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Abstract Higgs boson production via gluon—gluon fusion
is measured in the WW* — evuv decay channel. The
dataset utilized corresponds to an integrated luminosity of
139fb~! collected by the ATLAS detector from /s =
13TeV proton—proton collisions delivered by the Large
Hadron Collider between 2015 and 2018. Differential cross
sections are measured in a fiducial phase space restricted to
the production of at most one additional jet. The results are
consistent with Standard Model expectations, derived using
different Monte Carlo generators.
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1 Introduction
Since the discovery of the Higgs boson in 2012, by the

ATLAS [1] and CMS [2] collaborations, measurements of
Higgs boson properties have remained consistent with the

*e-mail: atlas.publications @cern.ch

Published online: 01 September 2023

expectations of the Standard Model (SM). The Higgs boson
mass has been determined, measurements of the Higgs cou-
pling to fermions and gauge bosons have been performed
(see, e.g. Refs. [3,4]), and differential cross sections have
been measured by the ATLAS and CMS collaborations. Since
the differential cross sections of the Higgs boson can be pre-
dicted with high precision, these measurements can be used
to search for deviations from the Standard Model and probe
the effect of higher-order corrections in perturbation theory.

This paper presents measurements of differential cross
sections for Higgs boson production via gluon—gluon fusion
(ggF) and decay into WW* — evuv. Measuring the decay
of the Higgs boson in the W W channel is an important com-
ponent of fully characterising Higgs measurements in all of
its decay states. The measurements are reported in a fiducial
phase space, which minimizes extrapolations and therefore
the model dependence of the results. Measurements of Higgs
boson decays into WW bosons are well motivated because
the large branching fraction makes the measurement com-
petitive with the cleaner yy and ZZ channels. Although
the presence of neutrinos in the WW final states makes it
impossible to fully reconstruct the final state kinematics, the
high branching fraction makes the measurement competitive
with fully leptonic final states. In addition, the Higgs boson’s
WW?* — evuv decay mode has an advantage when com-
pared with the decay into b-quark pairs, since the Higgs boson
produced via ggF is not required to be highly boosted, allow-
ing a detailed study of the full Higgs transverse momentum
spectrum. Finally, the evuv final state is considered in order
to avoid large backgrounds from Drell-Yan production that
appear in the same flavour channels.

The analysis is performed using the full Run 2 dataset, cor-
responding to an integrated luminosity of 139 fb~!, collected
with the ATLAS detector during 2015-2018 at a centre-of-
mass energy /s = 13TeV. Final states with at most one
jet are considered. Final states with two jets are not consid-
ered in order to avoid large backgrounds from top produc-
tion processes. The small expected contributions from Higgs
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production in the vector-boson fusion (VBF) and associated
production (VH) processes are fixed to their SM expectations
and considered as background. Previous ATLAS measure-
ments of the differential cross section in this channel were
performed on 20.3 fb~! of data collected at a centre-of-mass
energy of /s = 8 TeV [5], while the inclusive cross-section
measurement in this channel was performed on 139 fb~! of
/s = 13 TeV data [6]. The CMS Collaboration published a
measurement of the differential and inclusive cross sections
in this channel using 137 fb~! of data collected at a centre-of-
mass energy of /s = 13 TeV [7]. Compared to the previous
ATLAS result, the present measurement introduces a refine-
ment in that the signal in each interval of the observable under
consideration is extracted by means of a fit to a kinematic
variable. Compared to the previous results obtained by sub-
tracting expected background contributions from the data,
the current method, which employs a fitting procedure gives
an improved sensitivity and allows for a more comprehensive
treatment of systematic uncertainties. The ATLAS and CMS
collaborations have also performed differential cross-section
measurements for the cases where the Higgs boson decays
into ZZ — 4¢ and yy [8,9].

The measurements of the differential cross sections are
corrected for detector effects to a fiducial phase space defined
at the particle level, through a procedure referred to as
unfolding. Defining the selection criteria at the particle level
removes the dependence on the theoretical modelling and
facilitates direct comparison with a wide variety of theoreti-
cal predictions. The measurements are almost insensitive to
the uncertainties on the ggF SM predictions to which they
are compared.

The theoretical prediction of the differential cross sec-
tion as a function of the Higgs boson transverse momentum
( p{’ ) is calculated at next-to-next-to-leading order (NNLO)
in quantum chromodynamics (QCD). In ggF production, the
transverse momentum of the Higgs boson is balanced by
soft quark and gluon emission, enabling the low-momentum
region of this distribution to test the non-perturbative effects,
the modelling of soft-gluon emissions calculated using
resummation, and loop effects sensitive to the Higgs—Charm
Yukawa coupling. The low p{{ region is also sensitive to
the interactions of the charm and bottom quarks with the
Higgs boson. The high p? region is sensitive to perturbative
QCD effects, as well as possible contributions from ‘beyond
the Standard Model’ (BSM) physics, and higher-dimensional
effective operators in BSM Lagrangians [10, 11].

The production kinematics of the Higgs boson produced
in gluon fusion in a pp collision can be described by jet kine-
matic variables that include the number of jets and the rapid-
ity of the leading jet (|yj0|).1 The |y;o| distribution probes

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
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the theoretical modelling of hard gluon and quark emission.
Measuring the cross section as a function of the number of
jets provides information about the relative contributions of
different Higgs production mechanisms. Processes with at
most one jet are dominated by ggF and probe the higher-order
QCD contributions to this production mechanism. In addi-
tion to measuring quantities sensitive to Higgs boson produc-
tion, observables sensitive to its WW* — evuv decay are
also explored. These include leptonic kinematic observables
such as the leading lepton’s transverse momentum ( p?ro) and
the dilepton system’s transverse momentum ( p%e), invariant
mass (myy), rapidity (yee), azimuthal opening angle (A¢ye),
and also cos 0*, defined as cos §* = |tanh(%Arm)| (where
Ange is the lepton pseudorapidity difference). The observ-
able ygg is highly correlated with the rapidity of the recon-
structed Higgs boson (yg ), which is known to be sensitive to
the parton distribution function (PDF) [12]. The observable
cos 0™ is longitudinally boost-invariant and sensitive to the
spin structure of the produced diparticle pairs, as discussed
in Ref. [13].

Finally, double-differential measurements are made, in
which the Higgs production cross section is explored as func-
tions of two variables simultaneously, with one sensitive to
the production kinematics and the other to the decay kinemat-
ics. Specifically, the cross section is measured as a function
of O-jet and 1-jet bins versus pffo, p%z, Mmee, Yee, Apee, and
cos 6%,

2 ATLAS detector

The ATLAS detector [14] is a multipurpose detector at the
Large Hadron Collider at CERN, and almost fully covers the
solid angle around the collision point. The innermost part of
the detector covers the pseudorapidity range || < 2.5 and
is used to gather information about the momentum and the
sign of the charge of charged particles. This inner detector
(ID) consists of a silicon Pixel detector, a silicon microstrip
tracker, and a straw-tube transition-radiation tracker. The
Pixel detector includes a new innermost layer, the insertable
B-layer [15,16], added before Run 2. A thin superconducting
solenoid surrounds the ID, providing it with a 2 T axial mag-
netic field. The inner detector is surrounded by electromag-
netic and hadronic calorimeters. The electromagnetic (EM)
calorimeter, consisting of lead absorbers and liquid argon

Footnote 1 continued

axis along the beam pipe. The x-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, ¢) are used in the transverse plane, ¢ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle 6 as n = —Intan(6/2). Angular distance is measured in units
of AR = /(An)? + (A¢)?. Rapidity y is defined in terms of four-
momentum as y = 3 In((E + p;)/(E — p.)).
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(LAr), provides electromagnetic and hadronic energy mea-
surements. It consists of a barrel component in the centre
of the detector, covering || < 1.475, and two EM end-
caps covering 1.375 < |n| < 3.2. In addition, copper-LAr
hadronic endcaps are placed behind the EM endcaps to cap-
ture hadronic energy in the 1.5 < || < 3.2 region.

