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ABSTRACT: Differential measurements of Higgs boson production in the 7-lepton-pair decay
channel are presented in the gluon fusion, vector-boson fusion (VBF), V H and ttH associated
production modes, with particular focus on the VBF production mode. The data used to
perform the measurements correspond to 140 fb~! of proton-proton collisions collected by the
ATLAS experiment at the LHC. Two methods are used to perform the measurements: the
Simplified Template Cross-Section (STXS) approach and an Unfolded Fiducial Differential
measurement considering only the VBF phase space. For the STXS measurement, events are
categorized by their production mode and kinematic properties such as the Higgs boson’s
transverse momentum (pl%), the number of jets produced in association with the Higgs boson,
or the invariant mass of the two leading jets (m;;). For the VBF production mode, the
ratio of the measured cross-section to the Standard Model prediction for m;; > 1.5 TeV and
P> 200 GeV (pll < 200 GeV) is 1.297039 (0.127032). This is the first VBF measurement for
the higher—p% criteria, and the most precise for the lower—p% criteria. The fiducial cross-section
measurements, which only consider the kinematic properties of the event, are performed as
functions of variables characterizing the VBF topology, such as the signed A¢;; between the
two leading jets. The measurements have a precision of 30%-50% and agree well with the
Standard Model predictions. These results are interpreted in the SMEFT framework, and
place the strongest constraints to date on the CP-odd Wilson coefficient ¢,
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1 Introduction

Since the discovery of the Higgs boson by the ATLAS [1] and CMS [2] Collaborations in 2012,
studying the properties of this boson has been a priority of the LHC experiments. The main
Higgs boson production mode at the LHC is gluon-gluon fusion (ggF'), followed by vector
boson fusion (VBF) production, associated production with a vector boson (VH,V =W or Z)
and associated production with a top-antitop quark pair (¢¢H). In the Standard Model (SM),
the decay into a 77~ pair! has the largest branching ratio of all leptonic Higgs boson decays.

+

'For simplicity, a 777~ pair is denoted by 77 throughout this paper.



Previously, the ATLAS Collaboration used the Run 2 dataset to study the H — 77
final state [3] and three measurements were performed: the total Higgs boson production
cross-section, the cross-sections for the four dominant production modes, and a measurement
of the cross-section in nine phase-space regions (bins) in the Simplified Template Cross-Section
(STXS) framework [4]. For the STXS measurement, cross-sections for Higgs boson production
were measured as a function of the transverse momentum (pr) of the Higgs boson (pil),
the number of jets produced in association with the Higgs boson, and the invariant mass
of the two leading jets (m;;) where applicable. Higgs boson production through VBF was
confirmed in this decay channel with an observed (expected) significance of 5.30 (6.20) over
the SM background, and a cross-section of 0.90J_r8€(7) times the SM prediction. Of all the
Higgs boson decay channels explored by ATLAS [3, 5-7], H — 77 provided the most precise
single measurement of VBF production and motivates further studies of the kinematics of
Higgs boson production using this channel. The results in this paper constitute the final
Run 2 measurements in the H — 77 final state and supersede those in ref. [3]. A similar
measurement was also performed by the CMS Collaboration using the Run 2 dataset [8],
where the cross-section for the Higgs boson production through VBF was measured as
0.81 + 0.17 times the SM prediction.

Two approaches for investigating the properties of VBF events in the H — 77 decay
channel are reported in this paper. The first approach is to perform a cross-section
measurement within the STXS framework, expanding on the measurement of ref. [3] in
which only a single bin in the VBF phase space was measured. In this context, the extracted
cross-sections are based on the production mode and the kinematics of the events; in the
particular case of VBF production, the events are separated into bins based on p% and
m;j. Similar measurements were also pursued for other Higgs boson decay channels such as
H— ZZ* [5,9], H— ~v [6, 10] and H — WW?* [7, 11]. The second approach is to measure
fiducial differential production cross-sections for H — 77 events. The fiducial measurement
approach does not distinguish between the different Higgs boson production modes, but
a phase-space region enriched in VBF events is defined to ensure optimal measurement
sensitivity. This results in a less model-dependent approach than the STXS framework,
although still relying on simulated SM samples to derive response matrices. The cross-section
is measured as a function of several variables, including p¥, the azimuthal angle Aqﬁjijgned
between the jets, and the leading jet’s transverse momentum, pr(jo). They are chosen to
test the kinematics of the SM Higgs boson and the VBF production mode, as well as to
provide sensitivity to contributions from physics beyond the SM. Differential measurements
in the VBF phase space were performed previously in the H — ~v [12] and H — WW* [13]

channels, while this is the first differential measurement performed in the H — 77 channel.

Additionally, the results reported in this paper extend the study of ttH production in
the STXS framework. In ref. [3], an inclusive measurement of t¢H production was performed
in the fully hadronic final state, whereas this paper considers multiple bins in p% because
higher momentum bins are expected to be more sensitive to physics beyond the SM.

This paper is organized as follows. The ATLAS detector is described in section 2, followed
by the data and simulated samples in section 3, and the object reconstruction and main event
selection in section 4. Section 5 discusses the event categorization, and then section 6 delves



into more details of the background estimation methods. The systematic uncertainties are
discussed in section 7, followed by the STXS cross-section measurement results in section 8
and the differential cross-section measurement results in section 9. Conclusions are reported
in section 10.

2 ATLAS detector

The ATLAS detector [14] 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 hadronic 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 |n| < 2.5. The high-granularity silicon pixel detector
covers the vertex region and typically provides four measurements per track, the first hit
generally being in the insertable B-layer (IBL) installed before Run 2 [15, 16]. 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 |p| = 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. Hadronic
calorimetry is provided by the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadronic 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 [17] detector that records Cherenkov
light produced in the quartz windows of photomultipliers located close to the beampipe.

2ATLAS 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 6 as

E+pzc

n = —Intan(#/2) and is equal to the rapidity y = % In (Eipzc

measured in units of AR = /(Ay)2 + (A¢)2.

) in the relativistic limit. Angular distance is



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 [18].
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 in order to record complete events to disk at
about 1kHz.

A software suite [19] 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 used to perform this analysis correspond to proton-proton collisions at a centre-
of-mass energy /s = 13 TeV collected by the ATLAS detector during Run 2 of the LHC
(2015-2018). Events are selected for analysis only if they pass a good-quality requirement
and all relevant detector components were in good operating condition [20]. This yields a
total integrated luminosity of 140.1fb~1 [21]. The uncertainty in the integrated luminosity is
0.83% [21], obtained using the LUCID-2 detector [17] for the primary luminosity measurements,
complemented by measurements using the inner detector and calorimeters.

Monte Carlo (MC) simulated event samples are used to model the H — 77 signal and
most of the backgrounds from SM processes. A summary of the generators used for the
simulation is shown in table 1. The same MC samples were also used in ref. [3], and only
a brief description of the main samples is reported in this section. All MC samples were
reconstructed in the same manner as the data.

The dominant Higgs boson production mode at the LHC is ggF', with a cross-section of
48.6 pb,® followed by VBF production, with a cross-section of 3.78 pb, then V H production,
with a cross-section of 2.25pb, and ttH production, with a cross-section of 0.51 pb.

Higgs boson production via ggF was simulated using the POWHEG Boxv2 [22-26]
generator at next-to-next-to-leading-order (NNLO) accuracy in QCD. The MC simulated
samples are normalized to the next-to-next-to-next-to-leading-order (N3LO) cross-section in
QCD plus electroweak (EW) corrections at next-to-leading order (NLO) [4, 27-36]. For this
process the PDF4ALHC15NNLO set of parton distribution functions (PDF) [37] was used, while
the parton shower (PS) and non-perturbative effects were modelled with PyTHIA 8.230 [38]
with parameter values set to those of the AZNLO [39] set of tuned parameters (tune).

Higgs boson production via VBF was simulated using POWHEG Box v2 at NLO accuracy
in QCD. It was tuned to match calculations with effects due to finite heavy-quark masses and
soft-gluon resummation up to next-to-next-to-leading logarithms (NNLL). The MC simulated
samples are normalized to an approximate-NNLO QCD cross-section with NLO electroweak
corrections [40-42]. The PDF4LHC15NLO PDF set was used, while PyTHIA 8.230 with
the AZNLO tune was used for PS simulation.

Higgs boson production via V H was simulated with POWHEG Box v2 at NLO accuracy
in QCD for V H plus one-jet production. The loop-induced gg — ZH process was generated
separately at leading order (LO) in QCD. The MC simulated samples are normalized to

3The cross-sections are reported for a centre-of-mass energy of /s = 13 TeV.



Process Generator PDF set Tune Normalization

ME PS ME PS
Higgs boson
ggF PowHEG Boxv2 PyTHIA8 PDF4LHCI15NNLO CTEQ6L1 AZNLO N3LO QCD + NLO EW
VBF Pownec Boxv2 Pyruia8 PDF4LHC15NLO CTEQ6L1 AZNLO NNLO QCD + NLO EW
VH PowHEG Boxv2 PyrHiaA8 PDF4LHCI15NLO CTEQ6L1 AZNLO NNLO QCD + NLO EW
ttH PowHEG Boxv2 PyTHIA8 NNPDF3.0NNLO NNPDF2.3L0 Al4 NLO QCD + NLO EW
Background
V +jets (QCD/EW) SHERPA 2.2.1 NNPDF3.0NNLO SHERPA  NNLO for QCD, LO for EW
tt PowHEG Boxv2 PyTHiA8 NNPDF3.0NNLO NNPDF2.3Lo Al4 NNLO + NNLL QCD

Table 1. Summary of the MC generators used for the main signal and background samples.
Information about the matrix element (ME) generator, parton shower (PS), parton distribution
function (PDF) set used in the ME and the PS, and set of tuned parameter (Tune) is provided.
The column labelled ‘Normalization’ specifies the order of the cross-section calculation used for the
normalization of the simulated samples.

cross-sections calculated at NNLO in QCD with NLO electroweak corrections for pp — VH
and at NLO and next-to-leading-logarithm accuracy in QCD for gg — ZH [43-49]. Similarly
to the VBF samples, the PDF4LHC15NLO PDF set was used, while PYTHIA 8.230 with
the AZNLO tune was used for PS simulation.

