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Abstract

Production cross sections of the Higgs boson are measured in the H — ZZ — 4/
(¢ = e, u) decay channel. A data sample of proton-proton collisions at a center-of-
mass energy of 13 TeV, collected by the CMS detector at the LHC and corresponding
to an integrated luminosity of 137 fb ! is used. The signal strength modifier y, defined
as the ratio of the Higgs boson production rate in the 4¢ channel to the standard
model (SM) expectation, is measured to be y = 0.94 & 0.07 (stat)fgzgg (syst) at a fixed
value of my = 125.38 GeV. The signal strength modifiers for the individual Higgs
boson production modes are also reported. The inclusive fiducial cross section for the
H — 4/ process is measured to be 2.84702 (stat) 020 (syst) fb, which is compatible
with the SM prediction of 2.84 4= 0.15 fb for the same fiducial region. Differential cross
sections as a function of the transverse momentum and rapidity of the Higgs boson,
the number of associated jets, and the transverse momentum of the leading associated
jet are measured. A new set of cross section measurements in mutually exclusive
categories targeted to identify production mechanisms and kinematical features of
the events is presented. The results are in agreement with the SM predictions.
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1 Introduction

The discovery of the Higgs boson (H) in 2012 by the ATLAS and CMS collaborations [1-3] has
been a major step towards the understanding of the electroweak symmetry breaking mecha-
nism [4-9]. Further studies by the two experiments [10-H13] have shown that the properties of
the new particle are consistent with the standard model (SM) expectations for the H boson.

The H — ZZ — 4/ decay channel (¢ = e, i) has a large signal-to-background ratio thanks to
a low background rate and the complete reconstruction of the final state decay products, capi-
talizing on the excellent lepton momentum resolution of the CMS detector. The measurements
performed using this decay channel with the LHC Run 1 data set at center-of-mass energies of
7 and 8TeV, and the Run 2 data set at 13 TeV include the determination of the mass, the spin
and the parity of the H boson [14-19], its width [20-23]], the inclusive and differential fiducial
cross sections [18] 24-28], and the tensor structure of the H boson interaction with a pair of
neutral gauge bosons in both on-shell and off-shell regions [17, 19, 21, 29, 30].

This paper presents the measurement of production cross sections in granular kinematic re-
gions of the H boson in the H — ZZ — 4/ decay channel. A data sample of proton-proton
(pp) collisions at a center-of-mass energy of /s = 13 TeV, collected by the CMS detector at the
LHC and corresponding to an integrated luminosity of 137 fb ' is used. The inclusive signal
strength modifier, defined as the ratio of the H boson production rate in the 4¢ channel to the
SM expectation, and signal strength modifiers for the individual H boson production modes
are measured. The measurements of the inclusive and differential fiducial cross sections are
also presented, and their compatibility with the SM predictions is tested. The present analysis
is similar to that previously performed by the CMS Collaboration [18], but is based on a larger
data sample.

In addition, measurements of the H boson cross sections within the simplified template cross
section (STXS) framework [31H33] are also presented. The main goals of the STXS framework
are to increase the reinterpretability of the precision H boson measurements and to minimize
the theory dependence. This is achieved by defining exclusive kinematic regions in the H boson
production phase space. The results presented within the STXS framework nonetheless depend
on the SM simulation used to model the experimental acceptance of the signal processes, which
could be modified in beyond the SM (BSM) scenarios. These kinematic regions, referred to as
bins, are defined in different stages corresponding to increasing degrees of granularity. This
paper presents results in the STXS stage 0 where the bins correspond closely to the different H
boson production mechanisms. Previous measurements of cross sections in stage 0 production
bins in the H — 4/ decay channel were already presented by the CMS Collaboration [18]. In
the STXS framework, additional stages are defined by further splitting of the bins enhancing
the sensitivity to possible signature of BSM physics at high transverse momentum of the H
boson. Measurements of stage 0, stage 1, and stage 1.1 cross sections in the H — 4/ decay
channel were recently published by the ATLAS Collaboration [27]. The most recent refinement
of STXS binning is referred to as STXS stage 1.2. This paper presents a first set of the cross
section measurements in the STXS stage 1.2 bins in the H — 4/ decay channel.

The paper is organized as follows. A brief introduction of the CMS detector is given in Sec-
tion 2 The data, as well as the simulated signal and background samples, are described in
Section 3l The event reconstruction and selection, the kinematic discriminants, and the cate-
gorization of the H boson candidate events are described in Sections [} [5| and [6] respectively.
The background estimation is detailed in Section [7] while the signal modeling is described in
Section 8] The experimental and theoretical systematic uncertainties are described in Section 9
and the results are presented in Section[I0} Concluding remarks are given in Section



2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity # coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid.

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 us [34]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the
full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [35]].

The candidate vertex with the largest value of summed physics-object squared transverse mo-
mentum p3 is taken to be the primary pp interaction vertex (PV). The physics objects are the
jets, clustered using the jet finding algorithm [36,37] with the tracks assigned to candidate ver-
tices as inputs, and the associated missing transverse momentum, taken as the negative vector
sum of the pr of those jets.

The electron momentum is estimated by combining the energy measurement in the ECAL with
the momentum measurement in the tracker. The momentum resolution for electrons with pt ~
45GeV from Z — ee decays ranges from 1.7% to 4.5%. It is generally better in the barrel region
than in the endcaps, and also depends on the bremsstrahlung energy emitted by the electron as
it traverses the material in front of the ECAL [38]. The ECAL consists of 75848 lead tungstate
crystals, which provide coverage of || < 1.48 in the barrel region and 1.48 < || < 3.00 in
the two endcap regions (EE). Preshower detectors consisting of two planes of silicon sensors
interleaved with a total of 3X|, of lead are located in front of each EE detector.

Muons are measured in the pseudorapidity range || < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. The single
muon trigger efficiency exceeds 90% over the full 77 range, and the efficiency to reconstruct and
identify muons is greater than 96%. Matching muons to tracks measured in the silicon tracker
results in a relative transverse momentum resolution, for muons with pt up to 100 GeV, of 1%
in the barrel and 3% in the endcaps. The pr resolution in the barrel is better than 7% for muons
with pr up to 1 TeV [39].

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [40].

3 Data and simulated samples

This analysis is based on the pp collision data collected by the CMS detector at the LHC in 2016,
2017, and 2018 with integrated luminosities of 35.9, 41.5, and 59.7 b1, respectively [41-43].
The collision events are selected by high-level trigger algorithms that require the presence of
leptons passing loose identification and isolation requirements. The main triggers select either
a pair of electrons or muons, or an electron and a muon. The minimal transverse momentum of
the leading and subleading leptons changed throughout the years to account for the different
data-taking conditions and is summarized in Table



Table 1: The minimal py of the leading/subleading leptons for the main di-electron (e/e), di-
muon (¢ /), and electron-muon (e/u, u/e) high-level trigger algorithms used in the H — 4¢
analysis in 2016, 2017, and 2018.

e/e(GeV) u/u(GeV) e/u,pu/e(GeV)

2016 17/12 17/8 17/8,8/23
2017 23/12 17/8 23/8,12/23
2018 23/12 17/8 23/8,12/23

To maximize the coverage of the H — 4/ phase space, triggers requiring three leptons with re-
laxed transverse momenta thresholds and no isolation requirement are also used, as are isolated
single-electron and single-muon triggers. The overall trigger efficiency for simulated signal
events that pass the full event selection (described in Section {4) is larger than 99%. The trigger
efficiency is derived from data using a sample of 4/ events collected by the single-lepton trig-
gers and a method based on the “tag and probe” technique. One of the four leptons is matched
to a candidate reconstructed by the single-lepton trigger and the remaining three leptons in the
event are used as probes. The probe leptons are combined in an attempt to reconstruct any of
the triggers used in the analysis. The efficiency in data is found to be in agreement with the
expectation from the simulation.