The EM calorimeter is surrounded by the steel and scin-
tillator hadronic Tile calorimeter (TileCal), which measures
the energy of hadrons. The Tile calorimeter consists of a cen-
tral barrel covering || < 1.0, and two extended barrels in
the forward regions, covering 0.8 < |n| < 1.7. The regions
closest to the beam pipe are covered by forward calorime-
ters (FCal), which cover 3.1 < |n| < 4.9 and consist of three
modules. The first module is made of copper—LAr and is used
for electromagnetic measurements and the beginning of the
hadronic shower. The other two modules consist of tungsten
and LAr and complete the hadronic measurements.

The calorimeters are surrounded by a muon spectrometer
(MS) with superconducting toroidal magnets made of eight
air-core barrel loops and two endcaps. The toroid magnets
produce a non-uniform magnetic field, resulting in a bend-
ing power ranging from 2.0 to 6.0 T m. The MS has a high-
precision tracking chamber system covering || < 2.7 and
consisting mainly of monitored drift tubes but complemented
by cathode-strip chambers in the forward directions, where
the background is highest. The MS uses resistive-plate cham-
bers in the barrel and thin-gap chambers in the endcaps for
triggering within |n| < 2.4 and to provide track coordinates
in the non-bending plane.

A two-level trigger system is used to select events of inter-
est. The first-level trigger is implemented in hardware and
uses a subset of the detector information to accept events
from the 40 MHz proton bunch crossings at a rate below 100
kHz. This is followed by a software-based trigger, which
reduces the accepted event rate to 1 kHz on average depend-
ing on the data-taking conditions.

An exhaustive software suite [17] is used in data simula-
tion, in the reconstruction and analysis of real and simulated
data, in detector operations, and in the trigger and data acqui-
sition systems of the experiment.

3 Signal and background modelling

The signal and background modelling is described using
various generators to model the hard-scatter process, par-
ton shower (PS), hadronization and underlying event (UE).
The Higgs boson can be produced through ggF processes,
vector-boson fusion (VBF), in association with a W or Z
boson (VH) or with a top-quark pair (¢.7 H). There are other
production modes as well, but those are not included in this
analysis as their expected contributions are negligible. These
include Higgs bosons produced with a bottom-quark pair

(bbH) or a single top quark (r H, with either an additional
W boson, tWH, or an additional b-quark and light quark,
tHgb). In the combined O-jet and 1-jet signal regions (see
Sect.4), the non-ggF production modes make up 6.9% of
the total expected Higgs boson event yield, with 60% of this
contribution coming from VBF production.

The primary ggF signal process was modelled using
PoOwHEG NNLOPS [18-22] interfaced with PYTHIA 8 [23].
The O-jet, 1-jet and 2-jet cross sections are predicted at
NNLO, NLO and LO, respectively. To obtain NNLO accu-
racy for observable distributions, the Higgs boson rapidity
spectrum in HI-MINLO [24-26] was reweighted to that of
HNNLO [27]. The resulting Higgs boson transverse momen-
tum spectrum is compatible with the fixed-order HNNLO cal-
culation and the HRES2.3 calculation [28,29]. The AZNLO
tune [30] of the parameter values was used for the PS, UE and
hadronization. The ggF process is normalized to the N3LO
cross section in QCD with NLO electroweak corrections [31—
41]. For the results, a comparison is made between the ggF
process generated by POWHEG and an alternative gener-
ation performed by MADGRAPHS_AMC@NLO [42] with
the NNPDF2.3L0 [43] PDF set.

The VBF events were generated with POWHEG, inter-
faced with PYTHIA 8 and normalized to cross sections from
NLO QCD with EW corrections, with an approximate NNLO
QCD correction applied [44—46]. The VH production process
was generated with  POWHEG MIiNLO, and interfaced with
PYTHIA 8. The VH cross section is calculated at NNLO in
QCD with NLO electroweak corrections for gq/qg — VH
and at NLO and next-to-leading-logarithm accuracy in QCD
for gg — ZH [47-53].

For the ggF, VBF and VH predictions, the
PDF4LHCI5NNLO [54] PDF set was used. All of the Higgs
boson cross sections and branching fractions are normalized
in accordance with HDECAY [55-57] and PROPHECY4F [58—
60] calculations, which provide NLO EW corrections and
account for interference effects. The samples were gener-
ated assuming a Higgs boson mass of 125 GeV. The signal
predictions described are not an extensive list of all available
Monte Carlo simulations, and were chosen because of their
applicability to this phase space.

The main sources of SM background that could resemble
the signal process are the production of top quarks, dibosons,
Z+jets, W+jets and multijets. The top-quark pair production
process was simulated using POWHEG in the POWHEG BOX
framework using the NNPDF3.0NLO PDFs, and inter-
faced with PYTHIAS using NNPDF2.3 PDFs for parton
showering. The associated production of top quarks with W
bosons, Wt, was modelled using the POWHEG BOXv2 gen-
erator at NLO in QCD, using the five-flavour scheme and
the NNPDF3.0NLO set of PDFs. The diagram removal
scheme [61] was used to remove interference between Wt
and ¢7 production. The ¢7 process is normalized using cross

@ Springer
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sections calculated at NNLO+NNLL [62], while the Wt pro-
cess is normalized to NNLO. The alternative top-quark sam-
ples used to estimate certain systematic uncertainties were
produced using MG5_AMC@NLO [42].

The WW background sample was generated using
SHERPA 2.2.2 interfaced with  NNPDF3.0NNLO PDFs [63].
The sample was generated with up to one jet at NLO
accuracy and with two or three jets at LO accuracy. The
loop-induced gg-initiated diboson processes were simulated
by SHERPA2.2.2 with up to one additional jet, inter-
faced with SHERPA2.2.2 for the UE and PS, and used
the NNPDF3.0NNLO PDF set.

The WZ and ZZ samples were generated with
SHERPA2.2.2, using the NNPDF3.0NNLO PDF set, at
NLO accuracy for up to one jet and at LO accuracy for two
or three jets. Events containing three vector bosons, VVV,
were simulated with the SHERPA2.2.2 generator, using the
NNPDF3.0NNLO PDF set. The matrix elements are accurate
to NLO for the inclusive process and to LO for up to two
additional parton emissions.

Drell-Yan production was simulated with SHERPA2.2.1
using the NNPDF3.0NNLO PDFs with dedicated parton
shower tuning developed by the SHERPA authors.

Production of Zy and Wy events was modelled using
SHERPA2.2.8 at NLO accuracy for up to one jet, using
the NNPDF3.0NNLO PDFs. They were interfaced with
SHERPA 2.2.8 for the UE and PS.

The W+jets process modelling is based on a purely data-
driven method. However, MC samples are used to validate
the estimation as well as to estimate the sample composition
uncertainties. The V+jets processes simulated in POWHEG
MiNLO interfaced with PYTHIA &, are used for the validation
of the W+jets modelling. The PDF set used in POWHEG was
CT14NNLO whereas the PDF set used in the parton shower
was CTEQG6LILO. The alternative V+jets samples used
to estimate certain systematic uncertainties were produced
using  MADGRAPH5_AMC@NLO.

For the background processes, the AZNLO tune [30] is
used for the diboson processes, while the A14 tune [64] is
used for other processes.

The full list of Monte Carlo generators involved in the
estimates used for this analysis is shown in Table 1.

All simulated samples include the effect of pile-up from
multiple interactions in the same and neighbouring bunch
crossings. This was achieved by overlaying each simu-
lated hard-scatter event with minimum-bias events, simu-
lated using PYTHIA8 with the A3 tune. The Monte Carlo
(MC) events were weighted to reproduce the distribution of
the average number of interactions per bunch crossing ({))
observed in the data. The (i) value in data was rescaled by
a factor of 1.03 4 0.04 to improve agreement between data
and simulation in the visible inelastic proton—proton (pp)
cross-section [93].

@ Springer

All samples were processed through the ATLAS detector
simulation [94] based on GEANT4 [95], and reconstructed
with the standard ATLAS reconstruction software. Data are
removed if relevant detector components were not fully oper-
ational, or if other data integrity issues were identified, as
described in Ref. [96].