The production of ttH events was simulated at NLO accuracy in QCD using
PowHEG Boxv2, with the decays of bottom and charm hadrons performed by
EVTGEN 1.6.0 [50]. The cross-section used to normalize the t£H process is calculated at NLO
in QCD and electroweak couplings [4, 51-54]. For this sample, the NNPDF3.0nLO PDF
set [55] was used, with the PS modelled by PyTHIA 8.230 with the A14 tune [56].

The normalization of all Higgs boson samples accounts for the decay branching ratio
calculated with HDECAY [57-59] and PROPHECYAF [60-62]. The decays and spin correlations
for 7-leptons are handled by PyTHIA. The SM prediction of the H — 77 branching ratio
(0.0625 £+ 0.0014) and a Higgs boson mass of 125.09 GeV are assumed in the calculation of
the expected cross-sections throughout this measurement.

The QCD production of the V' + jets background was simulated with the SHERPA 2.2.1 [63]
generator using NLO matrix elements for up to two partons, and LO matrix elements for up
to four partons, calculated with the Comix [64] and OPENLOOPS [65-67] libraries. They were
matched with the SHERPA parton shower [68] using the MEPS@QNLO prescription [69-72]
using the set of tuned parameters developed by the SHERPA authors. The NNPDF3.0NNLO
set of PDFs [55] was used and the samples are normalized to a NNLO prediction [73].
Electroweak production of the lljj final state (with [ = e, u, 7, and j denoting a jet) was
simulated with SHERPA 2.2.1 using LO matrix elements with up to two additional parton
emissions. The LO cross-section is multiplied by a factor 1.7 to match the cross-section
value measured in ref. [74]; this scaling was also applied in ref. [75]. For the matching with
the parton shower, the same prescription as for the QCD V + jets processes was used. The
samples were produced using the VBF approximation, which avoids overlap with semileptonic
diboson topologies by requiring a t-channel colour-singlet exchange.



The production of ¢t events was modelled at NLO in QCD by PowHEG BoxX v2 with the
NNPDF3.0NLO PDF set and with the hqamp parameter? set to 1.5 myop [76]. The events were
interfaced to PYTHIA 8.230 to model the parton shower, hadronization, and underlying event,
with parameters set according to the A14 tune and using the NNPDF2.3L0 set of PDFs.
The decays of bottom and charm hadrons were performed by EVTGEN, as they were for the
ttH sample. The tt sample is normalized to the cross-section prediction at NNLO in QCD,
including the resummation of NNLL soft-gluon terms, calculated using Top++ 2.0 [77-83].

To simulate the effects of additional pp collisions in the same, next or previous bunch
crossing (pile-up), additional interactions were generated using the soft QCD processes
provided by PyTHIA 8.186 [84] with the A3 tune [85] and the MSTW2008LO PDF set [86],
and overlaid onto each simulated hard-scatter event. The MC samples were reweighted so that
the pile-up distribution matches the one observed in the data, and were processed through
an ATLAS detector simulation [87] based on GEANT4 [88].

4 Object reconstruction and event selection

The selection of H — 77 events requires the reconstruction of electrons, muons, the visible
products of hadronically decaying 7-leptons (Thad-vis), jets (including their b-tagging properties)
and missing transverse momentum. The numbers of reconstructed light leptons (electrons
and muons, globally referred to as ‘leptons’ or £) and Thaq4.vis in each event are used for its
assignment to one of the three channels used in the analysis. Requirements on the number
of additional jets in the event are then used in the signal region categorization and for
background suppression. Both the object selection criteria and the basic event selection
are taken from ref. [3].

Three channels from the H — 77 decay are considered: two hadronically decaying
T-leptons (Thad, where the 7-lepton decays into hadrons plus a neutrino), denoted by ThadThad;
one leptonically decaying 7-lepton (7icp) and one Thaq, denoted by TiepThad; and two Tiep with
different flavours, denoted by 7.7,. Events were collected with single-lepton, dilepton or di-
hadronic 7-lepton triggers [89-92]. The requirements imposed on the pr of the reconstructed
electrons, muons or Th,q.vis in the analysis are tighter than those applied in the trigger-object
reconstruction and trigger decision, in order to be on the trigger efficiency plateau.

Electrons are reconstructed from topological clusters of energy deposits in the
electromagnetic calorimeter which are matched to a track reconstructed in the ID [93].
They are required to satisfy the ‘Loose’ identification criteria described in ref. [93], to
have pr > 15GeV, and to be in the fiducial volume of the ID and the high-granularity
electromagnetic calorimeters, |Nciuster| < 2.47, with the exclusion of the LAr barrel-endcap
transition region 1.37 < |Ncluster| < 1.52. In the 7.7, and 7.Thaq channels, the selected electron
is also required to satisfy the ‘Medium’ identification and the ‘Loose’ isolation criterion [93]
in the signal regions and in most of the control regions. The ‘Medium’ identification has
an efficiency of 80% to 90%, while ‘Loose’ isolation has an efficiency of 90% for candidates
with pr =15 GeV, and it increases to more than 98% for candidates with pp =30 GeV. The

4The hdamp parameter is a resummation damping factor and one of the parameters that controls the
matching of POWHEG matrix elements to the parton shower and thus effectively regulates the high-pr radiation
against which the ¢ system recoils.



Trigger signature Data-taking period pr threshold [GeV] used in event selection

]
2015 e) > 95
Single electron pr(e)
2016-2018 pr(e) > 27
. 2015 pr(p) > 21
Single muon
2016-2018 pr(p) >27.3
One electron, one muon 2015-2018 pr(e) > 18, pr(u) > 14.7

leading Thaq-vis) > 40
TwWO Thad-vis 2015-2018 pr( g Thad-vis)
pr(sub-leading Thad-vis) > 30

Table 2. Transverse momentum thresholds applied to the selected electrons, muons and Tyad-vis
depending on the trigger signature and the data-taking period. The pr thresholds of the lowest-pr
unprescaled triggers during the Run 2 ATLAS data-taking are reported in refs. [95-98].

pr requirement is tightened if the event is accepted by the single-electron trigger or the
electron-muon trigger, as shown in table 2.

Muons are reconstructed from signals in the MS matched with tracks in the ID. They
are required to satisfy the ‘Loose’ identification criteria [94] and to have pp > 10 GeV and
In| < 2.5. In the 7.7, and 7,Thaq channels, the selected muon in the signal regions is also
required to satisfy the ‘Medium’ identification and the ‘Tight’ isolation criterion [94] based
on track information. The ‘Medium’ identification has an efficiency above 97%, while the
‘Tight’ isolation has an efficiency increasing from 85% to 99% for muons with pr increasing
from 10 GeV to 50 GeV. The pr requirement is tightened if the event is accepted by the
single-muon trigger or the electron-muon trigger, as shown in table 2.

Jets are reconstructed by applying the anti-k; algorithm [99, 100] with a radius parameter
of R = 0.4 to topological calorimeter-energy clusters and charged-particle tracks processed with
a particle-flow algorithm [101]. The energy of the jets is corrected for the non-compensating
calorimeter response, noise threshold effects, energy loss from inactive material, and pile-up
contamination [102]. Ounly jets with pp > 20 GeV and |n| < 4.5 are considered. A jet vertex
tagger (JVT) [103] is used to remove jets with pr < 60 GeV and |n| < 2.5 that are identified
as not being associated with the event’s primary vertex. Similarly, pile-up jets in the forward
region are suppressed with a ‘forward JVT’ [104] algorithm, which exploits jet shapes and
topological jet correlations in pile-up interactions and is applied to all jets with pr < 60 GeV
and |n| > 2.5. Jets with pr > 20 GeV and |n| < 2.5 containing b-hadrons are identified using
the DL1r b-tagging algorithm [105]. Two different working points (WP) for b-tagging are
used depending on the channel: one with 85% efficiency is used in the 7.7, and TiepThad
channels, while another with 70% efficiency is used in the Th2q7haq channel. The rejection
factors for b-tagging of jets initiated by c-quarks and light partons are 9.4 (2.6) and 390 (29)
respectively for the 70% (85%) efficiency working point.

Hadronic 7-lepton decays produce a neutrino and visible decay products, mostly one
or three charged pions and mostly up to two neutral pions. The reconstruction of the
Thad-vis 1S seeded by jets reconstructed using the anti-k; algorithm with a radius parameter
of R = 0.4. Reconstructed tracks are then matched to mya4.vis candidates. A multivariate
discriminant is used to identify the tracks which are likely to have been produced by the



charged m,,q decay products, while rejecting tracks originating from other interactions, nearby
jets, photon conversions or misreconstructed tracks [106]. The Thaq.vis Objects are required to
have one or three associated tracks selected by using this discriminant. Their charge (q) is
defined as the sum of the measured charges of these associated tracks and is required to be
lg| = 1. The Thaq.vis Objects must also satisfy the requirements pp > 20 GeV and |n| < 2.47,
excluding the region 1.37 < |n| < 1.52. The pr requirement is tightened if the event is
accepted by a di-hadronic 7-trigger, as shown in table 2. In order to separate the Thad.vis
candidates produced by hadronic 7 decays from those produced by jets initiated by quarks
or gluons, a recurrent neural-network identification algorithm [107] is used. This algorithm
uses information from reconstructed charged-particle tracks and calorimeter energy clusters
associated with 7haq.vis candidates, together with the values of high-level discriminating
variables. In the signal regions of the TiepThaa and ThadThaa channels, the maq.vis Objects
are required to fulfil the ‘Medium’ identification criterion, which has an efficiency of 75%
(60%) for candidates with one (three) associated track(s). A separate discriminant (eBDT) is
constructed to reject backgrounds originating from electrons misidentified as Thad.vis, arising
mostly from Z — ee events in this analysis. In the 7.m,,q channel, for events where only one
charged track is matched to the Thaq.vis Object, the Thad.vis is required to pass the ‘Medium’
working point of the eBDT algorithm, which has an 85% efficiency for candidates satisfying
the identification requirement.