Monte Carlo (MC) simulation samples for the signals and the relevant background processes
are used to evaluate the signal shape, estimate backgrounds, optimize the event selection, and
evaluate the acceptance and systematic uncertainties. The SM H boson signals are simulated
at next-to-leading order (NLO) in perturbative QCD (pQCD) with the POWHEG 2.0 [44-46]]
generator for the five main production processes: gluon fusion (ggH) [47], vector boson fusion
(VBF) [48]], associated production with a vector boson (VH, where V is a W or a Z boson) [49],
and associated production with a pair of top quarks (ttH) [50]. The ZH production occurs in
two ways, q@ — ZH and a much smaller contribution from gg — ZH, which is simulated
at leading order (LO) using JHUGEN 7.3.0 [51-55]. In addition to the five main production
processes, the contributions due to H boson production in association with a single top quark
(tH) and either a quark (tHq) or a W boson (tHW) are simulated at LO using JHUGEN 7.0.2
and MADGRAPH5_aMC@NLO 2.2.2 [56], respectively. The associated production with a pair
of bottom quarks (bbH) is simulated at LO with JHUGEN 7.0.2. In all cases, the decay of the
H boson to four leptons is modeled with JHUGEN 7.0.2. The theoretical predictions used for
the various production and decay modes can be found in Refs. [57H79]] and are summarized in
Ref. [32].

The ZZ background contribution from quark-antiquark annihilation is simulated at NLO
pQCD with POWHEG 2.0 [80], while the gg — ZZ process is generated at LO with
MCFM 7.0.1 [81]. The WZ background and the triboson backgrounds ZZZ, WZZ, and WWZ
are modeled at NLO using MADGRAPH5.aMC@NLO 2.4.2. The smaller ttZ, ttWW, and
ttZZ background processes are simulated at LO with MADGRAPH5_.aMC@NLO 2.4.2. The
events containing Z bosons with associated jets (Z-+jets) are simulated at NLO with MAD-
GRAPH5_aMC@NLO 2.4.2 and the tt background is simulated at NNLO with POWHEG 2.0. The
reducible background determination does not rely on the MC but is based on data, as described
in Section[7.2l

All signal and background event generators are interfaced with PYTHIA 8.230 [82] using the
CUETP8ML1 tune [83] for the 2016 data-taking period and the CP5 tune [84] for the 2017 and
2018 data-taking periods, to simulate the multi-parton interaction and hadronization effects.
The NNPDEF3.0 set of parton distribution functions (PDFs) is used [85]. The generated events
are processed through a detailed simulation of the CMS detector based on GEANT4 [86), 187]



and are reconstructed with the same algorithms that are used for data. The simulated events
include overlapping pp interactions (pileup) and have been reweighted so that the distribution
of the number of interactions per LHC bunch crossing in simulation matches that observed in
data.

4 Event reconstruction and selection

The particle-flow (PF) algorithm [88] aims to reconstruct and identify each individual particle
(PF candidate) in an event, with an optimized combination of information from the various
elements of the CMS detector. The energy of photons is obtained from the ECAL measure-
ment. The energy of electrons is determined from a combination of the electron momentum
at the PV as determined by the tracker, the energy of the corresponding ECAL cluster, and the
energy sum of all bremsstrahlung photons spatially compatible with originating from the elec-
tron track. The energy of muons is obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined from a combination of their momentum measured in
the tracker and the matching ECAL and HCAL energy deposits, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding ECAL and HCAL energies.

The missing transverse momentum vector g is computed as the negative vector sum of

the transverse momenta of all the PF candidates in an event, and its magnitude is denoted as
p° [89]. The pi™** is modified to account for corrections to the energy scale of the recon-
structed jets in the event.

Muons with p} > 5GeV are reconstructed within the geometrical acceptance, corresponding
to the region |5*| < 2.4, by combining information from the silicon tracker and the muon sys-
tem [39]. The matching between the inner and outer tracks proceeds either outside-in, starting
from a track in the muon system, or inside-out, starting from a track in the silicon tracker. Inner
tracks that match segments in only one or two stations of the muon system are also considered
because they may belong to very low-pt muons that do not have sufficient energy to penetrate
the entire muon system. The muons are selected among the reconstructed muon track candi-
dates by applying minimal requirements on the track in both the muon system and the inner
tracker system, and taking into account the compatibility with small energy deposits in the
calorimeters.

To discriminate between prompt muons from Z boson decay and those arising from elec-
troweak (EW) decays of hadrons within jets, an isolation requirement of Z# < 0.35 is imposed,
where the relative isolation is defined as

7' = (L pr +max [0, ) piet + Y pl — o ™)) /- M)

In Eq. , )y P;harged is the scalar sum of the transverse momenta of charged hadrons originating
from the chosen PV of the event. The quantities Y p5eral and Y pI are the scalar sums of
the transverse momenta for neutral hadrons and photons, respectively. The isolation sums
involved are all restricted to a volume bound by a cone of angular radius AR = 0.3 around the
muon direction at the PV, where the angular distance between two particles i and jis AR(i, j) =

V(' — /) + (¢' — ¢/)2. Since the isolation variable is particularly sensitive to energy deposits
from pileup interactions, a pf;’PU contribution is subtracted, defined as pT’PU = 05); piT’PU,
where i runs over the charged hadron PF candidates not originating from the PV, and the factor
of 0.5 corrects for the different fraction of charged and neutral particles in the cone [90].



Electrons with p; > 7GeV are reconstructed within the geometrical acceptance, correspond-
ing to the pseudorapidity region |7¢| < 2.5 [38]. Electrons are identified using a multivariate
discriminant which includes observables sensitive to the presence of bremsstrahlung along the
electron trajectory, the geometrical and momentum-energy matching between the electron tra-
jectory and the associated cluster in the ECAL, the shape of the electromagnetic shower in the
ECAL, and variables that discriminate against electrons originating from photon conversions.

Instead of an additional isolation requirement, similar to the one for muons, the electron mul-

o o . . . . harged
tivariate discriminant also includes the isolation sums described above (}_ p% agee vy p%eu”al,

and ¥ pJ) but computed around the electron direction. The inclusion of isolation sums helps
suppressing electrons originating from electroweak decays of hadrons within jets [91] and has
a better performance than a simple requirement on the relative isolation observable. The pack-
age XGBOOST [92] is used for the training and optimization of the multivariate discriminant
employed for electron identification and isolation. The training is performed with simulated
events that are not used at any other stage of the analysis. Events are divided into six regions
defined by two transverse momentum ranges (7-10 GeV and >10GeV) and three pseudora-
pidity regions: central barrel (|7¢| < 0.8), outer barrel (0.8 < [#°] < 1.479), and endcaps
(1479 < |n®| < 2.5). Separate training is performed for the three different data-taking periods
and selection requirements are determined such that the signal efficiency remains the same for
all three periods.

