13. The impacts of statistical and systematic uncertainties in the observed signal
strength for VH, H — cc are at a similar level. The modelling of the V +jets background, jet
and flavour tagging related calibration and the impact of the finite size of the MC samples
have comparable effects. The expected sensitivity has improved by roughly a factor of three
compared with the previous iteration of the analysis [38]. Several interconnected factors
contribute to this. The improved flavour tagging algorithms reduced the contamination of
non c-jet background by roughly 40% while maintaining the same signal efficiency; at the
same time the usage of an additional looser working point allows the signal acceptance to be
increased, while maintaining the background contamination under control. The combined
effect of the new working points and event classification is estimated as a 25% improvement
on the previous result. A more efficient generator set-up for V4 jets events, bringing up to a
factor of five times more effective statistics, and the more advanced technique to parameterise
the tagging probabilities has significantly reduced the uncertainty due to the finite size of
the MC simulated samples. Furthermore, an additional 40% improvement in the expected
sensitivity is obtained by deploying a multivariate discriminant over using the dijet invariant
mass as fit variable.!! Finally, fitting the normalisation of the V+ hf components in Hbb
and Hce categories simultaneously reduces the related modelling uncertainties by up to a
factor of two, improving the expected sensitivity by 6%.

Figure 14 shows the data, background (B) and signal (S) yields, where the bins of the
BDT output in SRs are combined into bins of log;,(S/B). Distributions are shown separately
for the Hbb and Hcc categories. In each category, the definition of S is adapted to the targeted
Higgs boson decay mode, while events from the other decay mode are counted as B.

10.3 STXS result

The measured values of the product of the V H cross-sections and the H — bb and V —leptons
branching fractions, together with the SM predictions in the selected STXS regions, are
summarised in table 8. The cross-sections are consistent with the SM expectations within one
standard deviation except in the 400 GeV < pTVY’t < 600 GeV and p%’t > 600 GeV categories,
where the observed cross-sections are lower than the SM predictions by more than one standard
deviation, but less than two standard deviations. Overall, the p-value for compatibility of
the measurements with the SM predictions is 90%.

Figure 15 shows the result for a configuration with no categorisation as a function of
additional truth jets. In the W H channel, the relative uncertainty in the cross-sections is
the smallest for the 250 GeV < pYFV’t < 400 GeV category at 25%. In the ZH channel the
smallest relative error of 33% is in the 150 GeV < p‘{[f T < 950 GeV category. The statistical
precision and the smaller systematic uncertainties in the ZH channel allows a further split of

15 the current configuration, the BDT is further using flavour tagging information and has the capability
to separate C1tCr and C1Cy, events.
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Figure 13. The observed and expected 95% CL upper limits on the VH, H — c¢ signal strength in
each lepton channel and for the combined fit. The single-channel limits are obtained in a fit in which
each channel has a separate VH, H — c¢ signal strength. A single parameter of interest is used in
both fits for the V.H, H — bb signal strength.
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Figure 14. The event yields as a function of log,,(S/B) for data, background and a Higgs boson
signal for the nominal V H fit. Final-discriminant bins in the (a) Hbb and (b) Hcc regions are
combined into bins of log;,(S/B) with S being the fitted VH, H — bb and H — c¢ contribution
respectively and B the fitted background yields. The Higgs boson contributions in the top pad are
shown after rescaling the SM cross-section according to the value of the signal strength extracted
from data: 0.92 for H — bb and 1.0 for H — cé. In the lower panel, the pull of the data relative to
the background (the statistical significance of the difference between data and fitted background) is
shown with statistical uncertainties only. The full line indicates the pull expected from the sum of
fitted signal and background relative to the fitted background; in the H — cc case, the fitted signal is
scaled to the value of the observed upper limit.
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Figure 15. The measured V H cross-sections times the V' — leptons and H — bb branching fractions
in the reduced STXS scheme with no split in the number of jets.
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Figure 16.

in the extended STXS scheme.
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the measurements into the NJtet =0 and NJtet > 1 categories for 75 GeV < p%’t < 400 GeV as

shown in figure 16. The Nfet = (0 categories have a relative uncertainty roughly a factor two

smaller than the corresponding NJtet > 1 categories in the same p¥’t interval. The categories
with p%t > 400 GeV remain inclusive.

In all cases, the uncertainties are dominated by the data statistical uncertainty, which also
includes the contribution from the floating normalisation factors on the leading background
contributions and the effect of signal migrations between categories,except in the 75 GeV <
p%v T < 150 GeV and 150 GeV < p?f’t < 250 GeV categories, where the systematic uncertainties
are the largest contributions to the total uncertainty. Compared to the previous result in
ref. [148], a finer binning with a split at p¥’t = 400 GeV was chosen. This was possible due
to the 50% improvement in the expected sensitivity of the boosted Hbb category, driven by
the use of a multivariate discriminant over the dijet invariant mass as the fit variable and
the improved performance of the flavour tagging algorithms.