Since the objects used in the analysis are reconstructed from the same set of tracks and
calorimetric energy clusters, some constituents can be associated with multiple objects. These
overlaps between different objects are resolved with the procedure described in ref. [3].

Simulated events are corrected for differences between data and MC simulation seen
in jet vertex tagger and b-tagging efficiencies as well as b-tagging mis-tag rates [103, 108
110]. Corrections are also applied to account for minor differences between data and MC
simulation seen in the lepton and 7-lepton trigger, reconstruction, identification and isolation
efficiencies [93, 94, 111].

The missing transverse momentum vector, p1"'°, is reconstructed as the negative vector

sum of the transverse momenta of leptons, mhaq.vis and jets, and a soft term, which is calculated
as the vectorial sum of the pr of tracks matched to the primary vertex but not associated
with a reconstructed lepton, Thad.vis or jet [112]. The magnitude of PSS is referred to as
the missing transverse energy, EMss,

After the object reconstruction and the overlap removal, the events are selected if they
contain a 77 pair in one of the channels being studied: 7.7, TiepThad O ThadThad. For each
channel, additional selections based on topological criteria such as angular distances, the
transverse mass mr of the lepton and ER defined as m% = 2p% B35 (1 — cos(Ap(£, ERss))),
and the fraction of each 7-lepton’s momentum carried by its visible decay products in the
collinear approximation [113] (z1 and x3) are applied to enhance the sensitivity to the Higgs
boson signal and reject background events. The collinear approximation assumes that the
neutrinos from the 7-lepton decays propagate in the same direction as the visible decay
products. Additionally, a requirement of at least one jet in the event is added to the selection

for each channel. These selection criteria are summarized in table 3.



The invariant mass (m,.) of the two 7-leptons is calculated using a likelihood-based
technique, called the Missing Mass Calculator (MMC) [114], which relies on information
about the 7-lepton candidates’ momenta, the presence of additional jets, the ﬁTmiSS and the

type of T-lepton decay. In cases where the likelihood does not converge, the invariant mass

coll

298, The mass reconstruction

is estimated in the collinear approximation, denoted by m
techniques assume that the missing transverse momentum in the event is solely due to

neutrinos from the 7-lepton decays. These mass reconstruction techniques are important in
coll

TT

separating the signal from the Z(— 77) background. In addition, m$" is used to separate

the phase space of the 7.7, channel from the H — WW™ analysis.

5 Event categorization

After the baseline event selection reported in table 3, an additional event categorization is
performed to select Higgs boson events in different STXS production modes and in a signal
region targeting the VBF production mode for the differential fiducial measurement. The
applied requirements are summarized in table 4. Subsequently, within each STXS signal
region, a further event splitting is performed to provide sensitivity to the targeted STXS
bins. The requirements applied for this splitting are unchanged from those in ref. [3] for
the Boost and VH categories, which target ggF and V(had)H production, respectively. To
target additional STXS bins, finer requirements are made for VBF categories as well for
those targeting ttH production with fully hadronic top-quark and 7-lepton decays (denoted
by tt(0¢)H — ThadThad in the following), as described in more detail in the next part of this
section. Most of these selections do not rely on the invariant mass of the two 7-leptons,
as the distribution of this variable is subsequently used in a likelihood fit to extract the
signal as described in section 8.

5.1 VBF categorization

The VBF inclusive region is designed to select events with a Higgs boson produced
in association with two jets originating from the hard scattering. These events can
be distinguished from those from other Higgs boson production modes, and also from
Z(— 77) + jets events, because they contain two high-pr jets with a large rapidity gap
and a large dijet invariant mass (mj;). In order to further reduce the ggF contamination
for the differential fiducial measurement, requirements on mj; and |An;;| are increased
and additional requirements on the dijet transverse momentum (pr(j7)) and the transverse
momentum of the Higgs boson decay products and the two jets (pp(Hjj)) are introduced
in the VBF inclusive region.

Following the convention of the STXS framework, events in the VBF inclusive region are
split into eight bins according to mj; € [350, 700, 1000, 1500, 00) GeV and pf = 200 GeV. A
novel technique based on a neural network (NN) is adopted to estimate pi for the VBF and
tt(00) H — ThadThad categories. This NN is trained on ggF production events, using as input
variables the AR and A¢ separation between the two 7-leptons, the pr of the system formed
by the four-momenta of the two 7-leptons and the EXS (pie°(H)), and mS! information.

TT
Since this NN exploits the invariant mass of the system and assumes H — 77 decays, it



TeTy

Tlep Thad

€Thad HThad

Thad Thad

Preselection

Object counting

pT cut

D,
Isolation,

and e-veto

Charge product

Kinematics

b-veto

miss
ET

Leading jet

Angular

r1 and w9

N,=1,N,=1,N =0

Thad-vis

e/p: pr cut 10 to 27.3 GeV

e/p: Medium
e: Loose; pu: Tight

Opposite charge

m > my — 25 GeV

30 < Mgy, < 100 GeV
Nb-jets =0

DL1r 85% WP

B > 20 GeV

pr > 40 GeV

ARy, < 2.0, |Ane,| < 1.5

01<21<1.0,01l <2< 1.0

=1

had-vis

N, =1, N,

e/p: pr cut 21 to 27.3GeV,
Thad-vis: PT > 30 GeV

e/p: Medium, mhaq.vis: Medium
e: Loose; pu: Tight

1-prong Thad-vis:
eBDT e-veto

Opposite charge

mp < 70 GeV

N b-jets = 0
DL1r 85% WP
Emiss > 20 GeV

pr > 40 GeV

ARZThadfvis <25, ‘A,,MThad—vis‘ <15

0.1<z1<14,01<29<1.2

=2

had-vis

N, =0, N,

Thad-vis: PT > 40,30 GeV

Thad-vis: Medium

Opposite charge

Nijets = 0
DL1r 70% WP
not applied in tt(0L)H — ThadThad

ERiss > 20 GeV

pr > 70GeV, |n] < 3.2

0.6 < ARn, 4 iemadis < 2:5

[AD i mhaavie | < 1.5

0l<x1<14,01l<a2<14

Table 3. Summary of the event selection. In the 7.7, channel, events recorded with the electron
trigger must satisfy pr(e) > 27 GeV and pr(u) > 10 GeV, events recorded with the muon trigger must
satisfy pr(e) > 15GeV and pr(p) > 27.3 GeV, and events recorded with the electron-muon trigger
must satisfy pr(e) > 18 GeV and pr(u) > 14.7 GeV.

improves the p% resolution in signal events — by 50% compared to that obtained with
reco

pE°(H ) alone — but leads to misreconstruction of the pr for processes like Z(— 77) + jets.
A boosted decision tree (BDT) discriminant, trained using the dijet system’s kinematic
variables as described in table 5, is used to enhance the VBF H — 77 signal relative to ggF
H — 77 production and the Z(— 77) + jets background. This BDT was also used in ref. [3],
where more details about it can be found, but the selection criteria applied to the BDT score
have been optimized in each of the eight VBF STXS bins and in the differential VBF inclusive
region. Based on the discriminant output, additional event splitting into two subcategories,

VBF__0 enriched in background and VBF 1 enriched in signal events, is defined.
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VBPF inclusive Njets > 2, sub-leading jet pr > 30 GeV
STXS mjj > 350 GeV, ‘A’O]ﬂ >3
n(jo) x n(j1) <0
lepton centrality: visible decay products of the 7-leptons between VBF jets

VBPF inclusive Njets > 2, sub-leading jet pp > 30 GeV
differential mj; > 600 GeV, |An;;| > 3.4, pr(jj) > 30 GeV
1(jo) x n(j1) <0
lepton centrality: visible decay products of the 7-leptons between VBF jets
pr(Hjj) < 50 GeV

VH inclusive Njets > 2, sub-leading jet pr > 30 GeV
60 GeV < mj; < 120 GeV

tt(OE)H — ThadThad ]Vjets > 6 and Nb—jets >1
or Nijets > 5 and Npjers > 2

Boost inclusive Not VBF inclusive
Not VH inclusive
PR (H) > 100 GeV

Table 4. Summary of the inclusive signal region selection for the STXS measurement and the fiducial
differential measurement. The pi! computation used in the Boost category is the same as in ref. [3]
and denoted by pi°°(H), and is not the NN-based p¥ introduced in section 5.1 for the VBF and ttH
categories. The leading and sub-leading jets are denoted by jo and ji, respectively.

The threshold values for the BDT output are optimized to maximize the figure of merit
Otot = \/08 + 07, where 0; = S;//S; + B; with S; and B; being the numbers of signal and
background events in the VBF 0 (i = 0) and VBF 1 (i = 1) categories. This results in
the VBF inclusive STXS region being split into a total of 16 signal regions. The signal yield
expected in each of these signal regions is shown in figure 1(a), while figure 1(b) illustrates
the relative signal population in each signal region.