The effect of the final-state radiation (FSR) from leptons is recovered as follows. Bremsstrahlung
photons already associated to electrons in the reconstruction step are not considered in this
procedure. Photons reconstructed by the PF algorithm within |77| < 2.4 are considered as
FSR candidates if they satisfy the conditions pf > 2GeV and Z7 < 1.8, where the pho-
ton relative isolation Z7 is defined as for the muon in Eq. (I). Every such photon is associ-
ated to the closest selected lepton in the event. Photons that do not satisfy the requirements
AR(7,0)/(pf)? < 0.012GeV~ % and AR(y, ¢) < 0.5 are discarded. The lowest-AR(, £)/(pL)?
photon candidate of every lepton, if any, is retained. The photons thus identified are excluded
from the isolation computation of the muons selected in the event.

In order to suppress muons from in-flight decays of hadrons and electrons from photon conver-
sions, leptons are rejected if the ratio of their impact parameter in three dimensions, computed
with respect to the PV position, to their uncertainty is greater or equal to four.

The momentum scale and resolution of electrons and muons are calibrated in bins of p% and 7*
using the decay products of known dilepton resonances as described in Refs. [38} 39].

A “tag and probe” technique [93] based on samples of Z boson events in data and simulation
is used to measure the efficiency of the reconstruction and selection for prompt electrons and
muons in several bins of p4 and ;*. The difference in the efficiencies measured in simulation
and data is used to rescale the yields of selected events in the simulated samples.

For each event, hadronic jets are clustered from the reconstructed particles using the infrared-
and collinear-safe anti-kt algorithm [36, [37] with a distance parameter of 0.4. The jet momen-
tum is determined as the vectorial sum of all particle momenta in the jet, and is found from
simulation to be within 5 to 10% of the true momentum over the whole pr spectrum and de-
tector acceptance. Additional pp interactions within the same or nearby bunch crossings can
contribute extra tracks and calorimetric energy depositions to the jet. To mitigate this effect,
tracks identified as originating from pileup vertices are discarded and an offset correction is
applied to correct for the remaining contributions. Jet energy corrections are derived from sim-
ulation to match that of particle level jets on average. In situ measurements of the momentum
balance in dijet, photon + jet, Z+ jet, and multijet events are used to account for any resid-



ual differences in jet energy scale in data and simulation [94]. Jet energies in simulation are
smeared to match the resolution in data. The jet energy resolution amounts typically to 16%
at 30GeV, 8% at 100 GeV, and 4% at 1 TeV. Additional selection criteria are applied to remove
jets potentially dominated by anomalous contributions from various subdetector components
or reconstruction failures. To be considered in the analysis, jets must satisfy the conditions
p]TQt > 30GeV and |1j®| < 4.7, and be separated from all selected lepton candidates and any se-
lected FSR photons by AR(¢/,jet) > 0.4. Jets are also required to pass the tight identification

criteria and the tight working point of pileup jet identification described in Ref. [90].

For event categorization, jets are tagged as b jets using the DeepCSV algorithm [95], which
combines information about impact parameter significance, secondary vertex, and jet kinemat-
ics. Data to simulation scale factors for the b tagging efficiency are applied as a function of jet
pt, 11, and flavor.

The event selection is designed to extract signal candidates from events containing at least four
well-identified and isolated leptons, each originating from the PV and possibly accompanied
by an FSR photon candidate. In what follows, unless otherwise stated, FSR photons are in-
cluded in invariant mass computations.

First, Z candidates are formed with pairs of leptons of the same flavor and opposite-charge
(ete™, uTu™) that pass the requirement 12 < m,,- < 120 GeV. They are then combined into
727 candidates, wherein we denote as Z; the Z candidate with an invariant mass closest to the
nominal Z boson mass [96], and as Z, the other one. The flavors of the involved leptons define
three mutually exclusive subchannels: 4e, 4y, and 2e2u.

To be considered for the analysis, ZZ candidates have to pass a set of kinematic requirements
that improve the sensitivity to H boson decays. The Z; invariant mass must be larger than
40GeV. All leptons must be separated in angular space by at least AR({;, ¢;) > 0.02. At least
two leptons are required to have pr > 10 GeV and at least one is required to have pt > 20 GeV.
In the 4y and 4e subchannels, where an alternative Z,Z, candidate can be built out of the same
four leptons, we discard candidates with m, < 12GeV if Z, is closer to the nominal Z bo-
son mass than Z; is. This rejects events that contain an on-shell Z and a low-mass dilepton
resonance. To further suppress events with leptons originating from hadron decays in jet frag-
mentation or from the decay of low-mass resonances, all four opposite-charge lepton pairs that
can be built with the four leptons (irrespective of flavor) are required to satisfy the condition
my+p- > 4GeV, where selected FSR photons are disregarded in the invariant mass computa-
tion. Finally, the four-lepton invariant mass 1,4, must be larger than 70 GeV, which defines the
mass range of interest for the subsequent steps of the analysis.

In events where more than one ZZ candidate passes the above selection, the candidate with
the highest value of Dlg{(’é (defined in Section |5) is retained, except if two candidates consist of
the same four leptons, in which case the candidate with the Z; mass closest to the nominal Z
boson mass is retained.

5 Kinematic discriminants

The full kinematic information from each event using either the H boson decay products and /or
the associated particles in the H boson production is extracted by means of matrix element cal-
culations and is used to form several kinematic discriminants. These computations rely on
the MELA package [51-53,55] and exploit the JHUGEN matrix elements for the signal and the
MCFM matrix elements for the background. Both the H boson decay kinematics and the kine-



matics of the associated production of H + 1 jet, H + 2 jets, VBF, ZH, and WH are explored.
The full event kinematics is described by decay observables (Y74 or observables describing
the associated production Q7 which may or may not include the H — 4¢ decay kinematic

information depending on the use case. The definition of these observables can be found in
Refs. [51-53].

Two types of kinematic discriminants are exploited in the H — 4/ analysis. First we construct
the three categorization discriminants in order to classify signal events into exclusive categories
as defined in Section[6.2] Categorization discriminants are designed to increase the purity of the
targeted production mechanism in a dedicated event category. In addition, we define another
set of three kinematic discriminants that are taken as an observable in the two-dimensional
likelihood fits carried out to extract the results, as described in Section These kinematic
discriminants are designed to separate the targeted H boson production mechanism from its
dominant background.