The largest sources of systematic uncertainties are the modelling of Z+ hf production,
which primarily affects the ZH categories, and the modelling of the W+ hf production and
top-quark background that primarily affect the W H categories. Uncertainties related to the
jet calibration, both small- and large-R jets, and b-tagging are the leading detector-related
effects, but their contribution is small compared with the modelling uncertainties. The
relative impact of the limited size of the MC samples is the third largest component, and is
similar across all the regions. For the ZH measurements, the signal uncertainties also have
a significant contribution due to the limited precision of the theoretical calculations of the
gluon-initiated process, for which the lowest order is a box or triangle diagram.

11 Interpretation in the k-framework

The best-fit values of the V H signal strength are interpreted in the context of the &-
framework [17, 40] by reparameterising the 1%, and p$éy; in the likelihood function in terms
of the Higgs-bottom and Higgs-charm multiplicative coupling modifiers, k; and k., assuming
that they affect only the Higgs boson decays.'? Including effects in both the partial and full
width, considering only SM decays and setting all other couplings to their SM predictions,
the parameterisation is:
2
Ml\)})H = SM (,.2 i SM ’
1+ By (55 — 1) + B (k2 — 1)
e = it (11.2)
T T B — 1) + B2 — 1) |

(11.1)

where Bg\fb and BIS}C/IC are the H — bb and H — c¢ branching fraction predictions in the SM.
First, the direct k. constraint from the V H, H — cc process is extracted by setting x5 = 1
in Eq. (11.2) and not parameterising 1%2;,. Constraints on k.. are set using the profile-likelihood
ratio test statistic and are shown in figure 17. The result from the full fit achieves an observed
(expected) constraint of |k.| < 4.2 (|r| < 4.1) at 95% CL. An equivalent approach for &,
yields an observed (expected) 95% CL interval of 0.65 < |kp| < 1.37 (0.72 < |rp| < 1.62).

12The effect of anomalous « values on the ggZH production process is found to be negligible within the
range of parameters probed by this analysis.
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STXS region SM prediction Measurement | Stat. unc. Syst. unc. [fb]
Process p¥’ * interval N [fb] [fb] [fb] Th.sig. Th. bkg. Exp.
75-150 GeV >0 | 79.2 £ 28 3 £ 102 41 13 89 36
150-250 GeV. >0 | 243 £ 1.0 23 =+ 10 7 2 7 3
W (tv)H 250-400 GeV >0 | 590 =+ 0.25 79 4+ 21 1.8 0.5 0.8 0.3
400-600 Gev >0 | 1.03 £ 0.05|-0.11 £+ 0.54 0.46 0.05 0.25 0.09
> 600 GeV >0 | 020 + 0.01| 026 £ 0.21 0.20 0.02 0.04 0.03
>0 | 50.7 = 3.9 51 + 32 24 5 18 11
75-150 GeV =0 | 299 +£ 25 38 + 22 17 3 12 6
>1 | 207 = 26 6 =+ 25 22 4 9 8
>0 | 187 = 3.5 177 £ 58 4.6 1.7 3.0 1.0
150-250 GeV =~ = 9.0. £ 1.3 80 = 31 2.7 0.6 1.4 0.5
Z (Ll /vv)H >1 9.7 + 1.9 116 £ 7.1 6.1 1.0 3.2 1.4
>0 | 415 + 045 35 £ 15 1.3 0.4 0.5 0.2
250-400 GeV =0 | 1.70 £+ 0.22 | 1.31 + 0.72 0.66 0.14 0.25 0.10
>1 | 245 + 0.45 27 £ 21 1.9 0.3 0.7 0.3
400-600 GeV >0 | 0.62 £ 0.05 | 061 =+ 0.40 0.37 0.05 0.12 0.08
> 600 GeV >0 | 011 + 0.01|-0.10 £ 0.12 0.12 0.01 0.03 0.01

Table 8. The best-fit values and uncertainties for the measured V H cross-sections times the
V — leptons and the H — bb branching fraction, in the extended 1.2 STXS scheme. For the ZH
process, inclusive results in truth jet multiplicity are also reported. Such results are obtained from
an alternative fit configuration described in section 9; the cross-section results for other categories
are unchanged in this alternative configuration within the precision considered. The SM predictions
for each region, computed using the inclusive cross-section calculations and the simulated event
samples are also shown. The symmetrised contributions to the total measurement uncertainty from
statistical (Stat. unc.) or systematic uncertainties (Syst. unc.) related to the signal prediction (Th.
sig.), background prediction (Th. bkg.), and the experimental performance (Exp.) are given separately.
The total systematic uncertainty, equal to the difference in quadrature between the total uncertainty
and the statistical uncertainty, differs from the sum in quadrature of the Th. sig., Th. bkg., and Exp.
systematic uncertainties due to correlations. All leptonic decays of the V' bosons (including those to
7-leptons, = e, u, 7) are considered.