The differential fiducial measurement has two signal regions: VBF_0 enriched in
background and VBF 1 enriched in signal events.
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Variable VBF ttH multiclass

Invariant mass of the two leading jets °

pr(ii) i

Product of n of the two leading jets °

Sub-leading jet pr °
Jet properties n of the 5 leading jets °
Scalar sum of all jets pr °
Scalar sum of all b-tagged jets pr °
Best W-boson candidate dijet invariant mass °
Best top-quark candidate three-jet invariant mass °

A¢ between the two leading jets )

An between the two leading jets °
Angular Minimum AR between two jets .
distances Minimum AR between a b-tagged jet and a Thad-vis °
|An(r,7)] .
AR(T,T) °
T-lepton pr(77) .
properties Sub-leading 7 pr °
Leading 7 7 °

H candidate plus pp(Hjj) .

jets system

pryniss Missing transverse energy ENss °
Smallest Ag(7, piss) o

Table 5. Variables used in the two multivariate taggers employed in the analysis. For each tagger,
the presence or absence of a e indicates whether the variable is used or not. The symbol 7 stands
for any reconstructed 7-lepton candidate (electron, muon or 7Thaq4.vis) as appropriate in each channel.
The symbols pr(77) and pr(jj) indicate the vectorial sums of the momenta of two visible 7-lepton
candidates and of the two leading jets, respectively. The Higgs boson candidate is formed by the vector
sum of the two visible 7-lepton candidates’ momenta and pi*. The W-boson candidate in an event
is built as the pair of non-b-tagged jets with invariant mass closest to myy. The top-quark candidate
in an event is built as the system of the W-boson candidate and a b-tagged jet with invariant mass
closest to Myop.
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Figure 1. (a) Expected SM H — 77 signal yield and (b) expected signal purity in each signal region
of the analysis (y-axis). Yields are summed over the three 77 channels (Te7,, TiepThad, ThadThad). Only
entries with a value above 0.1 are shown in the plots.

5.2 tt(0€)H — ThadThad categorization

The tt(0€) H — ThadThad region is designed to enhance the contribution from ttH production.
Events are required to have at least six jets including at least one b-tagged jet, or five jets
including at least two b-tagged jets. Events within this category are split into several regions
based on a multiclass BDT trained to discriminate the t£H signal events from the Z(— 77)
and tt background events. A detailed description of the kinematic variables used for the
multiclass BDT training is given in table 5. Regions enhanced in signal events are defined by
combining requirements on the BDT scores; the threshold values for the scores are optimized
using the same figure of merit as the one used for VBF categorization. By inverting the
requirement on the score, separate control regions for the Z(— 77) and ¢t backgrounds are
also defined. According to the prescription of the STXS framework, three signal regions
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enriched in signal events are defined according to p% € [0,200, 300, c0) GeV. The NN-based
p%IN(H ) described in section 5.1 is used to make this splitting. Each signal region is also
required to have m,, € [100,150] GeV, while events outside this window are assigned to
a sideband region that is used to control the backgrounds. The signal yield expected in
each of these regions is shown in figure 1(a), while figure 1(b) illustrates the relative signal
population in each signal region.

5.3 V(had)H categorization

To match the STXS gq — V(— qq)H particle-level qu'ft requirement and m;; binning, events
selected in the V(had) categories must satisfy 60 GeV < m;; < 120 GeV and the pr of the
sub-leading jet must be greater than 30 GeV. Events in this category are split into two
subcategories using a dedicated tagger. The V(had)H tagger was trained by treating all
Higgs boson events produced by processes other than V H as background. The BDT score
requirement used to define the two categories was optimized to give the smallest uncertainty
for the V(had)H cross-section, and provides a selection where the expected fraction of V(had)H
among all Higgs boson events is 66% (24%) in the VH_1 (VH_0) category. The signal yield
expected in each of these regions is shown in figure 1(a), while figure 1(b) illustrates the
relative signal population in each signal region.

5.4 Boost categorization

Events failing to meet the criteria of the VBF, V(had)H and ttH categories but having a
high-pt Higgs boson candidate are considered for the ‘Boost’ categories targeting ggF events
with large Higgs boson transverse momentum. Events in the Boost category must satisfy
p% > 100 GeV. The reconstructed Higgs boson’s transverse momentum, p%, is estimated
using p7°°(H) since no significant improvement was found in this Boost category by using
the NN-based p% reconstruction. Following the convention of the STXS framework, events
are further categorized by p% value and by the total number of jets with pr greater than
30 GeV (Njets(pr > 30 GeV)). Events with p¥ < 200 GeV are separated into 1-jet and >2-jet
categories, while events with p% > 200 GeV and at least one jet are considered without
further categorization based on jet multiplicity. The signal yield expected in each of these
regions is shown in figure 1(a), while figure 1(b) illustrates the relative signal population

in each signal region.

6 Background estimation

The dominant backgrounds after the event selection are irreducible backgrounds from Z(—
77) + jets and tt production, and reducible backgrounds from processes where at least one
jet is misidentified as a mhaq or a light lepton. The contributions from these processes are
evaluated using a mixture of simulations and data-driven techniques, following the strategy
described extensively in ref. [3].

Events from the Z(— 77) + jets process form the dominant background and they are
estimated using MC simulated samples constrained using data. The yields predicted from
Z(— 77) + jets MC samples are corrected using dedicated control regions defined by selecting
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events with kinematic properties similar to those in the corresponding signal regions, as
described in detail in ref. [3]. The selection used to define these control regions starts from
Z(— £0) + jets data and MC events which are modified through a simplified implementation
of the embedding procedure [115], rescaling the transverse momentum of each reconstructed
lepton through parameterizations to account for the differences in the trigger efficiencies, the
kinematics of prompt leptons and the decay products of 7-leptons. After the rescaling, all the
relevant kinematic quantities in the analysis are recomputed. This also includes accounting
for the additional E¥S from the neutrinos from the decay of the 7-leptons. These control
regions are included in the fit to help constrain the normalization of Z(— 77) + jets MC
events in the signal regions. The uncertainties affecting the reconstructed objects used in the
embedding are propagated through the entire procedure, and include those associated with
the parameterizations. Dedicated uncertainties affecting each control region are assigned to
account for the modelling differences observed between the Z(— 77) and embedded Z — ¢¢
MC predictions because of the approximations associated with the simplified embedding
procedure. For the fiducial differential measurement an additional shape modelling uncertainty
is assigned to the variable under study by comparing the embedded data and MC samples
for each variable in each control region.

Processes with at least one jet misidentified as an electron, muon or 7,,q are collectively
referred to as misidentified 7 background. They are evaluated using data-driven techniques in
the three channels considered in the analysis, following the same methodology as in ref. [3].

In the 7.7, channel, the misidentified 7 background is estimated using the matrix
method [116]. Data events are selected using the same criteria as in table 3, but without
the lepton isolation criteria and with loosened identification criteria for the electrons. The
expected number of fake leptons in each signal region is computed from a system of equations
relating the efficiencies for real and fake leptons to the observed event yields. The real-lepton
efficiencies are estimated using simulations corrected with data-based scale factors, while the
fake-lepton efficiencies are measured using data events which have two leptons of the same
charge. Uncertainties are assigned to this background, taking into account the statistical
uncertainties in the derived efficiencies, the dependency on the number of jets in the final
state, the different MC samples used to derive the efficiencies, and the normalization of the
real-lepton component subtracted in the efficiency estimation.

In the TiepThaa channel, the misidentified 7 background is evaluated using the fake-factor
technique [116]. Data events are selected if they satisfy a very loose requirement on the
Thad-vis identification score but do not satisfy the ‘Medium’ working point criteria. Residual
contributions from processes with real maq.vis satisfying this requirement are evaluated using
simulations and subtracted. The distribution of the misidentified 7 background component
in each signal region is obtained by multiplying the contribution of data events selected
with the inverted identification criterion by a fake-factor defined as the ratio of misidentified
Thad-vis that respectively pass or fail the ‘Medium’ working point of the Th.4.vis identification
algorithm. Uncertainties are assigned to this background, taking into account the statistical
uncertainties in the fake-factors, the uncertainties associated with the subtraction of the
residual contributions from processes with real 7,,4.vis, and the uncertainties in the flavour
composition estimate.
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In the ThaqThad channel, the misidentified 7 background is also determined using a
fake-factor approach. The method is similar to the one used in the TjepThaq channel, and
it takes into account the processes with one or two jets misidentified as Thaq.vis and the
trigger matching. Uncertainties are assigned to this background, taking into account the
statistical uncertainties in the fake-factors, differences between fake-factors calculated in
different validation regions, and different fake-factor parameterizations.

Other minor backgrounds arising from an electron or a muon misidentified as a T,aq
are estimated from simulation and, in the case of electrons, corrected for the efficiency
measured in data.

Event contributions from the ¢t process are sizeable in the TeTy and TiepThad channels,
and control regions enriched in top-quark events are defined by replacing the b-jet veto in the
event selection (see table 3) with a requirement of at least one b-tagged jet. This allows the tt
MC simulation to be validated, and the #f process normalization to be determined using data.

7 Systematic uncertainties

Systematic uncertainties affect the yields in the various signal and control regions as well as
the distribution shape of the main fit observable (m,;). They can be assigned to three main
groups: the experimental uncertainties, the theoretical uncertainties for the backgrounds
and the theoretical uncertainties for the signal. Overall, the systematic uncertainties having
largest impact on the measurement are similar to those in ref. [3].

The experimental systematic uncertainties include those affecting the trigger,
reconstruction, identification and isolation efficiencies for all the considered particles in
the final state, as well as their energy scale and resolution [93, 94, 102, 103, 108-111]. These
uncertainties also affect the shape of the m.. distribution, the background yields and the signal
cross-section through their effects on the acceptance and the migration between different event
categories. Among the experimental uncertainties, the jet-related uncertainties in the energy
scale and resolution are the ones having largest impact on the results discussed in section 8.
The jet energy scale uncertainty includes components related to the in situ calibration of jets
as well as pile-up, the extrapolation to higher transverse momentum, and uncertainties in the
different responses to quark- and gluon-initiated jets. The jet energy scale uncertainty for
central jets (|n| < 1.2) varies from 1% for a wide range of jet pp (250 GeV < pp < 2000 GeV)
to 5% for very low pr jets (20GeV) and to 3.5% for very high pr jets (> 2.5TeV). The
jet energy resolution is measured in a dedicated analysis [102] and ranges from (24 + 5)%
at 20GeV to (6.0 £ 0.5)% at 300 GeV.