4 Event selection

Events are selected using a combination of unprescaled
single-lepton triggers and one e—u dilepton trigger [97,98].
During the first year of data taking the single-electron (single-
muon) trigger threshold was 24 (20) GeV, and was increased
to 26 GeV for the remainder of Run 2. The dilepton trigger
had pr thresholds of 17 GeV for electrons and 14 GeV for
muons. At least one of the leptons reconstructed offline is
required to match the online object that was triggered on. If
only the dilepton trigger was used, each reconstructed lepton
is required to match the triggered object. The pt of the recon-
structed leptons that are matched to the trigger are required
to be at least 1 GeV above the trigger-level threshold.

The analysis utilizes both the objects identified after the
full detector reconstruction and objects identified at the par-
ticle level in simulation. The particle-level and reconstructed
objects are selected in two stages. An overlap removal proce-
dure is applied to the objects resulting from the first selection
stage, to ensure that no object is counted twice. After the sec-
ond selection stage, the objects are used to construct fiducial,
signal and control regions.

4.1 Reconstructed objects

Reconstruction-level objects are built from the signals left
in the detector by traversing particles. The overlap removal
procedure performed on reconstructed objects after the first
selection stage is complex, and is fully described in Ref. [6].
For reconstructed leptons, lepton identification is used in the
signal selection and a separate lepton identification is used,
with some selection criteria reversed, for the estimation of
backgrounds with misidentified leptons.

Electrons are reconstructed as clusters of energy deposited
in the EM calorimeter and associated tracks in the inner
detector. At the first selection stage, electrons are required
to have a transverse momentum of pr > 10 GeV and
In| < 2.47. The longitudinal impact parameters must sat-
isfy, |zo sin 6| < 0.5 mm, while the significance of the trans-
verse impact parameters must satisfy |do|/oq, < 5 [99]. A
likelihood-based electron selection at the ‘Very Loose’ oper-
ating point is used [99]. At the second selection stage, elec-
trons are required to have pr > 15 GeV, and to be out-
side the transition region between the barrel and endcaps
of the EM calorimeter, 1.37 < |n| < 1.52. Electrons with
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Table 1 Overview of simulation tools used to generate signal and background processes, as well as to model the UE and PS. The PDF sets are also summarized. Alternative event generators or
quantities varied to estimate systematic uncertainties as well as alternative predictions used in the final-results comparison are shown in parentheses

Process

Matrix element (alternative)

PDF set

UE and PS model (alternative
model)

Prediction order for total cross sec-
tion

ggF H

VBF H

VHexcl.gg —>ZH

ttH
gg > ZH
qq > WW

a9 —> WWqq

gg > WW/ZZ
WZ/Vy*/ZZ

Vy

174787

12

Wt

Z/y*

POWHEG Boxv2 [18-22]

NNLOPS [18,25,66]

(MG5_AMC@NLO) [42,67]
POWHEG Boxv2 [20-22,66]

(MG5_AMC@NLO)
POWHEG BOx v2

POWHEG Box v2

POWHEG Box v2

SHERPA 2.2.2 [69]
(Qcut)

MGS5_AMC@NLO [42]

SHERPA 2.2.2
SHERPA 2.2.2
SHERPA2.2.8 [69]
SHERPA 2.2.2
POWHEG Box v2
(MG5_AMC@NLO)
POWHEG Box v2
(MG5_AMC@NLO)
SHERPA 2.2.1
(MG5_AMC@NLO)

PDFALHCISNNLO [54]

PDF4ALHCI15NLO

PDF4LHCI15NLO

NNPDF3.0NLO
NNPDF3.0NLO
NNPDEF3.0NNLO [70]

NNPDF3.0NLO
NNPDF3.0NNLO
NNPDF3.0NNLO
NNPDF3.0NNLO
NNPDF3.0NNLO
NNPDF3.0NLO

NNPDF3.0NLO

NNPDF3.0NNLO

PYTHIA8 [65]

( HERWIG7) [68]
PYTHIA 8

( HERWIG7)
PYTHIA 8

PYTHIA 8

PYTHIA 8

SHERPA 2.2.2 [71-76]
( SHERPA2.2.2 [72,80]; q)
PYTHIA 8

( HERWIG7)

SHERPA 2.2.2

SHERPA 2.2.2

SHERPA 2.2.8

SHERPA 2.2.2

PYTHIA 8

( HERWIG7)

PYTHIA 8

( HERWIG7 )
SHERPA2.2.1

N3LO QCD + NLO EW [31-41]

NNLO QCD + NLO EW [44-46]

NNLO QCD + NLO EW [47-49,
51,52]

NLO [31]
NLO+NLL [50,53]
NLO [77-79]

LO

LO [81]

NLO [82]

NLO [82]

NLO

NNLO+NNLL [83-89]

NNLO [90,91]

NNLO [92]

D [ skyd myg

vLL:€8 (€200)

Ot Jo G a8eq

VLL
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15 < pr < 25GeV are required to satisfy a ‘Tight’ oper-
ating point, while electrons with ptr > 25 GeV must sat-
isfy a ‘Medium’ operating point. Lower-energy electrons
are required to satisfy a tighter operating point since they
are more likely to originate from misconstructed objects. To
reduce the number of misidentified electrons, these electrons
must be well isolated from other objects, using the strictest
isolation criteria as described in Ref. [100], which employ
both calorimeter and tracking information. The approximate
efficiency of identifying and isolating leading and sublead-
ing electrons in the phase space of this analysis is is 81% and
58%, respectively

Muons are reconstructed using tracking information from
the inner detector and the muon spectrometer. The muon
identification is defined by making two sets of requirements
on the number of detector hits, the momentum resolution,
the track goodness-of-fit, and other parameters [101]. At
the first selection stage, muons with pr > 10 GeV and
[n| < 2.7 are considered if they are identified with the
‘Loose’ quality working point [102]. These muons must sat-
isfy |zosinf| < 1.5 mm and |dp|/04, < 3 requirements.
At the second selection stage, muon track segments in the
inner detector and muon spectrometer are required to match,
as defined by the ‘Tight’ working point, which maximizes
the muon purity. Additionally, muons selected at the second
stage are required to have pt > 15 GeV and pseudorapidity
[n] < 2.5. These muons must also satisfy the strictest isola-
tion requirement [101], which employ both calorimeter and
tracking information and entail that the muons be well iso-
lated from other objects in order to differentiate them from
muons produced in background processes containing semi-
leptonic decays of heavy-flavour hadrons. Finally, the muons
selected at the second stage must satisfy |z sinf| < 0.5 mm
and |dp|/o4, < 3 requirements. The approximate efficiency
of identifying and isolating leading and subleading muons in
the phase space of this particular analysis is 85% and 72%,
respectively.

Jets are reconstructed using the anti-k; algorithm [103]
with a radius parameter R = 0.4, and corrections are applied
to calibrate the jets to the particle-level energy scale, as
described in Ref. [104]. Jets are then calibrated using the
particle-flow algorithm as described in Ref. [105]. At the
first selection stage, jets are required to have pt > 20 GeV,
be located within || < 4.5, and satisfy the ‘jet vertex tagger’
(JVT)requirements described in Ref. [106]. The JVT require-
ments are applied to jets in the range 20 < pt < 60 GeV
and || < 2.4 in order to reduce the number of jets from
pile-up. At the second selection stage, jets are required to
have pt > 30 GeV. Jets containing b-hadrons are identified
using the DL1r b-tagging algorithm and are required to sat-
isfy the 85% efficiency working point; they must also satisfy
pt > 20 GeV and be located within || < 2.5 [107].