Categorization discriminants are calculated following the prescription in Refs. [18,121,97]. The
discriminants sensitive to the VBF signal topology with two associated jets, the VBF signal
topology with one associated jet, and the VH (either ZH or WH) signal topology with two
associated jets are:

-1
DVBF - |14+ PH ( +D‘m4€) DVBF . ,PH ( HH |m4f) ]
Det = VBE - —
© Pype(Q HHi|my,) | * S/ A1 Pypp(QHHi1m,,) )
_ -1 - S
pWi _ |4 Phi () pZH |1 P (O [my)
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where Pygg, Phjj, Phj, and Pyy are the probabilities for the VBF process, the ggH process in
association with two jets (combination of gg/qg/qq’ parton collisions producing H + 2 jets),
the ggH process in association with one jet (H + 1 jet), and the VH process, respectively. The
quantity [ diPygg is the integral of the two-jet VBF matrix element probability over the 7/
values of the unobserved jet, with the Constraint that the total transverse momentum of the

H + 2 jets system is zero. The discriminant Dy!!, used for event categorization, is defined as

2]et ’

VH ZH WH
the maximum value of the two discriminants, Dzj ot = max( D2]et, Dz; ot )

A set of three discriminants used in the likelihood fits is calculated as in Refs. [17, [18]. The
discriminant sensitive to the gg/qq — 4¢ process exploits the kinematics of the four-lepton
decay system. It is used in most of the event categories described in Section|f]to separate signal
from background and is defined as:

-1

, ®)

7’5§ (OH=4myy)

Dy = |1+

where ng is the probability for the signal and Pgﬁg is the probability for the dominant qq — 4/
background process, calculated using the LO matrix elements. In the VBF-2jet-tagged and VH-
hadronic-tagged event categories (defined in Section [6.2), the background includes the QCD
production of ZZ /Z~* /y*v* — 4/ in association with two jets, the EW background from the
vector boson scattering (VBS), as well as the triboson (VVV) production process. We therefore
use dedicated production-dependent discriminants based on the kinematics of the four-lepton

decay and information from the associated jets (noted with VBF+- dec or VH+ dec), defined



as:
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where 735;‘/ is the probability for the VBF and VH signal, ng is the probability for the VBS and
VVV background processes, and Pg(CgD is the probability for ZZ/Z~* /y*y* — 4¢ QCD pro-
duction in association with two jets. The quantity c? (my,) for category p is the m,,-dependent
parameter that allows to change the relative normalization of the EW probabilities, separately
for the VBF and VH topologies. For each slice of my,, the distributions of the signal and back-
ground discriminants are plotted, and the c”(my,) value is determined in such a way that the
two distributions cross at 0.5. This procedure allows rescaling of the distributions for the linear-
scale binning of the templates used in the likelihood fits described in Section[I0}

6 Event categorization

In order to improve the sensitivity to the H boson production mechanisms, the selected events
are classified into mutually exclusive categories based on the features of the reconstructed ob-
jects associated with the H — 4¢ candidates. Event categorization is organized in two steps
with increasing granularity of the categories. First step is primarily designed to separate the
ggH, VBF, VH, and ttH processes. There is little sensitivity to bbH or tH, even though these
production modes are considered explicitly in the analysis. The reconstructed event categories
from the first step are further subdivided (as discussed in Section in order to study each
production mechanism in more detail. This subdivision is carried out by matching the recom-
mended binning of the framework of STXS described in the following section.

6.1 STXS production bins

The STXS framework has been adopted by the LHC experiments as a common framework
for studies of the H boson. It has been developed to define fine-grained measurements of
the H boson production modes in various kinematic regions, and to reduce the theoretical
uncertainties that are folded into the measurements. It also allows for the use of advanced
categorization techniques and provides a common scheme for combining measurements in
different decay channels or by different experiments. The regions of phase space defined by
this framework are referred to as production bins and are determined by using generator-level
information for H bosons with rapidity |y| < 2.5. Generator-level jets are defined as anti-kt
jets with a distance parameter of 0.4 and a py threshold of 30 GeV; no requirement is placed on
the generator-level leptons.

The STXS framework has been designed to complement the Run I measurements of the produc-
tion signal strength modifiers and fiducial differential cross sections of the H boson by combin-
ing their advantages. The sensitivity to theoretical uncertainties in the signal strength modifier
results is suppressed by excluding dominant theoretical uncertainties causing production bin
migration effects from the STXS measurements. They are included only when comparing the
results with the theoretical predictions. In contrast to the fiducial differential cross section
measurements, in the STXS framework measurements are optimized for sensitivity by means
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of event categories and matrix element discriminants. To account for the evolving experimental
sensitivity, different stages of production bins with increasing granularity are developed.

The stage 0 production bins are called ggH, qgH, VH-1ep, and ttH and are designed to closely
match the main H boson production mechanisms. The qqH bin includes the EW production
of the H boson in association with two quarks from either VBF or VH events with hadronic
decays of the vector boson V. The VH-lep production bin includes VH events with leptonic
decays of the vector boson V. The low rate bbH and tH production processes are considered
together with the ggH and ttH production bins, respectively. In this analysis, a modified version
of the stage 0 production bins is also studied, where instead of VH-1ep and qqH bins we define
the WH, ZH, and VBF bins that map the H boson production mechanisms without the splitting of
the VH events in leptonic and hadronic decays.

Stage 1 of the STXS framework was designed by further splitting the bins from the stage 0, one
of the main motives being the enhanced sensitivity to possible signatures of BSM physics. This
is achieved by dividing stage 0 bins with additional requirements on generator-level quantities
that include the transverse momentum of the H boson (p?), the number of associated jets (NJ),
the dijet invariant mass (17;), the transverse momentum of the H boson and the leading jet

(p? ), and the transverse momentum of the H boson and the two leading jets (p?”). These bins
were designed in order to maximize sensitivity to new physics while also taking into account
the current experimental sensitivity limited mostly by the amount of collected data. The most
recent set of bins defined in the STXS framework is referred to as stage 1.2. This paper presents
a first set of cross section measurements in the H — 4/ channel for the stage 1.2 of the STXS
framework. However, several stage 1.2 production bins are merged as the full set of bins cannot
be measured with the current data sample. The merging scheme results in 19 production bins;
it is illustrated in Fig.|l|and discussed in more detail below.

The ggH production process is split into events with p? < 200GeV and p? > 200GeV. The
events with p? > 200GeV are placed into one single production bin called ggH/p; > 200.
The events with p? < 200GeV are split in events with zero, one, and two or more jets.
The events with zero or one jets are split into the following production bins according to
the H boson pt: ggH-0j/p;[0, 10], ggH-0j /p1[10,200], ggH-13/p1[0, 60], ggH-1j /p1[60, 120], and
ggH-1j/pr[120,200]. The events with two or more jets are split according to the dijet invariant
mass as follows. The events with m;; < 350 GeV are split into three production bins according
to the H boson pt: ggH-2j/pr[0, GOf, ggH-23/p1[60,120], and ggH-2j/p;[120,200]. The events
with my > 350GeV are all placed into one production bin ggH-2j/m;; > 350, which merges
four bins originally suggested in stage 1.2 of the STXS framework.

The merging scheme of the electroweak qgH production bins is as follows. The events with zero
jets, one jet, or with two or more jets with my < 60GeV or 120 < m; < 350 GeV correspond
to production bins with insufficient statistics; they are all merged into one bin called qqH-rest.
The events with two or more jets and 60 < m;; < 120 GeV are placed in the qgH-2j /m;;([60, 120]

bin. The events with two or more jets and m;; > 350 GeV are split into events with p? < 200GeV
and p? > 200GeV. The events with p? > 200 GeV are placed into one single production bin
called qqH-2j/pr > 200. The events with p? < 200GeV and p? I < 25GeV are split into two
production bins, qqH-2j /m;;[350,700] and qgH-2j/m;; > 700, and otherwise if p? IS 25Gev
are merged in a single bin called qqH-3j /m;; > 350.