The uncertainties in the maq4.vis identification efficiency range from 2% to 6% and are
parameterized as a function of the m,4.vis pT and number of associated tracks. The eBDT
efficiency uncertainties are of the order of 1% to 2% and are parameterized as a function
of the Thadovis PT» Thad-vis 17 and 7-lepton decay mode. Since the analysis is sensitive to the
Thad-vis reconstruction efficiency uncertainty through the usage of the kinematic embedding,
this efficiency is left as a free parameter in the fit and measured in situ. The total uncertainty
of the Thaqvis energy scale ranges from 1% to 4%, and is estimated by combining a direct
measurement with Z — 77 — pThad.vis + 3V events, measurements of the calorimeter response
to single particles, and comparisons between simulations using different detector geometries
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or GEANT4 physics lists. This uncertainty is also parameterized as a function of the Tha4-vis
pr and number of associated tracks [111].

For the theoretical uncertainties in the background, the largest impact on the results is
due to the uncertainties associated with the Z + jets and tt samples. For Z +jets, uncertainties
were considered for the renormalization scale (f,), factorization scale (pf) and resummation
scale (fiq), for the jet-to-parton matching scheme (CKKW), for the choice of oy value, and for
the choice of PDFs. The effects of uncertainties in u, and p¢ due to missing higher orders and
non-perturbative effects were evaluated using six scale variations in the matrix elements by
factors of 0.5 and 2, excluding the extreme variations in opposite directions [117]. The effects
of uq and CKKW uncertainties were estimated from a comparison with alternative samples
generated with a varied resummation scale or jet-to-parton matching scheme, respectively,
while the effects of other uncertainties were evaluated from internal-weight variations in
simulated samples. For t¢, uncertainties were considered for the choice of matrix element and
parton shower generators, the choice of model for initial- and final-state radiation (ISR and
FSR respectively), and the choice of PDFs. The effects of PDF uncertainties were estimated
using the PDF4LHC15NLO set of eigenvectors, while the other uncertainties were obtained
from a comparison with alternative samples generated using the same settings as the default
sample apart from the variation of the parameter for which the uncertainty is estimated.

Several sources of theoretical uncertainty in the signal are considered. For all production
modes, uncertainties are considered for the PDF and ag, the parton shower and hadronization
model, and missing higher orders in the matrix element calculation. The effects of PDF and
as uncertainties were estimated from the PDFALHC15NLO set of eigenvectors. The impact
of using a different parton shower and hadronization model is evaluated by comparing
the nominal sample with an event sample generated using HERWIG 7 [118] instead of
PyTHIA 8. The impact of using a different matrix element generator for the signal sample
is evaluated by comparing the nominal signal sample with an alternative sample generated
with MADGRAPH5  AMC@NLO [119] instead of POWHEG BoX, while keeping the same
parton shower model.

For the ggF production process, 18 sources of uncertainty related to the ggF kinematics
and the cross-section were considered, following the prescription in ref. [120]. Two uncertainties
are assigned for the overall fixed-order and resummation effects. Two uncertainties cover the
migrations between different jet-multiplicity bins. Seven uncertainties are associated with the
modelling the Higgs boson pr in different phase-space regions. Four uncertainties take into
account dijet mass migrations across the STXS bin boundaries. One uncertainty covers the
modelling of the Higgs boson plus two leading jets transverse momentum (pgjj ) distribution
in the >2-jet region. One uncertainty is assigned to the modelling of the distribution of the
Higgs boson plus one jet transverse momentum (pgj ) divided by p% in the high—p% region. The
last uncertainty takes into account the uncertainty from the choice of top-quark mass scheme.

For the VBF and V H processes, ten uncertainties related to the STXS categorization
were considered: one related to the inclusive cross-section of the process, one related to the
two-jet requirement, one related to the Higgs boson pr selection at 200 GeV, one related to
the pt balance between the Higgs boson and the dijet system in events with two or three
jets, and six which take into account dijet mass migrations across the STXS bin boundaries.
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For the ttH process, six other uncertainties are included: one related to the inclusive
cross-section of the process, and five migration uncertainties related to Higgs boson pr
boundaries in the STXS scheme.

8 Simplified template cross-section measurement results

The statistical analysis for the measurements in this paper is based on a likelihood function
constructed as the product of Poisson probability terms over the bins of the input distributions,
as shown in eq. (8.1):

L(a’,é‘,data) = I TI POuwsln®™ (@ 0) +n5e@)) [T G0, (8.1)

k€cat bebins 0ch

ignal bk
where ny, nzl%)na and n, bg stand for the number of observed events, the number of

expected signal events and the number of expected background events in bin b of analysis
category k, respectively. The systematic uncertainties (described in section 7) are incorporated
in the likelihood function through nuisance parameters, 5, that are constrained by Gaussian
probability terms, G, that multiply the Poisson probability terms, P. The parameters of
interest (POIs) of the model are indicated with & and are estimated by maximizing the
likelihood. The test statistic is constructed from the profile likelihood ratio, and the confidence
intervals for the parameters of interest are derived using the asymptotic approximation [121].

8.1 Simplified template cross-section measurement fit model

For the STXS measurement, the likelihood function is built with the following signal regions
(SRs) and control regions (CRs):

e Six SRs for the Boost category in each channel; the SRs are defined starting from the
Boost inclusive category defined in table 4 and further split according to the number of
jets and pf. For each SR and channel, a corresponding Z(— 77) + jets CR is defined
using the kinematic embedding described in section 6. Moreover, a CR enriched in
the tt process is defined for each inclusive category in the 7.7, and TiepThad channels.
Summing over the SRs, Z(— 77) + jets CRs and ¢t CRs, and considering the three
channels, this leads to 38 Boost categories.

e Two SRs for the VH category in each channel; the SRs are defined starting from the
VH inclusive category defined in table 4 and further split into regions of high and low
scores of a BDT trained to distinguish the VH production mode from the other Higgs
boson production modes. For each SR and channel, a corresponding Z(— 77) +jets CR
is defined using the kinematic embedding. Moreover, a CR enriched in the tt process
is defined for each inclusive category in the 7.7, and TjepThaq channels. Summing over
the SRs, Z(— 77) + jets CRs and tt CRs, and considering the three channels, 14 VH
categories are included in the fit.

o Sixteen SRs for the VBF category in each channel, as described in section 5.1. For each
SR and channel, a corresponding Z(— 77) + jets CR is defined using the kinematic
embedding. Moreover, a CR enriched in the t¢ process is defined for each inclusive
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category in the 7.7, and TiepThad channels. Summing over the SRs, Z(— 77) + jets CRs
and tt CRs, and considering the three channels, this leads to 98 VBF categories.

¢ Six SRs and two CRs for the ttH category in the Thaq7haq channel, as described in
section 5.2.

In the SRs, the binned m,, distribution is used to obtain information about the cross-
section relative to the SM prediction. In the Boost and VH SRs, m.; is reconstructed using
only the MMC technique, while in the VBF and ttH SRs m&! is used for events where the
MMC technique failed to estimate the invariant mass. CRs are employed to constrain the
event yield of specific background processes with a single-bin histogram containing the number
of events in the corresponding CR. In particular, the Z(— 77) + jets CR provides additional
constraining power for the Z(— 77) + jets background uncertainties, being complementary
to the mass distribution in a region centred around the Z boson peak. Three different

measurements are performed:

1. pp = H — 77 total cross-section: a single POI, corresponding to the pp - H — 771
cross-section, is estimated by the fit. In the likelihood function, the signal yields in
each category are parameterized as the product of the pp — H — 77 cross-section,
the integrated luminosity and the efficiency (including the acceptance of the ATLAS
detector) of the selection for a SM Higgs boson with a mass of 125.09 GeV. In this
measurement, the relative contributions to the pp — H — 77 cross-section from the
various production modes are fixed to the SM predictions.

2. Cross-section per production mode: four POIls, corresponding to the cross-sections of
the four dominant production modes (ggF, VBF, VH, ttH) of the Higgs boson, are
estimated by the fit. In this configuration, the event yields in the likelihood function are
the sum of those from each individual production mode, parameterized as a function of
the POI similarly to the way for the total cross-section measurement described above.

3. Simplified Template Cross-Section: eighteen POls, corresponding to the cross-sections
for different bins of the STXS stage 1.2 framework, are determined by the fit. The
cross-sections are measured for six ggF bins, three ttH bins and nine q¢ — Hqq'
bins (comprising VBF and q¢’ — V(— q¢’)H production). These bins were chosen by
combining some of the STXS bins proposed in ref. [4], taking into account the available
signal sample size and the expected sensitivity of the analysis. The qq¢ — V(— qq)H
contribution is measured for events with particle-level dijet mass m;; between 60 GeV
and 120 GeV, while the VBF contribution is measured in events with m;; above 350 GeV.

8.2 Inclusive and simplified template cross-section results

The results of the statistical analysis performed for the total cross-section measurement are
presented in figures 2-4. Figures 2 and 3 show the 77 invariant mass distributions, split
into low and high ranges of p% and mj; respectively, in VBF_0 and VBF__1 for a subset
of the categories used in the analysis. The signal from H — 77 is clearly visible on top
of the background originating mostly from Z(— 77). Figure 4 shows the expected and
observed event yields in the ttH categories.
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Figure 2. Distribution of the reconstructed 77 invariant mass (m.,) for all events in the (a,b)
VBF_0 and (c,d) VBF__1 signal regions for (a,c) pil < 200GeV and (b,d) pi! > 200 GeV. The bottom
panel shows the differences between observed data events and expected background events (black
points). The observed Higgs boson signal, corresponding to (o x B)/(o0 x B)sm = 0.99, is shown
with a filled red histogram. Entries with values above the z-axis range are shown in the last bin of
each distribution. The prediction for each sample is determined from the likelihood fit performed to
measure the total pp — H — 77 cross-section.