@ Springer

The missing transverse momentum, defined as the nega-
tive vector sum of the transverse momenta of objects in the
detector, measures the sum of the momenta of the neutrinos in
the WW* — evpuv decays. Two types of missing transverse
momentum are used in the analysis. The first, denoted by
E%‘iss, is described in Ref. [108] and accounts for the inclu-
sion of electrically neutral objects by using jets directly in
the calculation of E‘T“iss. This ErTniss definition is used in the
calculation of all sensitive variables because it provides supe-
rior resolution for objects used to discriminate signal events
from background events. The second is a track-based vari-
able, denoted by E7"™ wrack 11081, which uses tracks matched
to jets instead of the calorimeter jet energy and is used to
suppress backgrounds from misidentified objects because it
has better pile-up robustness than E%liss. Both types of miss-
ing transverse momentum use a “Tight” working point [108],
which is equivalent to the condition that forward jets must
satisfy the pt > 30 GeV requirement. The estimation of the
lower energy components is based on tracks for both E‘TIliss
definitions.

4.2 Signal region selection

The signal region (SR) is defined using reconstructed objects
at the second selection stage, and subdivided into categories
of events that contain either no jets or one jet. The two cat-
egories share a common pre-selection and signal selection,
but have partially different background rejection selections
applied to reflect the variation in background composition
between the jet multiplicity bins.

The signal region contains events with exactly two
opposite-sign different-flavour leptons, with the leading
(subleading) lepton required to satisfy pr > 22 GeV
(pr > 15 GeV). The invariant mass of the two leptons,
myyg, 1S required to be greater than 10 GeV in order to
remove low-mass meson resonances and Drell-Yan events.
To ensure orthogonality with the VH (WH, ZH) phase
space, events with additional reconstructed leptons with pr
greater than 15 GeV are removed. In order to suppress mis-
reconstructed low-energy events, the Ef™ "™ i required
to be greater than 20 GeV. Events that contain a b-tagged
jet with pt > 20 GeV are removed to suppress backgrounds
from top-quark processes. Additionally, a selection requiring
aminimum value of 80 GeV is applied to the transverse mass
(m), defined as:

. - >, 2
mr = \/(E%Z + E’II‘HISS)Z _ |p%6 + EfrnlsS|

7 [\ it 2 . :
where Ef" = /|p{’|1> + mj,. This requirement suppresses

non-WW diboson background, as well as background from
misidentified objects.
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Table 2 Event selection criteria

Category

H Njet,(pT>30 GeV) = 0 ‘

Niet, (pr>30 Gev) = 1

used to define the signal and

fiducial region in the analysis.
The EI* definition described
in Sect. 4.3 is used for the
selection at particle level. The
reconstructed electrons are
required to have a

Pre-Selection

Exactly two isolated leptons (£ = e, u) with opposite charge

piad>22GeV , piPlead > 15GeV
el < 2.5, Inul < 2.5, p¥' > 30GeV
myee > 10 GeV

Efrniss, track >20GeV

pseudorapidity |n| < 2.47,

excluding the transition region Background rejection
between the barrel and endcaps

of the EM calorimeter,

A¢€€’E1rpiss > 7{/2

Np.jet,(pr>20Gev) = 0
max (m%) > 50 GeV

137 < |5 < 1.52 >30GevV Mer <mz —25GeV
mt > 80 GeV
H— WW*— {vlv mee <55 GeV
topology Aprr < 1.8

For the signal region category containing zero jets, a pr
threshold of 30 GeV is used to define the jet-counting crite-
rion, meaning that the region has zero jets with pr > 30 GeV.
The azimuthal angle between the dilepton system and the
missing transverse momentum, Ad’u, Emiss> is required to be

larger than /2. Since the leptons and E%‘iss are typically
back to back for signal events, this requirement removes
potential pathological events in which the E%‘iss points in the
direction of the lepton pair because of misidentified objects.
The transverse momentum of the dilepton system, p%z, is
required to be at least 30 GeV in order to reject events in
which a Z boson decays into leptonically decaying t-leptons.
For the signal region category containing exactly
one jet that satisfies ptr > 30 GeV, the larger of the

two lepton transverse masses, each defined as m% =

\/ 2 p%E‘T“iSS(l — cos(¢e — ¢E¥iss)), is required to exceed
50 GeV. Processes with at least one real W boson typically
have a large value of mf} for at least one of the two leptons, so
a lower bound on this variable suppresses Z/y* — 1t and
multi-jet events. The 1-jet region also requires the di-t can-
didate invariant mass, m, as computed using the collinear
approximation [109], to be less than mz — 25 GeV in order
to remove Z/y* — 7t background events.?

The signal region, divided into O-jet and 1-jet categories,
exploits the lepton kinematics to enhance a signal simi-
lar to that predicted by the SM. The azimuthal opening
angle between the leptons, A¢ye, is required to be less
than 1.8 radians because the charged leptons in leptonic
H— WW*— ¢vlv tend to be more collimated than those
from non-resonant W W background. This is due to the spin-
zero initial state of the resonant process and the V — A struc-
ture of the weak interaction. Both the 0-jet and 1-jet cat-
egories also require that the dilepton invariant mass, mgg,
be less than 55 GeV. Table 2 summarizes all the require-

2 mz refers to the mass of the Z boson, i.e. 91.18 GeV.

ments imposed on the signal region. The overall acceptance
of the signal region, as defined by the number of events in
the signal region, divided by the number of events passing
the pre-selection, is 28%.

4.3 ‘Truth’ objects

The particle-level objects are simulated before particles tra-
verse the detector, and can be found in the signal samples
after the parton shower generation step. Collinear photons,
for which the angular separation between the photon and
particle-level lepton is AR < 0.1, are added to the four-
momentum of the lepton. The electrons and muons with
In] < 2.7 and transverse momentum higher than 10 GeV,
and jets with || < 4.5 and transverse momentum higher
than 20 GeV, are selected at the first selection stage.
Simulated particle-level jets are built from all stable par-
ticles with ct > 10 mm, including neutrinos, photons, and
leptons from hadron decays or produced in the shower. How-
ever, all decay products from the Higgs boson decay and
the leptonic decays of associated vector bosons are removed
from the inputs to the jet algorithm. The jets are reconstructed
using the anti-k; algorithm [103] with a radius parameter
R = 0.4 implemented in the FastJet package [110]. After
this first selection stage, an overlap removal procedure is
applied to objects that are near each other and mimic the
SR selection. A particle-level electron is rejected if it is in
the vicinity of a muon with AR(e, u) < 0.1, or a jet with
0.2 < AR(e, j) < 0.4. Conversely, a jet is rejected if there
is an electron within AR(e, j) < 0.2. A muon is rejected if
there is a jet within AR(u, j) < 0.4. The MC ‘truth’-level
E%liss arises from neutrinos, and is calculated from prese-
lected objects, as well as jets that are not required to satisfy
the pre-selection criteria. At the second selection stage, fur-
ther selection criteria are applied to the particle-level objects.
A higher jet- pt requirement of 30 GeV is applied, while elec-
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Table 3 Event selection criteria
used to define the control CR H

Niet, (pr>30 Gev) = 0 \

Niet, (pr>30 Gev) = 1

regions in the analysis. The Ny =0
pre-selection requirements were b-jet, (pr>20GeV) =
applied in all six control A(b” [Emiss > 71'/2 mygr > 80 GeV
regions. The definitions of m, N ¢ g’ T
m%, and the jet-counting pr 94 ww Pr > 30 GeV |m‘r‘r - le > 25 GeV
thresholds are the same as for 55 <myg <110 GeV max (mf[)‘) > 50 GeV
the signal regions. The selection A 2.6
criteria that are reversed or ¢” <z
different in the CR in order to Ny =1
. b-jet >30GeV) —
make it f)rthogonal to the SR are Nb-jet,(20 GeV<pr<30GeV) >0 N jet,(pr eV) _0
marked in bold b-jet, (20GeV<pr<30GeV) —
tt/Wt A¢€€ [Emiss > 7T/2 Mer <Mz — 25 GeV
»=T
pil > 30 Gev max (m&) > 50 GeV
A¢g[ <2.8
Npjet,(pr>20Gev) = 0
mer < 80 GeV
Zly* -7 no E'; iss, track e quirement
Adep > 2.8 mer > myz — 25 GeV
max (m%) >50 GeV

trons and muons are required to satisfy pr > 15 GeV and
be within |n| < 2.5. The particle-level objects selected at the
second stage are used in the definition of the fiducial regions,
constructed to mimic the signal region as closely as possible.