The three production processes qq — WH, gg — ZH, and qg — ZH are combined to build
VH-1ep reduced stage 1.2 production bins. Several proposed production bins are merged into
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Figure 1: Binning of the gluon fusion production process, the electroweak production process
(combines VBF and VH with hadronic V decay), the VH production process with leptonic V

decay (combining WH, ZH, and gluon fusion ZH production), and the ttH production process

in the merged stage 1.2 of the STXS framework used in the H — ZZ — 4/ analysis.
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just two bins according to the py of the H boson: VH-1ep/px [0, 150] and VH-lep/py > 150.

In stage 1.2 of the STXS framework the ttH stage 0 production bin is split in five different bins
according to the py of the H boson. Because of the very low expected yields all these bins are
merged into a single bin that includes the tH production process as well.

Finally, in stage 1.2 the bbH production process, which has small cross section, is classified in
the ggH-0j /p7[10, 200] production bin.

The first measurement of STXS stage 1.2 cross sections was recently performed by the CMS
Collaboration [98].

6.2 Reconstructed event categories

In order to be sensitive to different production bins, the ZZ candidates that pass the event selec-
tion described in Section 4] are classified into several dedicated reconstructed event categories.
The category definitions are based on the multiplicity of jets, b-tagged jets, and additional lep-
tons in the event. Additional leptons are not involved in the ZZ candidate selection but, if
present, should satisfy the identification, vertex compatibility, and isolation requirements. Re-
quirements on the categorization discriminants described in Section 5} the invariant mass of
the two leading jets, and the transverse momentum of the ZZ candidate are also exploited.

The event categorization is carried out in two steps. In the first step, the ZZ candidates are split
into seven initial categories to target the main H boson production mechanisms corresponding
to the stage 0 production bins. The first step of the categorization closely follows the analysis
strategy from the previous publication [18]. To ensure exclusive categories, an event is con-
sidered for the subsequent category only if it does not satisfy the requirements of the previous
one.

In the first categorization step, the following criteria are applied:

e The VBEF-2jet-tagged category requires exactly 4 leptons. In addition there must be
either 2 or 3 jets of which at most 1 is b-tagged, or at least 4 jets and no b-tagged jets.

Finally, DXS,EF > 0.5 is required.

e The VH-hadronic-tagged category requires exactly 4 leptons. In addition there must
be 2 or 3 jets with no b-tagging requirements, or at least 4 jets and no b-tagged jets.
Finally, Dy

2jet
e The VH-leptonic-tagged category requires no more than 3 jets and no b-tagged jets
in the event, and exactly 1 additional lepton or 1 additional pair of opposite sign,
same flavor leptons. This category also includes events with no jets and at least 1
additional lepton.

> 0.5 is required.

e The ttH-hadronic-tagged category requires at least 4 jets, of which at least 1 is b-
tagged, and no additional leptons.

e The ttH-leptonic-tagged category requires at least 1 additional lepton in the event.

e The VBF-ljet-tagged category requires exactly 4 leptons, exactly 1 jet and D}gff >
0.7.

e The untagged category consists of the remaining events.

Reconstructed events are further subdivided in the second step of the categorization that is de-
signed to closely match the merged stage 1.2 production bins described in the previous section.
In the second categorization step, the untagged, VBF-2jet-tagged, VH-hadronic-tagged, and
VH-leptonic-tagged categories are further split exploiting additional variables like the invari-
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ant mass of the two leading jets and the transverse momentum of the ZZ candidate. A total
number of twenty-two reconstructed event categories is defined and details of the categoriza-
tion are presented in Table 2]

Table 2: Event categorization criteria of the H — 4/ analysis targeting stage 1.2 STXS produc-
tion bins. Events from the first step of the categorization are further classified based on the
kinematical properties listed in the table. A dash indicates no requirement.

Reconstructed event category 1% categorization step Number of jets Kinematical requirements ( GeV) Targeted production bin

Untagged-0j-p7' [0, 10] Untagged 0 0<pff<10 ggH-03 /py[0, 10]
Untagged-0j-p3[10,200] Untagged 0 10 < p3f < 200 ggH-03/pr[10,200]
Untagged-1j-p4 [0, 60] Untagged 1 0<py <60 ggh-13/pz[0, 60]
Untagged-1j-p4 [60, 120] Untagged 1 60 < py < 120 ggH-1j/p;[60,120]
Untagged-1j-p4[120, 200] Untagged 1 120 < p4’ < 200 ggH-1j/py[120,200]
Untagged-2j-p4'[0, 60] Untagged 2 0< p%é < 60, n; < 350 geH-2j/pr[0, 60]
Untagged-2j-p4[60, 120] Untagged 2 60 < pi’ < 120, m;; < 350 ggH-2j /p;[60,120]
Untagged-2j-p4[120,200] Untagged 2 120 < pif < 200, m; < 350 ggH-23 /py[120,200]
Untagged-p4’ > 200 Untagged — pit > 200 ggH/pr > 200
Untagged-2j-m;; > 350 Untagged 2 my; > 350 ggH-2j/m;; > 350

VBE-ljet-tagged
VBE-2jet-tagged-m;(350, 700]
VBE-2jet-tagged-m;; > 700
VBE-3jet-tagged-m;; > 350
VBF-2jet-tagged-p3’ > 200

VBEF-ljet-tagged
VBE-2jet-tagged
VBE-2jet-tagged
VBEF-2jet-tagged
VBEF-2jet-tagged

pi’ <200, p37 < 25,350 < i < 700
P4 <200, py7 < 25, my; > 700
¥ <200, py > 25, my > 350

pA’ > 200, m; > 350

qqH-rest
qqH-2j /m;;[350, 700]
qqH-2j/my; > 700
qqH-3j/m;; > 350
qqH-2j/pg > 200

VBF-rest VBEF-2jet-tagged — my; < 350 qgH-rest
VH-hadronic-tagged-;[60,120] ~ VH-hadronic-tagged — 60 < my <120 qqH-2j/mj;[60, 120]
VH-rest VH-hadronic-tagged — my; < 60 or my; > 120 qqgH-rest
VH-leptonic-tagged-p4[0,150]  VH-leptonic-tagged — pi < 150 VH-lep/py [0, 150]
VH-leptonic-tagged-p}’ > 150  VH-leptonic-tagged — pi > 150 VH-lep/ P}r{ > 150
ttH-leptonic-tagged ttH-leptonic-tagged — — ttH
ttH-hadronic-tagged ttH-hadronic-tagged — — ttH

7 Background estimation

7.1 Irreducible backgrounds

The irreducible background to the H boson signal in the 4/ channel, which comes from the
production of ZZ via qq annihilation or gluon fusion, is estimated using simulation. The
fully differential cross section for the qq — ZZ process is computed at NNLO [99], and the
NNLO/NLO K factor as a function of my, is applied to the POWHEG sample. This K fac-
tor varies from 1.0 to 1.2 and is 1.1 at m,, = 125GeV. Additional NLO electroweak correc-
tions that depend on the initial state quark flavor and kinematics are also applied in the region
mgz > 2my following the prescription in Ref. [100].