The measurements of the total cross-section and per-production-mode cross-sections
are shown in figure 5. Table 6 shows the impact of the different uncertainty sources on
the measurements, while the cross-section measured for each production mode is reported
in table 7. Good agreement with the SM predictions is found, with p-values of 97% and
99% for compatibility of the measurements with the SM for the total cross-section and per-
production-mode cross-sections, respectively. The VBF production cross-section normalized
to the SM prediction is measured to be 1.04Jj8:%g, with slightly better precision than in
ref. [3] (0.9070%2) due to the improved categorization used in the present analysis. The ttH

cross-section normalized to the SM prediction is measured to be 0.771}:03, using a more
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Figure 3. Distribution of the reconstructed 77 invariant mass (m,.) for all events in the (a,b)
VBF_0 and (c,d) VBF _1 signal regions for (a,c) m;; < 1TeV and (b,d) m;; > 1TeV. The bottom
panel shows the differences between observed data events and expected background events (black
points). The observed Higgs boson signal, corresponding to (o x B)/(o0 x B)sm = 0.99, is shown
with a filled red histogram. Entries with values above the z-axis range are shown in the last bin of
each distribution. The prediction for each sample is determined from the likelihood fit performed to
measure the total pp — H — 77 cross-section.

refined multivariate analysis strategy which improves the expected precision by roughly 25%
relative to the result in ref. [3] (1.067123).

Figure 6 shows the results of the STXS measurement. The measurements in the inclusive
ggF and VH regions are in good agreement with the SM and are similar to those in ref. [3] as
the selections for these regions have not changed, although some of the theoretical uncertainties
have been updated. The eight bins used for VBF production show no significant deviation
from the SM. In the phase space with higher p% and/or higher m;; the precision of the results
is improved due to the smaller SM backgrounds in these regions, leading to a ratio of the
measured cross-section to the SM expectation when p% > 200 GeV (p% < 200 GeV) and
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Figure 5. The measured values of o x B(H — 77) relative to the SM expectations in the total
(labelled as ‘Combined’) and per-production-mode fit. The total +10 uncertainty in each measurement
is indicated by the error bar, with the contribution from the systematic uncertainty indicated by the

coloured band.
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Figure 6. The measured values for o x B(H — 77) relative to the SM expectations in the simplified
template cross-section measurement. The error bars and shaded areas show the total uncertainty and
systematic uncertainty in the measurements, respectively.

mjj; > 1.5 TeV of 1.291'8:%?1 (0.121'8:%%). This is the first measurement for the higher—p% criteria,
and the most precise for the lowelr-p%I criteria, in this corner of phase space. As shown in
figure 7, several VBF production POIs at low pi are strongly anti-correlated with a single POI
describing ggF production plus two jets, causing the negative values obtained for the VBF
bins at p¥ < 200 GeV. Overall, the p-value for compatibility of this result with the SM is 6%.

The results for ttH production are limited by statistical uncertainties, and they are used
to derive cross-section upper limits at 95% confidence level (CL) for ttH production in the
STXS framework, using the CLg method [122, 123], as shown in figure 8.
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Production mode ggF ttH VBF VH

Best-fit value 0.92 0.77 1.04 0.98

Total uncertainty +0.30 +£0.97 +0.18 +£0.66

Statistical uncertainty +0.15 £0.82 +0.13 +£0.55

Total systematic uncertainty +0.25 +£0.51 +0.12 +0.36
Samples size +0.09 +£0.31 +0.04 +0.26

Theoretical uncertainty in signal +0.18 +£0.12 +0.11 +0.14

Jet and Eiss +0.12 +£0.15 +0.03 +£0.12

Hadronic 7-lepton decays +0.04 +£0.09 +0.01 =+0.04
Misidentified 7-lepton background +0.04 +£0.05 +0.02 =+£0.11
Luminosity +0.01 +0.01 4+0.01 +0.01

Theoretical uncertainty in top-quark processes +0.01  +0.31 - 40.02
Theoretical uncertainty in Z + jets processes  +0.02  £0.08 - 40.02
Flavour tagging +0.02 +£0.05 +0.01 =+0.01

Electrons and muons +0.02 +£0.02 +0.01 =+£0.02

Table 6. Summary of the different sources of uncertainty in the ratio of oy x B(H — 77) to the
SM expectation for each production mode. Experimental uncertainties for reconstructed objects
combine efficiency and energy/momentum scale and resolution uncertainties. Samples size includes
the bin-by-bin statistical uncertainties in the simulated backgrounds as well as statistical uncertainties
in misidentified 7 backgrounds, which are estimated using data. Entries with no significant impact on
the measurement are denoted by ‘-

Production mode og X B(H — 77) [pb]
SM prediction | Measurement
ggF | 2.77 £ 0.09 2.5 +0.38
VH | 0.117 = 0.003 | 0.11 £ 0.08
VBF | 0.220 £ 0.005 | 0.23 + 0.04
ttH | 0.031 4 0.003 | 0.02 £ 0.03

Table 7. Best-fit values and uncertainties of the oy x B(H — 77) for the four dominant production
modes. The uncertainties include both the statistical and systematic components. The SM predictions
for each region, computed using the inclusive cross-section calculations and the simulated event
samples, are also shown.
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Figure 7. Measured linear correlation factors between each pair of parameters of interest in the
simplified template cross-section measurement.
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Figure 8. Upper limits at 95% CL on simplified template cross-sections in the individual ttH p¥
bins relative to their SM expectation in the H — 77 decay channel, derived using the CLg method.
The observed upper limits (solid black lines) are shown, together with the expected limits both in
the background-only hypothesis (dotted black lines) and in the SM hypothesis (dotted red lines). In
the case of the expected limits in the background-only hypothesis, one- and two-standard-deviation
uncertainty bands are also shown.
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9 Unfolded fiducial differential cross-section measurement results

Another way to study the properties of VBF Higgs boson production is to measure its
cross-section in a fiducial phase space that targets the VBF phase space defined by detector
acceptance and selection requirements. The measured cross-sections are inclusive in the
production process, thus minimizing SM assumptions. The measurements are corrected for
detector effects and efficiencies (unfolded) using the combined SM MC prediction of VBF,
geF, VH and ttH production.

The fiducial differential cross-section is defined in each particle-level kinematic bin, i,
of the variable under study as shown in eq. (9.1):

o= 2o Y M N - N, CRY
J
where j is the reconstruction-level bin index, £ is the integrated luminosity, and M is the
migration matrix for events passing both reconstruction- and fiducial-level selections. M gives
the probability that an event in particle-level bin 7 is reconstructed in reconstruction-level
bin j. The selection efficiency ¢; is defined as the number of events passing both the fiducial-
and reconstruction-level selections divided by the number of events passing the fiducial-level
selection. The out-of-acceptance correction f; is defined as the number of events passing
both the fiducial- and reconstruction-level selections divided by the number of events that
pass the reconstruction-level selection. This is multiplied by the number of signal events
in the SRs, defined as the number of events observed in data (V. Jdata) after the estimated
total number of background events (ij kg) is subtracted. M, ¢;, and f; are determined
using the SM signal MC prediction.
In the following, the fiducial phase space is defined, the measured variables are introduced,
the likelihood fit model is discussed, and the results of the fiducial differential cross-section
measurement are presented.

9.1 Fiducial phase space

The fiducial differential cross-sections are evaluated in a fiducial phase space. This phase space
is defined by particle-level kinematic criteria which closely follow the differential inclusive
VBF selection applied at reconstruction level and are defined in tables 3 and 4. The fiducial
phase space, in which VBF production constitutes approximately 83% of the Higgs boson
signal, and ggF production approximately 17%, is defined in table 8. The VBF, ggF, V H, and
ttH Higgs boson production modes are combined as signal, and their relative contributions
are fixed to the SM predictions.

For the object definition, only stable final-state particles (with a mean lifetime c¢r >
10 mm) are considered at particle level. Electrons and muons are required to not originate
from hadrons or hadronic decay products. Their four-momenta are corrected by adding
the momenta of final-state radiation photons emitted in a cone of size AR = 0.1 around
the lepton direction. Hadronically decaying 7-leptons (denoted by T utn at particle level)
are reconstructed by identifying all stable 7-lepton decay particles except for neutrinos and
summing their four-momenta. All leptons are required to have |n| < 2.5, and electrons are
excluded from the LAr transition region 1.37 < |n| < 1.52. Jets are defined by clustering all
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TeTp Tlep Thad Thad Thad

Per Channel

Object counting | N. =1, N, =1, Ny ., =0 Nepp =1, Ny = 1 Neyy =0, Ny, = 2
pr cut | e/p: pr cut 10 to 27.3 GeV e/p: pr cut 27.0 to 27.3 GeV,
Tiruth: PT > 30 GeV Teruth: T > 40,30 GeV
Kinematics m& > my — 25 GeV mr < 70 GeV
30 < Mg, < 100 GeV
Angu]a‘r AR@H < 2'07 ‘AUEIA <15 ARthruth < 2'57 ‘An[ﬁmth‘ <15 0.6 < ARTtruthTLruth <25
‘AnT&rll&hTtrlltll| < 15

zrand 29 | 0.1 <21 <1.0,01<29<1.0] 01<21<14,01<22<12 [01<21<14,01<z2<14

Common selection leading jet pr > 40 GeV, sub-leading jet pt > 30 GeV
ERmiss > 20 GeV
Opposite charge of T-decay products
mjj > 600GeV, |An;;| > 3.4, pr(jj) > 30 GeV
n(jo) x n(j1) <0
lepton centrality: visible decay products of the 7-leptons between VBF jets
pr(Hjj) < 50 GeV

Table 8. Summary of the fiducial particle-level event selection for all channels. The requirements on
light-lepton pr and 7utn pr follow those reported in table 3.

stable particles using the anti-k; algorithm with a radius parameter of R = 0.4. The clustering
algorithm excludes prompt leptons and Higgs boson decay products. Jets are required to
be separated from 7iun (AR > 0.4) and light leptons (AR > 0.2), and are required to have
In| < 4.5. The missing transverse momentum is defined as the vector sum of the transverse
momenta of all neutrinos that do not originate from the decay of a hadron.