4.4 Fiducial region selection

The fiducial region (FR) selection is defined using particle-
level objects, before the detector reconstruction is applied.
This selection is designed to be as close as possible to the
signal region in order to avoid large extrapolation uncertain-
ties. To obtain the fiducial region, all the selections shown
in Table 2 are applied at the particle level. Additionally, the
absolute rapidity of the dilepton system, |yz¢|, is required to
be less than 2.5, in order to match the constraints due to the
coverage of the ATLAS detector. As shown in Table 2, the
fiducial phase space at particle level includes a veto on jets
containing b-quarks. If a jet is matched with a weakly decay-
ing b-hadron, it is labelled as a b-jet. The overall correction
factor, defined as the number of reconstructed signal events
in the SR divided by the number of signal events in the fidu-
cial region, is 35%. The number of events that pass into both
the reconstructed signal region and fiducial region is 2250,
the number of events that pass the reconstructed signal region
and do not pass into the fiducial region is 352, the number of
events that do not pass into the reconstructed signal region
and pass into the fiducial region is 5117, and the number of
events that fail to reach either region is 144109.

@ Springer

Table 4 Normalization factors for all background contributions con-
strained by control regions, as determined in the fit (described in Sect. 7)
to the p{" observable

Background Normalization factor
qqWW Nie=0 0.97 £ 0.07
qqWW Njer =1 0.91+£0.13
Z+jets Njee =0 0.91 £0.07
Z+jets Njee=1 1.02+0.12
Top Njet =0 1.07 £0.24
Top Njet =1 1.03+0.18

5 Background estimation

The contributions from SM processes that mimic the signal
production are estimated using a variety of methods. One
method involves defining a normalization factor by com-
paring data with MC events in regions rich in background,
known as control regions (CRs). The normalization factor is
a free parameter that is obtained when the fitting procedure
(described in Sect.7) is applied simultaneously to all signal
and control regions. The background in the signal regions is
then scaled by the normalization factor, ensuring the back-
ground modelling is normalized to the real data. The control
regions are close to the signal regions, in order to minimize
the extrapolation uncertainties, but have one or two selection
criteria reversed in order to ensure a high purity of back-
ground events and orthogonality with respect to the signal
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regions. Backgrounds estimated from control regions include
those containing two W bosons, which closely resemble the
signal and include top-quark production (¢f and W) and W W
production. A control region is also used to estimate the back-
grounds from the Z/y* — 71 process, which resembles the
signal when the t-leptons decay leptonically. The selections
used to define the control regions are shown in Table 3 for
the 0-jet and 1-jet categories, and Table 4 shows the corre-
sponding normalization factors.

The presence of jets originating from b-quarks is used to
identify processes containing top quarks. The 0-jet top con-
trol region contains a requirement that A¢y, < 2.8 in order to
remain alligned with the signal region, while retaining high
statistics. The 1-jet top control region removes events with
low-pr b-jets (Np.jet, (20 Gev < pr<30GeV)) in order to ensure
that the ratio of ¢ to Wt is similar to that in the signal
region and thus minimize the influence of secondary shape
differences. The purity of the O-jet (1-jet) top control region,
defined as the ratio of the top-quark component to the total
expectation, is 89% (98%).

In the WW and Z/y* — tt control regions the require-
ment that no b-jets with pt > 20 GeV be present is applied in
order to reduce the top-quark contamination in those regions.
The defining feature of regions containing W W background
is a selection on the dilepton invariant mass (m¢), as shown
in Table 3. The 0-jet WW control region has a requirement
that A¢y¢ < 2.8 in order to keep the region closely alligned to
the signal region, while maximizing statistics. The WW con-
trol region containing one jet also reduces the Z/y* — tt
contamination by using the same m,; and max(m!}) selec-
tions that are applied in the signal region. The Z/y* — 171
control regions are defined by requiring leptons from the ¢
decay to be well separated (A¢y, > 2.8), and the invariant
mass of the leptons to be low (m; < 80GeV) to eliminate
contamination from Z — ee/quu events. In addition, the
Z/y* — tt regions have no E}"™ tack requirement. The
purity of the 0-jet (1-jet) WW CR is 67% (34%). The lower
purity in the 1-jet region is acceptable because the ratio of
W W events to top-quark events in the control region is close
to that in the SR. The purity of the Z/y* — tt region
is 94% and 76% in the O-jet and 1-jet regions respectively.
Table 4 shows the normalization factors extracted from each
control region after the fitting procedure is applied to the p%’
distribution.

Distributions of my¢ and cos 6* in the top and Z/y* —
Tt control regions of the 0-jet channel are shown in Fig. 1,
alongside the distribution of m g, in a loose region including
both the WW control region and the signal region in the 1-jet
channel. The normalization factors obtained from the fitting
procedure are applied to distributions in the figure.

Backgrounds from processes such as W+jets and multi-
jet production have large cross sections, and can be mistaken
for signal events in the rare cases where a jet is misidenti-

fied as an isolated lepton. These backgrounds are estimated
using a data-driven method known as the extrapolation-factor
method, and are labelled as ‘Mis-Id” in the figures. This
method is described in detail in Ref. [6].

The remaining backgrounds include WZ, Wy, ZZ and
VVV, have small cross sections, and are estimated from
simulation. Finally, Higgs boson production via processes
such as vector-boson fusion, and in association with vector
bosons or top-quark pairs, are fixed to their SM predictions
and treated as background. This is because these additional
production mechanisms have a negligible impact on the final
results when treated as part of the signal model.

6 Measured yields, uncertainties and distributions

To obtain differential fiducial cross sections, the reconstruction-
level signal and background expectations are fitted to the data,
and the resulting information is corrected for detector effects
to the particle level. A signal region is defined for each bin
of each observable, from which the number of signal events
Ns is extracted from a fit to the data. A combined fit is per-
formed to the mT distribution in the range 80 to 160 GeV in
bins of 10 GeV. This combined fit includes single-bin WW,
top, and Z/y* — 77 control regions. Normalization factors
used to normalize the backgrounds in the signal regions are
extracted from the combined fit. The fit is performed for each
slice of the measured observables. Normalization factors are
compatible across all observables.

The fit is performed using the profile likelihood method
(see, e.g., Ref. [111]), where the likelihood is constructed as
the product of likelihoods from individual signal and control
regions, as well as the product of all bins in those regions.
All background estimates, both the data-driven estimate and
those obtained from MC simulation, are added to the Poisson
expectations. The systematic uncertainties are included as
nuisance parameters, constrained by a Gaussian term.

The analysis is affected by theoretical uncertainties in the
MC modelling of the signal and background, as well as exper-
imental uncertainties related to the detector measurements.
The signal and background expectations depend on nuisance
parameters, which correspond to systematic uncertainties.
The ggF signal uncertainties are a small contribution since
the measurement is made in a fiducial region, making it inde-
pendent of the type of signal model assumed. Uncertainties in
the shape of the ggF signal distribution are minimized since
the measurement is made in individual bins of kinematic vari-
ables. The uncertainties on the ggF cross-section predictions
do not impact the measurements. The only remaining sig-
nal uncertainties are the uncertainties that affect the detector
level corrections. An example of such an uncertainty is the
jet shower shape uncertainty, since changes in how jets are
reconstructed can affect truth-level and reconstruction-level
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Fig. 1 Distributions of m g in the top control region of the 0-jet chan-
nel (left), cos 6* in the Z/y* — vt control regions of the O-jet channel
(centre), and m g in aloose region including both the W W control region
and the signal region in the 1-jet channel (right). The MC backgrounds

quantities differently. These residual uncertainties are taken
into account. The uncertainties in non-ggF Higgs production
processes are treated in the same way as the uncertainties
in the other backgrounds, and cross-section uncertainties are
accounted for.