Second, a simultaneous determination of s, and k. is performed using Eqgs. (11.1) and
(11.2). The contours at 68% CL and 95% CL extracted from a likelihood scan are reported
in figure 18(a). For most values of kp, a value of k. is allowed at 95% CL that compensates
for the effect of x; via the width of the Higgs boson and vice versa. The best-fit value is
(Kb, ke) = (0.90, 0.93), no 95% CL contours can be set on each parameter independent of
the other in this model. These constraints complement those from measurements of the
Higgs boson pr spectrum [149].

An alternative parameterisation is performed targeting the ratio |k./kyp|, which can be
performed without assumptions on the Higgs boson’s width. The signal strength ,uI{}’H is
a profiled free parameter in the fit absorbing both the effect of potentially anomalous &
and width values; this assumes that the width is still negligible relative to the experimental
resolution, which is more than 1000 times worse than the SM intrinsic width of the Higgs
boson. The VH,H — cc signal strength is parameterised as p{fy= (k¢/ /fb)2u’€}3H. The results
are shown in figure 18(b) reporting the profile likelihood scan as a function of |k./kp|. The
observed (expected) upper limit on |k./kp| is 3.6 (3.5) at 95% CL. Both upper limits are
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Figure 18. (a) The observed (solid) and expected (dashed) constraints on x; and k. at 68% CL and
95% CL confidence levels. (b) The observed and expected values of the combined negative profile
log-likelihood ratio as a function of k./ky where p’{}’H is a free parameter. The solid vertical lines
correspond to the values of |k./kp| for which the Higgs-charm and Higgs-bottom couplings are equal.

smaller than the ratio of the b- and c-quark masses, 4.578 £ 0.008 [150], evaluated at a
renormalisation scale equal to 125 GeV, confirming that the coupling of the Higgs boson to
charm-quarks is weaker than the coupling of the Higgs boson to bottom-quarks.

12 Conclusion

The study of the Higgs boson decay into a bb or ¢ pair, when produced in association with a
W or Z boson, is presented using data collected by the ATLAS experiment in proton-proton
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collisions from Run 2 of the LHC. The data correspond to an integrated luminosity of 140 fb—!
collected at a centre-of-mass energy of /s =13 TeV.

Measurements of the diboson processes WZ and ZZ with Z — bb and Z — c¢ decays
are used as a validation of the analysis methodology. All four processes are observed with
significances larger than 3 standard deviations. The W Z, Z — bb process is measured with a
significance of 6.4 standard deviations, while the ZZ, Z — bb process has a significance of
more than 10 standard deviations. For the first time, the VZ, Z — cc process is observed
with a significance greater than five standard deviations by the ATLAS Collaboration. No
significant deviations are observed from the SM predictions.

For a Higgs boson with a mass of 125 GeV produced in association with either a W
or Z boson, the signal strengths relative to the SM prediction in the H — bb and H — c¢
decay channels are measured to be ,ul{}’H = 0.92f8:%2 and ujry = 1.0fgé respectively. The
measurement of uf%;, has an observed (expected) significance of 7.4 (8.0) standard deviations,
while the p{fy results correspond to an observed upper limit at 95% confidence level of
11.5 times the SM prediction, with an expected limit of 10.6 times the SM prediction in the
case of no H — c¢ process. The uncertainties in the signal strengths have improved by 15%
in the H — bb channel and roughly a factor of three in the H — ¢¢ channel compared with
the previous ATLAS results. Measurements made separately for the WH or ZH processes
are in agreement with the SM predictions.

Differential cross-sections of WH and ZH production with H — bb decays are made
as a function of the vector boson transverse momentum in kinematic fiducial volumes
within the simplified template cross-section framework. For the first time at ATLAS, the
Z H measurements are further split into events with 0 and 1 or more jets in addition to
those associated with the Higgs boson decay and the granularity of the V H cross-section
measurement was extended including dedicated signal extraction for p¥’t > 600 GeV. All
measurements are in agreement with the SM predictions.

The results are also used to set constraints on a charm Yukawa coupling modifier;
|ke| < 4.2 at 95% confidence level. The H — bb and H — c¢ data constrain the absolute
value of the ratio of the coupling modifiers of the Higgs boson to ¢- and b-quarks (|k./kp|)
to less than 3.6 at 95% confidence level, confirming that the coupling of the Higgs boson to
charm-quarks is weaker than the coupling of the Higgs boson to bottom quarks.
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