The production of ZZ via gluon fusion contributes at NNLO in pQCD. It has been shown
that the soft collinear approximation is able to describe the cross section for this process and
the interference term at NNLO [101]]. Further calculations also show that the K factors are
very similar at NLO for signal and background [102] and at NNLO for signal and interference
terms [103]. Therefore, the same K factor is used for signal and background [104]. The NNLO
K factor for the signal is obtained as a function of m,; using the HNNLO v2 program [105-107]
by calculating the NNLO and LO gg — H — 2¢2¢ cross sections for the H boson decay width
of 4.07MeV and taking their ratios. The NNLO/LO K factor for gg — ZZ varies from ~2.0
to 2.6 and is 2.27 at my; = 125GeV; a systematic uncertainty of 10% is assigned to it when
applied to the background process.

The triboson background processes ZZZ, WZZ, and WWZ, as well as ttZ, ttWW, and ttZZ
are also considered. These rare backgrounds are all estimated from simulation and are jointly



7.2 Reducible backgrounds 13

referred to as the EW backgrounds.

Simulated samples are used to obtain shapes of the four-lepton invariant mass that are later
used to build the likelihood function. For each irreducible background contribution, events
are divided in three final states (4, 4e, and 2e2y) and 22 event sub-categories defined in Sec-
tion To extract the shape of the my, distribution, expected yields are fitted to empirical
functional forms built from a third order Bernstein polynomial. In sub-categories with not
enough statistics to perform a fit, the shape is extracted from the inclusive distribution in the
corresponding final state.

7.2 Reducible backgrounds

Additional backgrounds to the H boson signal in the 4¢ channel arise from processes in which
decays of heavy-flavor hadrons, in-flight decays of light mesons within jets, or (for electrons)
charged hadrons overlapping with 71° decays are misidentified as leptons. The main processes
leading to these backgrounds are Z+jets, tt+jets, Zy+jets, WW +jets, and WZ+jets production.
We denote these reducible backgrounds as “Z+X" since they are dominated by the Z+jets pro-
cess. The contribution from the reducible background is estimated with two independent meth-
ods, each with dedicated control regions in data. The control regions are defined by the pres-
ence of both a lepton pair satisfying all the requirements of a Z, candidate and two additional
opposite sign (OS) or same sign (SS) leptons; the two additional leptons satisfy identification
requirements looser than those used in the analysis. These four leptons are then required to
pass the analysis ZZ candidate selection. The event yield in the signal region is obtained by
weighting the control region events by the lepton misidentification probability f. (f,), defined
as the fraction of non-signal electrons (muons) that are identified by the analysis selection cri-
teria. A detailed description of both methods can be found in Ref. [18].

The lepton misidentification rates f. and f, are measured as a function of p4 and 77° by means
of a sample that includes a Z; candidate consisting of a pair of leptons, both passing the selec-
tion requirements used in the analysis, and exactly one additional lepton passing the relaxed
selection. Furthermore, the piss is required to be less than 25GeV in order to suppress con-
tamination from WZ and tt processes.

For the OS method, the mass of the Z; candidate is required to satisfy the condition |Z; — my| <
7GeV in order to reduce the contribution of (asymmetric) photon conversions, which is esti-
mated separately. In the SS method, the contribution of photon conversions to the misidentifi-
cation rate is estimated with dedicated samples.

The predicted yields of the reducible background from the two methods are in agreement
within their uncertainties for each final state (4, 4e, and 2e2u). The final yield used in the
analysis is a weighted average of the two independent estimates. To extract the shape of the
my, distribution for the reducible background a maximum-likelihood fit is performed in each of
the 22 event sub-categories defined in Section For each sub-category, the expected ”"Z+X"
yields from the OS and SS methods are binned as a function of m,, and fitted to empirical func-
tional forms built from Landau distributions [108]]. In sub-categories with not enough statistics
to perform a fit, the shape is extracted from the inclusive distribution in the corresponding final
state.

The dominant systematic uncertainty on the reducible background estimation arises from the
difference in the composition of the sample from which the misidentification rate is computed
and that of the control regions. It is determined from the MC simulation and is found to be
around 30%, depending on the final state. Additional sources of systematic uncertainty arise
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from the limited number of events in the control regions as well as in the region where the
misidentification rates are computed.

8 Signal modeling

In order to generate an accurate signal model, the pr spectrum of the H boson, p?, was tuned
in the POWHEG simulation of the dominant gluon fusion production mode to better match the
predictions from full phase space calculations implemented in the HRES generator [107, 109,
110].

In order to take advantage of the accuracy of the NNLOPS [111] simulation available for the ggH
process, an event reweighting procedure is used. Events originating from the ggH process are
subdivided into classes with 0, 1, 2, and >3 jets; the jets with pp > 30GeV are clustered from
all stable particles using the anti-kt algorithm with a distance parameter of 0.4, excluding the
decay products of the H boson or associated vector bosons. The weights are obtained as the
ratios of the p? distributions from the NNLOPS and the POWHEG generators for each event
class; the sum of the weights in each sample is normalized to the inclusive cross section.

The signal shape is parametrized by means of a double-sided Crystal Ball function [112] around
my ~ 125GeV. A Landau function is added in the total probability density function for the
non-resonant part of the signal for the case of WH, ZH and ttH production modes. The sig-
nal shape is parametrized as a function of my by performing a simultaneous fit of several
mass points for all production modes in the 105 to 140 GeV mass range. Each parameter of
the double-sided Crystal Ball function has a linear dependence on myy, for a total of 12 free
parameters. An examples of the fit is shown in Fig.
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Figure 2: The shape of the parametric signal model for each year of simulated data, and for
the sum of all years together. The black points represent weighted simulation events of the
ggH production mechanism for my = 125GeV and the blue line the corresponding model.
Also shown is the ocg value (half the width of the narrowest interval containing 68% of the
invariant mass distribution) in the gray shaded area. The contribution of the signal model
from each year of data-taking is illustrated with the dotted lines. The models are shown for the
4e (left) and 4y (right) final states in the untagged event category.

9 Systematic uncertainties

The systematic uncertainties are divided into experimental and theoretical. The main exper-
imental uncertainties originate from the imperfect knowledge of the detector; the dominant
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sources are the uncertainties in the luminosity measurement, the lepton reconstruction and se-
lection efficiency, the lepton and jet energy scale and resolution, the b tagging efficiency, and
the reducible background estimate. The theoretical uncertainties account for the uncertainties
in the modeling of the signal and background processes.