Various uncertainties related to detector measurements are
considered. Uncertainties associated with identifying, recon-
structing and calibrating objects such as electrons, muons,
jets and missing transverse momentum, as well as tagging jets
as originating from b-quarks are evaluated. The systematic
uncertainty associated with the energy/momentum scale and
resolution of objects is estimated by performing a scaling or
smearing of the energy/momentum, and observing its effect
on the yields and shape of the distribution of selected events
in the final state. The systematic uncertainty is evaluated by
comparing the =10 variations with the nominal prediction.
The missing transverse momentum is constructed from var-
ious objects, as described in Sect. 4.1, and has uncertainties
associated with those objects. Uncertainties in the measured
efficiencies for electron and muon triggers and pile-up are
included as systematic uncertainties. The uncertainty in the
combined 2015-2018 integrated luminosity is 1.7% [112],
obtained using the LUCID-2 detector [113] for the primary
luminosity measurements.

The theoretical uncertainties in the MC modelling take
into account QCD scale uncertainties, parton shower (PS)
and underlying event (UE) modelling, and parton distribu-
tion function (PDF) uncertainties. To calculate the QCD scale
uncertainties, the renormalization (u;) and factorization (iif)
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are normalized by normalization factors obtained from signal plus back-
ground fits to the observable that is being plotted. Model uncertainties
shown are obtained from the fit result using a reweighting technique

scales are varied in order to estimate the impact of missing
higher-order corrections in fixed-order perturbative predic-
tions. To estimate the QCD scale uncertainty for the Higgs
boson signal, the Stewart—-Tackmann method [114] is fol-
lowed. For the backgrounds originating from WW bosons,
top production, and Z/y* — tt, the scale uncertainty is
evaluated using the envelope of seven-point u,, (. variations,
with p; and pr each varying by factors of 0.5 and 2, subject
to the constraint that 0.5 < u,/us < 2.0, and the maximum
variation of the event yields is taken as the uncertainty.

The PDF uncertainties are calculated following the stan-
dard PDFALHC prescriptions [115].

The uncertainties related to the UE and PS, as well as gen-
erator uncertainties, are estimated using alternative genera-
tors, and taken into account forthe WW ,topand Z /y* — tt
backgrounds. In addition to that, for WW and top back-
grounds, the uncertainties associated with matching NLO
matrix elements to parton showers are estimated. For the
W W background, an uncertainty is estimated to account for
the fact that 0—1 additional jets are generated at NLO, while
2—4 additional jets are generated at LO. An additional uncer-
tainty applied to single-top processes is estimated by com-
paring samples using different diagram removal schemes to
account for interference between Wt and top-pair produc-
tion [61].

A pruning procedure is used in order to improve the sta-
bility of the likelihood maximization by neglecting sources
of small uncertainties. For this, any systematic uncertainty
that induces a yield change of less than 0.1% for a given pro-
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cess in an observable bin is neglected for that bin and that
process. Furthermore, for any systematic uncertainty which
is very likely to be compatible with a pure normalization
effect across mt bins (with a p-value p > 95%), the shape
component is neglected.

7 Unfolding

The reconstruction-level measurements are extrapolated to
their particle-level quantities using a procedure known as
unfolding [116]. This procedure uses Monte Carlo signal
samples to define the correlation between reconstruction-
level and particle-level quantities. These correlations are
described in terms of a response matrix C, such that

Nreco = C - Nparticle-level T Hout-of-fiducial

where 7o 1S the vector of event counts in bins of the
reconstruction-level quantity, ﬁpartide_]evel is the vector of
event counts in bins of the particle-level quantity, and
Moutof-fiducial 18 the vector of signal events that pass the
selection at the reconstruction level but are not inside the
fiducial region defined at the particle level. In practice, the
response matrix is derived from the migration matrix, a two-
dimensional distribution of simulated events encoding the
correlation between the particle- and reconstruction-level
quantities, by normalizing each element to the total number
of events in the corresponding particle-level bin. In this way,
acceptance, resolution and efficiency effects are encoded in
the matrix. Assuming that the response derived from simula-
tion is representative of the detector response in real data, the
particle-level distributions in data can be obtained by apply-
ing the inverse of the response matrix to the measured data.

The practical application of this procedure faces a chal-
lenge related to the lack of regularization: the bin migra-
tions between particle and reconstruction levels induce off-
diagonal entries in the response matrix, leading to negative
off-diagonal entries in its inverse and ultimately to the ampli-
fication of uncertainties.

Two different approaches to alleviate this are presented
here. The first approach is an unfolding procedure that uses
a Tikhonov-regularized [117] in-likelihood unfolding algo-
rithm. The likelihood used extracts the reconstruction-level
signal yields by means of signal strengths 1 ; multiplying the
expected event yields s;izp in mt bin m and observable bin
Jj, and is of the form

Npin N Nbg
(i 0= [T T 2| Nilujs7o® @ + 3 wibjmn®
j=1m=1 n=1

Ncr Nbg Ny
x4 [ Pelse™P@ + ) u’;bc,nw))] x [ ] N@xloo.
c=1

n=1 k=1
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In the Poisson terms P, the quantities N; and N, are the
numbers of observed events in bin j of the signal region, and
in control region ¢, respectively; s *" is the expected event
count in CR ¢; and b; , , and b, are the expected event
counts in observable bin j and mT bin m of the SR and in CR
¢, respectively, of the n-th background process. Finally, uf;
is the normalization factor for the n-th background process
(and is fixed to 1 for backgrounds not estimated using CRs).
The Np nuisance parameters in the Gaussian terms N are
represented by 6. The SR is further subdivided into e and
e, depending on which of the two leptons has the higher
pT, but this is not shown explicitly in the above expression.
Also, when not considering the Nje; observable, the Njeg =0
and Nje; = 1 SRs are treated separately in the fit; this further
subdivision is not displayed explicitly either.

The signal s; = ,ujs;’eXp of the reconstruction-level dis-
tribution in the j-th observable bin can be rewritten as

s;:Zstij—i-fj
i

where s/ is the signal yield in the particle-level bin i, f; is
the number of reconstructed events that are not in the fiducial
region

L r,exp _ .
fi =80 = ) My
i
and C;; is the response matrix
t,exp
Cij = Mij/s;

given by the migration matrix M;; and the predicted particle-
level yield s;’eXp. The quantities s™*P, s"¢XPand M are
obtained from Monte Carlo predictions, with full dependen-
cies on nuisance parameters from theory and experimen-
tal sources, i.e. s"P = §HOP(@) §HeXP — XD (G) and
M =M (5), and these dependencies are fully maintained
throughout the likelihood maximization.

A Tikhonov regularization term is included in the likeli-
hood as a penalty term, taking the form

Npin—1
P(X) =exp (—T : ( Z (o1 — %) — (xi — xi41))?

i=2

with x being the quantity for which the curvature should
be regularized. For this analysis, the measured particle-level
signal strength, x; = s/ /s; “*P 'is chosen as the regularized
quantity (see also, e.g., Ref. [118]). This type of regulariza-
tion is chosen for all single-differential distributions in this
analysis. For the double-differential cross-section measure-

ments, independent values of t are chosen for each of the
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two jet multiplicity bins. No regularization across jet bins is
performed, as two bins are not enough to define a curvature.

The choice of a value for the regularization parameter t
is a trade-off between minimizing statistical fluctuations on
the one hand, and the potential bias induced by adding an
artificial constraint to the measurement on the other. This
compromise is reached by first constructing distributions
with the number of signal plus background events in each
particle-level bin, fluctuated randomly by its respective Pois-
son uncertainty. The ‘toy’ distributions are then unfolded
using the original response matrix in order to obtain the
unfolded particle-level distribution. A bias is then calcu-
lated by subtracting the original particle-level events from
the unfolded particle-level events for 1000 toy simulations
for each value of the regularization parameter t. The aver-
age of the bias for all these toy simulations is compared with
the statistical uncertainty for each value of 7 for each SR
bin, and a value for 7 is chosen so as to attain the lowest
bias relative to uncertainty for most of the bins. Values of
T near 1 were investigated since previous studies using this
technique showed this range to be optimal. The final 7 values
range from 0.25 to 1.5. For the example of the p{! variable,
a t value of 0.25 was chosen, and corresponds to values of
the maximum bias divided by the uncertainty of 0.06, 0.01,
0.01, and 0.02 for the lowest to highest bins, respectively.