9.2 Differential variables

The differential cross-sections are measured in the fiducial phase space as a function of variables
sensitive to the kinematics of VBF Higgs boson production, with the goal of validating the
SM as well as providing sensitivity to physics beyond the SM. The variables related to jets

are the transverse momentum of the leading jet, pr(jo), and the signed angle (sorted by
rapidity of the jets) in the transverse plane of the two jets, Aquljgned
way to test the charge (C) and parity (P) of the Higgs boson. The kinematics of the Higgs

, which also provides a

boson is tested by measuring its transverse momentum (p%) As in the STXS measurement,

the NN reconstruction of p%, introduced in section 5.1, is used at reconstruction level. To
increase the sensitivity to the CP property of the Higgs boson, A(bj»ljgned
as a function of p!l. The binning of each differential distribution is driven by the size of

is also measured

— 27 —



pr(jo) [GeV] | Pt [GeV] | AgTF AGTE" vs plt [GeV]

Bin 1 40, 95] [0,110] | [~7, —7/2] | AGE! <0 & i < 200
Bin 2 [95,130] [110,150] | [—m/2,0] Agbjif“ed >0 & pil <200

Bin 3 | [130,180] | [150,200] | [0,7/2] | A¢IE <0 & pl > 200

Bin 4 | [180,500] | [200,550] | [m/2,7] | AgTE! >0 & pl > 200

Table 9. Binning of the differential variables.

the available data sample and is reported in table 9.

The migration matrix is highly diagonal for all variables considered, with values above
75%, 85%, 95% and 90% for the pr(jo), P, Acﬁjijgned, and Aqﬁji]gned vs pi distributions. This
is due to the binning being coarse compared to experimental resolution effects. The selection
efficiency, ¢;, includes the effect of object reconstruction efficiencies and event-level selections.
These are 25%, 15%, and 43% for the TiepThad, ThadThad, and 7.7, channels respectively. The

out-of-acceptance corrections, f;, range from 74% to 83% across the channels.

9.3 Differential cross-section measurement fit model

For the differential cross-section measurement, the likelihood function is built with the
following SRs and CRs:

o Eight SRs for the VBF category in each channel, based on the BDT-based splitting, as
described in section 5.1, plus the different bins reported in table 9.

e Two Z(— 77) + jets control regions in each channel, one for each inclusive VBF__0 and
VBF__1 SR, defined using the kinematic embedding.

o A CR enriched in the t¢ process, defined for each inclusive category in the 7.7, and
TlepThad Channels.

Similarly to the STXS cross-section measurement set-up, the m,, distribution is used to
obtain information about the cross-section relative to the SM prediction, and a single-bin
histogram is used for each CR to constrain the background normalization. The detector-level
m., distributions for each bin of the A¢;ijgned observable (specified in table 9) are shown in
figure 9 and compared with the MC templates after the likelihood fit. In these distributions,
all three analysis channels are combined in the VBF_0 and VBF__1 SRs.

The differential measurements are performed by using the profile-likelihood unfolding [124]
in the signal regions. The free parameters of the fit are the Higgs boson production cross-
sections in each bin of the distribution at particle level. No regularization is applied, due to
the small bin-to-bin migrations for all variables considered. The performance of the unfolding
procedure is tested for possible biases from the choice of MC model. It is verified that it

reproduces altered shapes well within the statistical precision of the measurements.

9.4 Differential cross-section measurement results

The fiducial differential cross-sections as a function of the variables of interest are shown in
figure 10. The per-bin precision of the differential cross-section measurements is typically
25%-50%, except for the lowest pil bin, where it reaches 300%. The experimental precision is
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Figure 9. Distribution of the reconstructed 77 invariant mass (m,,) for all events in the (a) VBF_0

and (b) VBF__1 signal regions, shown for each bin of the A(i);ijgned observable. The observed Higgs

boson signal is scaled by the cross-section measured in each bin. Entries with values outside the z-axis
range are shown in the last bin of each distribution. The prediction for each sample is determined
from the likelihood fit performed to measure the fiducial differential cross-section.

dominated by the statistical uncertainties in most of the bins, particularly at high values of
p% and pr(jo). Leading systematic uncertainties, depending on the measured bin, are the
limited statistics of the background model, experimental uncertainties for jets and 7-leptons,
and uncertainties in the fake-lepton background estimation.

The data are compared with SM predictions from the POWHEG+PYTHIA S,
PoOowHEG+HERWIG 7 and MADGRAPHS__AMCQ@QNLO-+PYTHIA 8 generators for the VBF,
geF, VH, and ttH Higgs boson production modes, which are combined according to their
SM branching ratios. The theoretical uncertainty in these predictions is much smaller than
the experimental uncertainty in the measurements. The RIVET analysis library [125] is
used to apply the fiducial selections and calculate the observables to obtain the differential
cross-section predictions. Overall, there is good agreement between measured cross-sections
and the SM predictions from all generators, with only a few bins showing discrepancies of
more than one standard deviation.
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Figure 10. Measured fiducial differential cross-sections for (a) pr(jo), (b) P&, (c) Ap; P, a

(d) A(;S;ifmd Vs pffl. The measurements are compared with particle-level SM predictions from the
POWHEG+PYTHIA 8, POWHEG+HERWIG 7 and MADGRAPHS5__ AMC@NLO+PYTHIA 8 generators for
the combined VBF, ggF, V H, and ttH Higgs boson production modes. The shaded box around each
data point shows the statistical uncertainty, while the total uncertainty is indicated by the error bar.
The contribution from the ggF, V H, and ttH production modes as predicted by POWHEG+PYTHIA 8
is also shown. The bottom panel shows the ratio of different predictions to the data, with the error bars

and shaded bands representing the total and statistical uncertainties of the measurements, respectively.
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9.5 Interpretation of the differential cross-section measurement in an Effective
Field Theory

The unfolded distributions are sensitive to effects beyond-the-SM (BSM) contributions in
VBF Higgs boson production. This motivates the interpretation of the results in a generic
Effective Field Theory (EFT) that parameterizes these potential BSM effects. Anomalous
higher-dimensional operators are added to the SM Lagrangian to encapsulate the effects of
BSM physics at higher scales, as shown in eq. (9.2):

oD

[,EFT—[:SM—l-ZZAd (), ford > 4. (9.2)

(d)

The parameters c; ’, referred to as Wilson coefficients, specify the strength of the anomalous
interactions introduced by their corresponding operators, Ogd), where the index ¢ runs over
all possible operators, and A sets the scale of the BSM physics. Only dimension-six operators
are considered since the dimension-five and dimension-seven operators violate lepton- or
baryon-number conservation, and the impact of higher—dimensional operators is expected to
be further suppressed [126]. In this scenario, only the ratio c / A? determines the strength
of the BSM physics and A is chosen to be 1 TeV by convention.

In the Warsaw basis [127] of the Standard Model Effective Field Theory (SMEFT)
formalism [128], there are three CP-even and three CP-odd operators that directly affect
the interactions between the Higgs boson and the vector bosons; they are listed alongside
their corresponding Wilson coefficients in table 10. The change in the cross-section for each
kinematic bin as a function of the Wilson coefficients follows a second-order polynomial as
there is an interference term which depends linearly on the Wilson coefficient and a quadratic
term that is purely from BSM physics as shown in eq. (9.3):

GiCj

OSM+EFT X |./\/lsM + Z A2M |2 |MSM|2 + 22 A2 MSMM + Z

7]

IR(MIM;).

(9.3)
Therefore, for each Wilson coefficient, the dependence in each kinematic bin, k, can be
parameterized using the form

¢ \2
TEMLEFT = 8\ (1 + Qi1 AQ + Bik ( ) : (9.4)

The coefficients oy, and ;. are determined from simulated samples with different values of
¢; produced using MADGRAPH5 AMC@NLO 2.9.5 with the SMEFTsim [128, 129] model
in the U(3)® flavour-symmetric limit with A = 1 TeV. The events were generated at LO
using the NNPDF3.0NLO PDF set and were showered using PYTHIA 8.245 with the A14
tune. The dependence was determined relative to a SM sample produced using the same
set-up and validated against the sample described in section 3. These fractional changes
determined from these BSM samples are then applied to the VBF cross-section predictions
from the POWHEG BOX v2 sample showered with PyTHIA 8.230 also described in section 3.
For the small contributions from Higgs boson production processes other than VBF, the
various other samples described in section 3 are used.
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CP-even
Operator O\=" | HTHW, W™ | HTHB,,B" | Hir" HW], B
Wilson coefficient cHw CHB CHW B
CP-odd
Operator OEdZG) HTHW;‘VW"’“’ HTHBHVB“” HTTnHW;ZLVBMV
Wilson coefficient CHv CiB CawB

Table 10. The three CP-even and three CP-odd operators and their corresponding Wilson coefficients
which directly impact the interactions between the Higgs boson and vector bosons.

The linear term that is determined by « comes from the interference of the new physics
with the SM matrix element and enters at the lowest order in O(A~2). The second, quadratic,
term is purely from the new-physics contribution and enters at O(A~*). However, potential
terms from dimension-8 operators interfering with the SM would also enter at the same
order in 1/A. Therefore, for the validity of the EFT approach only considering dimension-6
operators, it is desirable that the contribution from the quadratic term is small and the
results are dominated by the contributions from the linear term which enters at O(A~2).
To assess this, when considering each of the operators in table 10, measurements are made
considering the full form of eq. (9.4), and also excluding the quadratic term.

Figure 11 shows the impact of several values of cyw and ¢y on the distributions of
Agbj-ijgned, p%, and A(b;ij»gned VS p%, demonstrating that these variables are sensitive to BSM
effects. Due to the CP-odd nature of the operator associated with ¢y, an asymmetric
impact is seen in Aqﬁ?ijgned
is enhanced by the cut on p% in the two-dimensional distribution. For ¢y, effects are seen

and additionally it is seen that the relative magnitude of the effect

in both the Agzﬁj-ij.gmd and pil distributions and, contrary to ¢y, the effects are symmetric

in quﬁ;-ijgmd due to the CP-even nature of the associated operator.