Both types of uncertainties can affect the signal selection, cause migrations between the event
categories, and affect the signal or background shapes used in the fit. All the uncertainties
affecting this analysis are modeled as nuisance parameters (NPs) that are profiled in the maxi-
mum likelihood fit described in Section [10]

In the combination of the three data-taking periods, all theoretical uncertainties are treated as
correlated across these periods. The experimental uncertainties related to reconstruction and
selection efficiency, the lepton energy scale and resolution, and the b-tagging efficiency are also
considered correlated across data-taking periods. Luminosity uncertainty is treated as partially
correlated. All other experimental uncertainties are treated as uncorrelated. Correlated sources
of uncertainty are assigned the same NP and uncorrelated sources have a dedicated NP in the
likelihood fit described in Section [10]

The dominant sources of uncertainties and their effect on the analysis are discussed in detail
in the following subsections. The impact of a NP on a parameter of interest (POI) is defined as
the shift induced on POI when NP is varied by a +1 standard deviation from its post-fit value,
with all other parameters profiled as usual. The relative impact of the dominant systematic
uncertainties on some of the measurements discussed in Section [10|is illustrated in Fig.

9.1 Experimental uncertainties

The integrated luminosities of the 2016, 2017, and 2018 data-taking periods are individually
known with uncertainties in the 2.3-2.5% range [41-43], while the total Run 2 (2016-2018) in-
tegrated luminosity has an uncertainty of 1.8%, the improvement in precision reflecting the
(uncorrelated) time evolution of some systematic effects. The experimental uncertainty on the
integrated luminosity measurement affects all final states, both signal and background. An-
other experimental uncertainty common to all final states is the uncertainty in the lepton recon-
struction and selection efficiency. Here selection efficiency includes all the steps from trigger
to impact parameter significance and finally identification and isolation requirements. The un-
certainty ranges from 1 to 2.3% in the 4y channel and from 11 to 15.5% in the 4e channel. While
for muon efficiency measurements in the low p} regions we rely on low mass di-muon reso-
nances, the electron efficiency measurement relies solely on the Z boson resonance, resulting
in a higher uncertainty in the low p5 region.

Lepton momentum scale and resolution uncertainties are estimated from dedicated studies on
the Z — ("¢~ mass distribution in data and simulation. Events are classified according to the
pr and 1 of one of the two leptons, determined randomly, and integrated over the other. The
dilepton mass distributions are then fit by a Breit-Wigner parameterization convolved with the
double-sided Crystal Ball function described in Section (8| The scale uncertainty is found to be
0.04% in the 4u channel and 0.3% in the 4e channel, while the resolution uncertainty is 20%
for both channels. In both cases full correlation between the leptons in the event is assumed.
Both scale and resolution uncertainties alter the signal shape by allowing the corresponding
parameters of the double-sided Crystal Ball function to vary. The impact is found to be non-
negligible only in the case of fiducial cross section measurements.

The effects of the jet energy corrections are studied in a similar manner. While jet energy scale
and smearing do not alter signal selection efficiency, they cause event migrations between the



16

n
8
= Lumi. .
@ Inclusive u
S Leptons
P4
Jet
b tag
Red. bkg
THU
QCD
PDF
B
Hadr
Bkg. mod.
4 5 6 7 8
Impact (%)
(%]
Q
e Lumi. ggH Lumi. qqgH
©
£ Leptons Leptons
= Jet Jet
b tag b tag
Red. bkg Red. bkg
QCD QCD
PDF PDF
B B
Hadr Hadr
Bkg. mod. Bkg. mod.
0 7 0.0 25 5.0 7.5 10.0 125 15.0
Impact (%) Impact (%)
3
2 Lumi. VH-Lep Lumi. ttH
©
2 Leptons Leptons
= Jet Jet
b tag b tag
Red. bkg Red. bkg
QCD QCD
PDF PDF
B B
Hadr Hadr
Bkg. mod. Bkg. mod.
0 2 4 6 8 10 0 5 10 15 20
Impact (%) Impact (%)

Figure 3: The impact of the dominant systematic uncertainties (in percent) on the inclusive sig-
nal strength ;2 and stage 0 production mode cross section described in Section[I0] Impacts from
different NPs are combined assuming no correlation. Only dominant experimental sources are
presented: integrated luminosity uncertainty (Lumi.), lepton reconstruction and selection effi-
ciency, scale and resolution (Leptons), jet energy scale and resolution (Jet), b-tagging efficiency
(B-tag), and reducible background estimation uncertainty (Red. bkg). Only dominant theo-
retical sources are presented: ggH, VBF, and VH cross section theoretical uncertainty scheme
(THU), renormalization and factorization scale (QCD), choice of the PDF set (PDF), the branch-
ing fraction of H — 4/ (B), modeling of hadronization and the underlying event (Hadr), and
background modeling (Bkg. mod.). The THU uncertainty is not considered in the stage 0 cross
section measurements. The uncertainties are rounded to the nearest 0.5%.

categories. They can also alter the shape of the discriminants, but the effect on the shape is
negligible. The uncertainty in the jet energy scale ranges from 1% in the high jet pr range and
increases up to 5% in the low jet pr range. The uncertainty in jet energy resolution ranges
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from 1 to 2%. A detailed description of the determination of the jet energy scale and smearing
uncertainties can be found in [113]. The effect on the analysis is studied in detail by propagating
the uncertainties and estimating the effect on event migration in each of the 22 sub-categories.
Their impact on the inclusive measurements is found to be negligible. However, the impact
is significant in measurements of the VBF and VH production modes and differential cross
section measurements as a function of jet kinematics, where it is one of the leading sources of
uncertainty.

The uncertainty in the b-tagging efficiency is found to be 1% in the high jet p; range and in-
creases up to 3% in the low jet py range. The impact from the category migration is found to be
negligible in all categories.

Finally, experimental uncertainties in the reducible background estimation, described in Sec-
tion[7.2} originating from the background composition and misidentification rate uncertainties
vary between 30 and 45% depending on the final state and category. However, the impact of
this uncertainty on the measurements is found to be negligible.

Other sources of experimental uncertainties are also studied but their impact is negligible com-
pared to the sources described above.

9.2 Theoretical uncertainties

Theoretical uncertainties that affect both the signal and background estimation include those
related to the renormalization and factorization scales, and the choice of the PDF set. The
uncertainty from the renormalization and factorization scales is determined by varying these
scales between 0.5 and 2 times their nominal value, while keeping their ratio between 0.5 and
2. The uncertainty due to the PDF set is determined following the PDFALHC recommendations
by taking the root mean square of the variation of the results when using different replicas of
the default NNPDF set [114, 115]. The uncertainties just described have an effect both on the
signal and background yields, as well as on the migration of events between the categories.
An additional 10% uncertainty in the K factor used for the gg — ZZ prediction is applied
as described in Section A systematic uncertainty of 2% [32] in the branching fraction of
H — 4/ only affects the signal yield.

Theoretical uncertainties that affect the predictions of the STXS production bins are described
in Ref. [32]. From here on we will refer to these uncertainties as the theoretical uncertainty
scheme (THU).

The THU for the ggH process includes 9 NPs, which account for uncertainties in the cross
section prediction for exclusive jet bins (including the migration between the 0 and 1-jet, as
well as between the 1 and >2-jet bins), the 2 jet and >3 jet VBF phase space, migrations around
the p? bin boundaries at 10, 60, and 120 GeV, and the uncertainty in the p? distribution due to
missing higher order finite top quark mass corrections.