A second unfolding procedure was performed as a cross-
check and yielded similar results. This procedure extracts the
reconstructed differential cross sections from the same statis-
tical model, but then performs an iterative Bayesian unfold-
ing (IBU), which uses the number of iterations as the regu-
larization parameter. Further details of this method and the
results obtained using it are provided in the Appendix.

The statistical and systematic uncertainties are propagated
to the final result consistently, including their effects on the
detector response. The entries of the response matrix are sub-
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Fig. 6 Measured differential fiducial cross section for p{! in the O+1-
jet fiducial region using the regularized in-likelihood unfolding method.
Uncertainty bars on the data points include statistical and systematic
uncertainties from experimental and theory sources as well as back-
ground normalization effects and shape effects from background and
signal. Uncertainty bands on the predictions shown are dominated by
normalization effects on the signal arising from showering, PDF mod-
els, os and the QCD scale. The legend includes p-values quantifying
the level of agreement between the data and the predictions, including
all sources of uncertainty. The systematic uncertainties of the data are
shown separately

ject to correlated uncertainties among the matrix elements,
which are incorporated into the statistical model for the in-
likelihood procedure. For the iterative Bayesian unfolding
procedure, the post-fit values of all nuisance parameters are
propagated to the detector response, and the uncertainties are
included in the bin-by-bin covariances and checked for cov-
erage using toy distributions. Cross-section normalization
uncertainties from theory that affect the signal are excluded
from the measurement and instead are included in the pre-
dictions for comparison, while effects on the shape are fully
propagated alongside the experimental uncertainties.
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sources as well as background normalization effects and shape effects
from background and signal. Uncertainty bands on the predictions

Several tests were performed to assess the robustness of
the unfolding procedure. The purpose of the tests is to deter-
mine whether the unfolding procedure is biased by varia-
tions in the input samples that account for different spectral
shapes, different Monte Carlo generators, new-physics con-
tributions and systematic correlations. For the first tests, fluc-
tuated MC truth-level distributions were created by fluctuat-
ing individual observable bins within their respective Pois-
son uncertainties. The fluctuated distributions are folded, and
then unfolded, and the resulting unfolded distributions are
found to closely match the original fluctuated truth-level dis-
tribution, showing that no biases were introduced. The same
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migration matrix, derived from SM ggF simulation, is used to
fold and unfold the distributions. Since the migration matrix
is only composed of Monte Carlo signal events, biases could
be introduced by correlated nuisance parameters that only
affect the signal. Thus, for the second tests, toy datasets
generated with random values of the nuisance parameters
demonstrated that no such biases are introduced in the con-
struction of the migration matrix.
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8 Results

The results of the measurement are illustrated in the fig-
ures in this section. The mt distributions are obtained for all
bins of each observable: |y ol, p?, p%o, p%f, Mg, Yee, Adee,
and cos 6*. Figures2, 3, 4 and 5 show examples of the pre-
and post-fit mT distributions at the reconstruction level for
bins of the p%’ observable, which are inputs to the unfolding
procedure. The number of bins and bin edges were chosen

shown are dominated by normalization effects on the signal arising from
showering, PDF models, o and the QCD scale. The legend includes
p-values quantifying the level of agreement between the data and the
predictions, including all sources of uncertainty. The systematic uncer-
tainties of the data are shown separately

in order to maximize the Signal/,/Background significance
measure, while minimizing the bin migrations and statistical
errors. In the distributions obtained after the fitting procedure
is performed, all systematic uncertainties are included, and
the background is normalised using the normalisation factors
extracted from the control regions. The Higgs boson trans-
verse momentum, p%f , is defined as the pt of the combined
two-lepton system and missing transverse momentum at the
reconstruction and particle levels, and is binned in pr bins
in the ranges 0-30 GeV, 30-60 GeV, 60-120 GeV and 120-
1000 GeV. The ggF Higgs production predictions are derived
from Monte Carlo simulated samples normalized to the best
SM predicted cross sections from Table 1. These figures show
that the data agree with the Standard Model expectation for
the Higgs boson signal and backgrounds within the uncer-
tainties. After the fitting procedure is performed, there is a
decrease in uncertainties due to the additional information
that results from the comparison to data in both the signal
and control regions. The fit induces correlations between the
nuisance parameters, which reduce the total uncertainties in
the post-fit distributions via the correlation matrix.

The final differential fiducial cross sections for each
observable, obtained using the regularized in-likelihood
unfolding method are shown in Figs.6, 7, 8, 9, 10 for the
single-differential distributions, and Figs. 11, 12, 13 for the
double-differential distributions. Figure 14 shows the corre-
lations of the unfolded cross sections in the signal regions in
the different p{’ intervals. The numbers in the legend on the
right are shown in percentages.

The compatibility of the data and each set of predictions
is characterized by the p-values, shown in the respective fig-
ure legends. These p-values are computed from the fit of the
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respective predictions, including uncertainties in normaliza-
tion and shape, to the observed data. The total cross sections
(sum over all bins) are compatible with each other for all
observables. The data and predictions agree very well, as
demonstrated by the high p-values for all of the plots. No
significant differences are observed between the measured
cross sections and their Standard Model Monte Carlo pre-
dictions.

The uncertainties with the largest impact on the results
include uncertainties related to jet and muon reconstruction.
Theory uncertainties associated with the top-quark and WW
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the predictions shown are dominated by normalization effects on the
signal arising from showering, PDF models, o5 and the QCD scale. The
legend includes p-values quantifying the level of agreement between
the data and the predictions, including all sources of uncertainty. The
systematic uncertainties of the data are shown separately
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systematic uncertainties of the data are shown separately

backgrounds, and with the difficulty of modelling Vy pro-
cesses also play a leading role. For the POWHEG+PYTHIA 8§
prediction, the uncertainties were evaluated in several dif-
ferent regions of phase space and summed in quadrature as
described in Ref. [6], whereas for the POWHEG+HERWIG 7
sample, they could only be evaluated inclusvely for each bin,
resulting in a slightly less precise evaluation. Other lead-
ing uncertainties include ones affecting the data-driven back-
ground estimates for misidentified objects, as well as uncer-
tainties related to normalizing the backgrounds from control
regions. The uncertainties are listed in Table 5, which shows
ranges of values that correspond the different bins of the
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measured observables. Table 6 shows a detailed breakdown
of the uncertainties for the pf’ variable obtained after the
final fitting procedure is performed.

The integrated fiducial cross section is obtained using the
procedure described above but without binning in any observ-
able (and consequently without any regularization). It is mea-
sured to be 56.0f$%0 fb.
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the predictions shown are dominated by normalization effects on the
signal arising from showering, PDF models, «s and the QCD scale. The
legend includes p-values quantifying the level of agreement between
the data and the predictions, including all sources of uncertainty. The
systematic uncertainties of the data are shown separately

9 Conclusion

Measuring the Higgs boson’s differential production cross
section is an important aspect of measuring Higgs properties
and further testing the Standard Model. This analysis has
measured single- and double-differential cross sections for
Higgs boson production via gluon—gluon fusion and decay
into WW* — evpuv in bins of the final-state transverse mass,
mT. The measurement was performed using the full LHC
Run 2 dataset of 13 TeV proton—proton collisions collected
with the ATLAS detector during 2015-2018, corresponding
to an integrated luminosity of 139 fb~!. The resulting m dis-
tributions and measurements of the differential cross sections
in fiducial regions are presented for the |y;ol, p%’ , p?ro, p%z,
myeg, Yoo, Adee, and cos 0* observables. Likelihood unfold-
ing with Tikhonov regularisation is used to transform the
reconstruction-level quantities to their particle-level distribu-
tions in each of these eight observables, and in each of the last
six of them versus jet multiplicity. Performing the measure-
ment at the particle level facilitates direct comparison with
theoretical predictions and minimizes the impact of the signal
uncertainties on the final results. The results agree extremely
well with Standard Model expectations, derived using the
POWHEG+PYTHIA8 , POWHEG+HERWIG7 and MAD-
GRAPHS_AMC@NLO Monte Carlo generators. The leading
uncertainties are related to jet and muon reconstruction, theo-
retical modelling of the W W and V y backgrounds, and data-
driven background estimates for misidentified objects. The
results improve upon those previously obtained by ATLAS,
mainly by using more data and analysing a larger suite of
observables. In addition, these results were obtained by using
a fitting procedure, unlike the previous version of the anal-