Firstly considered is the scenario where only one of the Wilson coefficients is non-zero
and the rest are neglected. The unfolded data are used along with the theoretical dependence
of the cross-section on the Wilson coefficients to extract the best-fit value of each of the
six considered Wilson coefficients. The same profile-likelihood formalism as presented in
section 9.3 is used with only one degree of freedom introduced, corresponding to the floating
Wilson coefficient, and all other Wilson coefficients are set to zero. A scan of the negative log-
likelihood described in section 9.3 is performed for different values of each Wilson coefficient,
with the cross-section in each bin fixed to the value predicted by the SMEFT. By considering
the change in the negative log-likelihood from its minimum value, the 95% confidence interval
for each Wilson coefficient is found. This is done for only the linear term as well as for both the
linear and quadratic terms. For the Wilson coefficients associated with CP-even operators the
Agb;ijgned distribution is used, while for those associated with CP-odd operators the Agbj-ijgned
VS p% distribution is used. These are the distributions that give the best expected precision.
Figure 12 shows the expected and observed confidence intervals for each of the six coefficients
individually. Other than for the cpwp coefficient, the intervals considering only the linear
term are very similar to the one when both the linear and quadratic terms are considered.

- 32 —



€ 3 - T T T T T 1 E 3 - T T T T T 1
g C ATLAS —— SM (Powheg+Pythia8) @ Data, total unc. ] g C ATLAS —— SM (Powheg+Pythia8) @ Data, total unc.
2 Vs=13 TeV, 140fb1-----cHW—+07(I|n+quad) Data stat. unc. 7 9 Vs=13 TeV, 140fb‘-”"c i =+0.7 (lin.+quad.) Data stat. unc.
= 2.5* - G = ~ 0.7 (in-+quad.) = 2-5* “+ Gy = — 0.7 (lin.+quad.) =
g C Jg C .
B= c Ja= C ]
3 2 - R 135 2 - H " E
o - = 1= - ' - E
2 C 12 - H .
] E —® — —
o] E e

_.
o
LTI
Sl
B
———
Ul
-
oo
TTT
i
i
. N
i
i
————
—
i
i
Llet
i
i
i

A

1 1
= F = F
7} 1 5; _________________________ l _______ 1o o
1] 1E | 9]
3 + --------------- [—— 43
o E °
2 o05h l b ==
o -3 -2 -1 0 1 2 3
A¢E‘9"ed [rad] A¢j.‘9"ed [rad]
(a) (b)
o) 2.2: T T T T T T T = ;. R = T —————T 7T
% 2;7ATLAS —fM (Pivzjhgg(;:y:;z?) L g::slgfluunnccg 8 ' - ATLAS —— SM (Powheg+Pythia8) @ Data, total unc. |
) E Vs=13TeV, 140fb‘-”" W= + -unc. 3 Y L ve_ { == Cyy = + 0.7 (lin.+quad.) Data stat. unc. _|
?g 12; - HW:—07(I|n +quad.) E I£‘ 0.08— s=13 TeV, 140 fb° - :x7,07 (lin.+quad.) |
S BF 4z - u i
'%= 14 Pl <200 GeV P> 200 GeV 3 ;3' C 7
P 12 =g 006 7
© 1E= = - B
© = = | _
0.8~ = 0.04[— ]
0.6E E C ]
0.4 = 0.02= —
0.2 T L | e i
s | 5: ! ! TN I — S R - ) | b | | =
cf ’ E [ | ! % 1.5E
I9) o [ 1 = E g jTT T s s m s s
A W 4% frgr e :
= 05E | ) ] . S 05F )
o m2 0 w2 w2 0 w2 & 100 200 300 400 500
A¢j.‘9"ed [rad] Aq)ﬁ‘g"ed [rad] p" [GeV]

(c) (d)

Figure 11. The unfolded data compared with the nominal SM predictions from POWHEG+PYTHIA §,
as well as the predictions for several values of Wilson coefficients in the SMEFT, for (a,b) AQSSlgned
(c) Aqﬁb‘gned vs pit and (d) pf.

Therefore, the approach of using an EFT only considering dimension-six operators is valid
for most of the operators considered in the analysis. The observed (expected) intervals for
cgw and ¢y are [—1.90,4-0.51] ([-1.19,+41.21]) and [-0.31, +0.88] ([-0.60, 4-0.60]) in the
linear scenario and are the most stringent among the considered coefficients. The constraints
on ¢y are the tightest to date.

The operators considered are closely related and new physics could result in contributions
from multiple operators [130] such that it is also interesting to explore the case where two of
the operators are non-zero. This proceeds in the same way by scanning the change in negative
log-likelihood across a plane of two of the Wilson coefficients while the others are set to zero.
Only terms which enter at O(A~2) are considered. The first plane considered, in figure 13(a),
is cgw vs cgp where the A¢51gned distribution is used to perform the measurement. The
effects of these two coefficients are very similar such that there is a ‘flat direction’ where
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Figure 12. The 95% expected and observed confidence intervals for each of the six considered Wilson
coefficients. Each coefficient is treated individually and both the linear and linear 4+ quadratic models
are considered when evaluating the sensitivity to the terms that enter at O(A~=*). For the (a) CP-even
operators the A(;Sj-ij.gmd distribution is used to extract the confidence interval, while for (b) the CP-odd

operators the A¢§-i]gned VS p% distribution is used. The limits are computed at a new-physics scale
A =1TeV.

the effects of the two Wilson coefficients cancel each other out and there is no sensitivity
from the analysis. As one moves away from this direction the analysis gains sensitivity and
can constrain the allowed values of the coefficients. In ref. [131] a fit across multiple Higgs
analyses measured the Higgs boson’s decay width into two photons or into a Z boson and a
photon. These two decay channels only proceed through loop diagrams in the SM so they are
very sensitive to BSM physics contributions which have been calculated at NLO [132, 133].
These channels also have ‘flat directions’ where the O(A~2) contributions from the two
operators cancel each other out. However, these are different from the ‘flat direction’ in
this analysis, showing the complementarity of the different types of measurement and that
multiple measurements are required to constrain the multi-dimensional EFT parameter space.
It should also be noted that while in the displayed plane cywp is set to zero, both this
analysis and the two decay widths also have a dependence on this parameter such that in
three dimensions any two measurements will still have a direction in which neither is sensitive.
The second considered plane, in figure 13(b), is ¢y Vs ¢y, Where the Agzﬁj-ijgned vs pi
distribution is used. This also shows a ‘flat direction’ and also tighter constraints than the
first plane because of the two-dimensional distribution used. There are no constraints from
Higgs boson decay widths in this case, due to the CP-odd nature of the operators. Finally,
the plane of cpw vs ¢y in figure 13(c) is considered using the Agbjijgned distribution. In this
case the two operators introduce distinct shape differences to the distribution such that there
are no ‘flat directions’. In all cases the observed 95% confidence limits agree well with the
expected confidence limits such that there is no evidence of BSM physics.
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Figure 13. Two-dimensional observed and expected limits at 68% and 95% confidence level obtained
from various combinations of two Wilson coefficients using only the SM-dimension-6 interference in
the SMEFT basis: (a) caw vs cup, (b) ¢y vs cgp and (¢) cgw vs cgypr- The limits are computed

at a new-physics scale A = 1 TeV. In (a) and (c), the Aqﬁj’-ijgmd distribution is used, while in the purely

CP-odd case (b), the A(ﬁj—i]gned vs pil distribution is used. To illustrate the complementarity of this
measurement with other Higgs boson studies, in (a) the limits from measurements in the H — v and
H — Z~ [131] interpreted in the SMEFT [132, 133] are also shown. The interval resulting from the
H — ~7 measurement has been increased by a factor of ten for visibility.

10 Conclusion

Measurements of Higgs boson production cross-sections in the 7-lepton-pair decay channel
are presented. The analysis uses 140 fb~! of proton-proton collisions at /s = 13 TeV recorded
by the ATLAS detector at the LHC and supersedes the previous analysis of the same dataset.
Two different types of measurement were performed: cross-section measurements of the four
main production processes in the STXS framework, including eight kinematic bins for VBF
production, and unfolded differential measurements in a region of phase space enhanced in
VBF production. The latter are also used to derive 95% confidence intervals for dimension-six
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operators in the SMEFT formalism. Many of these measurements are limited by the size
of the analyzed data sample.

Cross-section measurements for the four main Higgs boson production modes (gluon-
gluon fusion, vector-boson fusion, associated production with a vector boson, and associated
production with a top-antitop quark pair) are found to agree well with the SM predictions.
In particular, the ratio of the measured cross-section to the SM prediction for VBF Higgs
boson production is found to be 1.04J_r8&$, representing the most precise measurement of
this production mode across all Higgs boson results. Eighteen bins of the STXS framework
were measured, with an overall p-value of 6% for compatibility with the SM prediction,
demonstrating reasonable agreement. For VBF production, higher precision is achieved in
the higher p%l and higher m;; regions because of their higher signal purity. The ratio of
the measured cross-section to the SM prediction for VBF production with p% > 200 GeV
(pH < 200 GeV) and mj; > 1.5 TeV is 1.297039 (0.127033). This is the first measurement for
the higher pIT{ range, and the most precise for the lower p% range, in this corner of phase space.

Unfolded differential cross-sections for Higgs boson production in a region of phase
space dominated by VBF production are also presented. Four distributions are unfolded
to particle level: pH, pr(4o), A(;Sj-i]gned, and Aqu-i]gned vs pl. All of these distributions show
good agreement with the SM predictions, with typical uncertainties of 30%-50%, dominated
by the statistical uncertainty of the data.

These distributions are sensitive to BSM physics and a SMEFT interpretation is presented.
Six operators were considered, all affecting the VBF Higgs boson production vertex, and
the associated Wilson coefficients are cyw, cgp, cgw B, and their CP-odd counterparts. For
each coefficient, 95% confidence intervals were derived for the interference term alone and
for both the interference and purely BSM contributions. The constraints on the CP-odd
Wilson coefficient ¢y, in the former case, [—0.31,40.88], are the strongest to date from any
channel. Two-dimensional 95% confidence intervals were also derived, demonstrating unique
sensitivity for these operators compared to other Higgs boson analyses.
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