@ Springer



774  Page 18 of 40

Eur. Phys. J. C

(2023) 83:774

Table 5 The statistical
uncertainties of the data and
Monte Carlo predictions, as well
as experimental and theoretical
uncertainties of the measured
cross sections for each
kinematic variable. The
uncertainties vary depending on
the m bin in which the cross
sections are measured, as
demonstrated by the range
shown for each entry. The
dominant sources of systematic
uncertainties are discussed in
the text

Table 6 Relative cross section
uncertainties broken down for
each bin in p{i

@ Springer

Variable Data statistical (%) MC statistical (%) Experimental (%) Theory (%)
Yee 14-22 5.3-10 6.9-15 5.9-15
e 15-29 6.4-14 8.2-31 6.8-27
i 13-28 6.3-13 9.3-28 14-34
Ao 11-39 6.1-18 7.8-22 13-27
Yjo 23-51 12-26 21-54 26-58
cos 0* 11-15 5.8-7.6 8.5-11 8.9-14
pH 8.5-72 6.2-18 10-58 12-27
myg 12-25 5.6-11 7.5-15 7.3-20
yee VS Niet 9.0-62 3.9-25 8.0-20 5.0-53
PEE Vs Niet 9.8-36 4.7-20 12-41 9.9-50
p%o VS Nijet 9.6-50 5.8-20 10-35 9.4-74
Adee VS Niet 9.6-65 5.6-18 6.8-31 14-74
c0s 0% vs Nje 13-50 6.8-25 7.7-39 8.9-58
mgg VS Niet 12-152 5.7-44 8.9-58 7.2-82
Contribution 0-30GeV 30-60GeV 60-120GeV 120 - 1000 GeV
Total relative uncertainty 19 51 108 62

Total systematic uncertainty 17 41 81 45
Statistical uncertainties from data 8.5 29 72 43
Statistical uncertainties from simulation 6.2 15 17 18
Experimental systematic uncertainty 10 24 58 31

Flavour tagging 4.9 6.1 13 18

Jet Energy Scale 4.9 17 30 21

Jet Energy Resolution 4.8 8.4 12 10

Missing transverse energy 4.6 8.2 11 8.2

Muons 4.6 4.2 4.8 2.3
Electrons 32 2.2 2.5 1.1
Misidentified objects 39 10 33 1.3

Pile-up 3.8 1.2 6.9 44
Luminosity 2.7 4.5 35 2.8
Systematic uncertainty from theory 11 27 23 25

On gluon-fusion production 6.1 7.1 4.7 5.2

On Vector Boson Fusion production 24 1.8 2.7 32

On top quark production 4.3 20 18 21

On decaysof Z — tt 4.2 59 22 39

On the WW background 7.3 10 12 6.0

On other diboson processes 5.9 14 7.8 8.8
Background normalization factors 2.3 0.7 0.9 0.6




Eur. Phys. J. C (2023) 83:774

Page 190f40 774

ysis, which relied on a simple subtraction of the expected
background event yields from the observed event yields.
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Appendix: Iterative Bayesian unfolding

A secondary unfolding method is used as a cross-check, in
which the unfolded truth distribution is obtained iteratively
using Bayes’ theorem. Bayes’ theorem can be used to esti-
mate the probability of a specific cause, C, given an effect,
E, using the equation:

P(E;|Ci, I) - P(Gi|T)
M P(E;|ICk, T) - P(Cill)

P(Ci|E;, I) =

where [ is our prior knowledge of probabilities of causes C;.
If n; events are measured in bin j, the number of truth events
in bin i, is then given by

P(GI|E;, I) -n;
Puilny) = ———L2

€

where the efficiency, €;, is defined as

e =y _ P(Ej|Ci, D).
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Fig. 15 Differential fiducial cross section for p-{! in the 0+1-jet fiducial
region using the iterative Bayesian unfolding method. Uncertainty bars
on the data points include statistical and systematic uncertainties from
experimental and theory sources as well as background normalization
effects and shape effects from background and signal. Uncertainty bands
on the predictions shown are dominated by normalization effects on the
signal arising from showering, PDF models, «s and the QCD scale. The
systematic uncertainties of the data are shown separately
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The number of truth events per bin is measured itera-
tively, and at each iteration the prior distribution P (C;, 1),
becomes the measured distribution. The number of iterations
is optimized using a procedure intended to prevent statisti-
cal fluctuations from being interpreted as features in the true
distribution. As the number of iterations increases, the bias
towards the truth distribution is reduced, but the statistical
uncertainty is increased. To find a balance between these two
factors, two-dimensional plots of ‘fluctuation’ versus ‘bias’
are constructed. Distributions are constructed by fluctuat-
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Fig. 16 Differential fiducial cross section for myy (left) and yg, (right)
in the O+1-jet fiducial region using the iterative Bayesian unfolding
method. Uncertainty bars on the data points include statistical and sys-
tematic uncertainties from experimental and theory sources as well as
background normalization effects and shape effects from background
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Fig. 17 Differential fiducial cross section for p%e (left) and Ay
(right) in the 0+1-jet fiducial region using the iterative bayesian unfold-
ing method. Uncertainty bars on the data points include statistical and
systematic uncertainties from experimental and theory sources as well
as background normalization effects and shape effects from background
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ing the number of events in each truth bin by its respective
Poisson uncertainty, and then folding it using the nominal
response matrix. The true values in the fluctuated, folded
distribution are intended to represent the measured distribu-
tion. These distributions are then unfolded, using the nomi-
nal response matrix. The fluctuation axis is then defined by
the relation: fluctuated truth distribution minus the original
truth distribution divided by the original truth distribution.
The bias axis is defined by the relation: unfolded truth dis-
tribution minus the fluctuated truth distribution divided by
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Fig. 18 Differential fiducial cross section for pffo (left) and cos6*
(right) in the 0+1-jet fiducial region using the iterative Bayesian unfold-
ing method. Uncertainty bars on the data points include statistical and
systematic uncertainties from experimental and theory sources as well
as background normalization effects and shape effects from background
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Fig. 19 Differential fiducial cross section for |y o| in the 0+1-jet fidu-
cial region using the iterative Bayesian unfolding method. Uncertainty
bars on the data points include statistical and systematic uncertainties
from experimental and theory sources as well as background normaliza-
tion effects and shape effects from background and signal. Uncertainty
bands on the predictions shown are dominated by normalization effects
on the signal arising from showering, PDF models, o5 and the QCD
scale. The systematic uncertainties of the data are shown separately

the fluctuated truth distribution. The bias is calculated at the
points where the fluctuation equals the uncertainty in the
two-dimensional fluctuation-versus-bias distributions. Since
this intersection occurs twice (when the fluctuation equals the
negative uncertainty and when the fluctuation equals the pos-
itive uncertainty), the mean of these two values is taken as the
bias. Finally, for each observable, the number of iterations is
chosen such that the ratio of the bias to the uncertainty is less
than a certain threshold for all bins. The number of iterations
chosen varies from 2 to 18 depending on the observable.

and signal. Uncertainty bands on the predictions shown are dominated
by normalization effects on the signal arising from showering, PDF
models, «s and the QCD scale. The systematic uncertainties of the data
are shown separately

This appendix contains the unfolded distributions of
different observables binned to match the final binnings
employed in the analysis. The differential cross sections
shown allow a comparison of the results from the two
unfolding procedures. The two unfolding procedures pro-
duce results that are consistent with each other, demon-
strating that the choice of regularization which is different
between the two methods, does not have an impact on the
results.

The differential fiducial cross sections for each observ-
able, obtained using the iterative Bayesian unfolding method,
are shown in Figs. 15, 16, 17, 18 and 19 for the single-
differential distributions, and Figs.20, 21 and 22 for the
double-differential distributions.
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