In the THU uncertainties for VBF and VH production, additional sources are introduced to

account for the uncertainty in the modeling of the p?, my and p?jj distributions, as well as that
of the number of jets in the event. A total of 6 NPs account for the migrations of events across
the my boundaries at 60, 120, 350, 700, 1000, and 1500 GeV. Two additional NPs account for

migrations across the p? = 200GeV and p? V' = 25GeV bin boundaries. Finally, a single source
is introduced to account for migrations between the zero and one jet, as well as the the two or
more jet bins. In each case, the uncertainty is computed by varying the renormalization and
factorization scales and recalculating the fractional breakdown of the qqH STXS stage 1.2 cross
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sections.

A set of THU uncertainties is considered as NPs in the likelihood fit when signal strength
modifiers, rather than STXS, are measured. In the STXS framework, THU uncertainties only
enter at the interpretation step and are thus applied only to the SM cross section predictions.

Additional theoretical effects that only cause migration of signal and background events be-
tween categories originate from the modeling of the hadronization and the underlying event.
The underlying event modeling uncertainty is determined by varying initial- and final-state
radiation scales between 0.25 and 4 times their nominal value. The effects of the modeling of
hadronization are determined by simulating additional events with the variation of the nomi-
nal PYTHIA tune described in Section[3

10 Results

The reconstructed four-lepton invariant mass distribution is shown in Fig. [ for the 4e, 4p
and 2e2y events together, and is compared with the expectations for signal and background
processes. The error bars on the data points correspond to the intervals at 68% confidence
level (CL) [116]. The observed distribution agrees with the expectation within the statistical
uncertainties over the whole spectrum.
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Figure 4: Four-lepton mass distribution, m,,, up to 500 GeV with 4 GeV bin size (left) and in
the low-mass range with 2 GeV bin size (right). Points with error bars represent the data and
stacked histograms represent the expected distributions for the signal and background pro-
cesses. The SM Higgs boson signal with my; = 125GeV, denoted as H(125), the ZZ and rare
electroweak backgrounds are normalized to the SM expectation, the Z+X background to the
estimation from data.

The reconstructed four-lepton invariant mass distribution is shown in Fig. |5| for the three 4/
final states and is compared with the expectations from signal and background processes.

The number of candidates observed in the data and the expected yields for 137 fbfl, for the
backgrounds and H boson signal after the full event selection, are given in Table 3| for each of
the 22 reconstructed event categories (described in Section for the 105 < my, < 140GeV
mass window around the Higgs boson peak. Figure [f] shows the number of expected and
observed events for each of the categories.

The reconstructed invariant masses of the Z; and Z, dilepton systems are shown in Fig. [7]
for 118 < my, < 130GeV, together with their 2D distribution in the 105 < my, < 140GeV
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Figure 5: Four-lepton mass distribution in three final states: 4e upper left), 4y (upper right),
and 2e2u (lower). Points with error bars represent the data and stacked histograms represent
the expected distributions for the signal and background processes. The SM Higgs boson sig-
nal with my = 125GeV, denoted as H(125), the ZZ and rare electroweak backgrounds are
normalized to the SM expectation, the Z+X background to the estimation from data.

mass region. The distribution of the discriminants used for event categorization along with the
corresponding working point values are shown in Fig.

The results presented in Sections and are extracted with a two-dimensional likeli-
hood fit that relies on two variables, the four-lepton invariant mass m,4, and the matrix element
kinematic discriminant D. The fiducial cross section measurements are extracted with a one-
dimensional likelihood fit that relies only on the four-lepton invariant mass. The fit procedure
and results are presented in Section[10.3} The fit is performed in the 105 < m,, < 140 GeV mass
region. The parameters of interest (POls) are estimated with their corresponding confidence
intervals using a profile likelihood ratio test statistic [117,[118], in which the experimental and
theoretical uncertainties are incorporated via NPs. The choice of the POIs depends on the spe-
cific measurement under consideration, while the remaining parameters are treated as NPs.
All the POIs considered in the analysis are forced to be greater than or equal to zero; this re-
flects the fact that the signal yield is substantially larger than the background yield in the mass
range studied. Negative POIs would imply negative signal strength modifiers and a negative
probability density function (pdf). We define a two-dimensional pdf as the product of two
one-dimensional pdfs:

f(myy, D) = P(my)P(Dlmy). (6)

The first term, P (mmy), is the unbinned analytical shape described in Section [§ for signals and
Section [7] for backgrounds. The second term, P(D|my,), is a binned template of D that is con-
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Table 3: Number of expected background and signal events and number of observed candi-
dates after full analysis selection, for each event category, in the mass range 105 < my, <
140 GeV and for an integrated luminosity of 137 fb!. The yields are given for the different
production modes. The uncertainties listed are statistical only. Signal is estimated from MC
simulation at my = 125GeV, ZZ and rare electroweak backgrounds are also estimated from
MC simulation, and Z+X is estimated from data.

Reconstructed event Signal Background Expected Observed
category ggH VBF WH ZH ttH bbH tH |q@—ZZ gg—ZZ EW Z+X signal total
Untagged-0j-p1'[0, 10] 27.7 0.09 003 0.03 000 015 0.00 71.5 3.06 001 321 | 27.940.1 1060 114
Untagged-0j-p3[10, 200] 962 1.69 060 077 0.01 1.01 0.00 98.1 11.6 035 37.8 | 100+0 248+1 278
Untagged-1j-p4' [0, 60] 268 151 056 048 0.01 045 0.01 25.3 3.02 0.64 14.2 | 298401 729+04 74
Untagged-1j-p$’ 60, 120] 135 131 051 041 0.02 011 0.01 7.81 0.82 062 795 | 159401 33.14+0.3 20
Untagged-1j-pi[120, 200] 351 0.0 017 0.17 0.01 0.02 0.00 1.15 0.19 025 1.63 | 448+0.05 7.69+0.16 11
Untagged-2j-p[0, 60] 345 029 015 0.14 0.08 0.09 0.02 2.14 0.32 0.63 475 | 420+£0.06 12.1+0.2 14
Untagged-2j-p3[60, 120] 526 056 024 019 012 004 0.03 2.19 0.30 0.72 414 | 643+£0.06 13.8+0.2 15
Untagged-2j-p4[120,200] 3.07 040 016 0.13 007 001 0.02 0.75 0.14 0.34 119 | 3.86+£0.05 6.2840.14 7
Untagged-p%-[ > 200 279 062 021 017 007 0.01 0.02 0.43 0.21 021 073 | 3.89+0.04 5.4740.11 3
Untagged-2j-mj > 350 077 016 0.06 004 0.05 001 0.01 0.34 0.06 031 171 | 1.12+£0.02 3.54+0.14 3
VBE-ljet-tagged 155 329 022 016 000 0.13 0.01 6.85 1.53 020 244 | 193401 30.34+0.2 27
VBE-2jet-tagged-11;;(350, 700] 0.83 119 0.01 001 0.00 001 0.00 0.19 0.07 0.11 0.14 | 2.05+0.03 2.55+0.05 2
VBF-2jet-tagged-n; > 700 043 196 0.00 0.00 0.00 0.00 0.00 0.07 0.05 0.12  0.03 | 2.40£0.02 2.67+0.03 1
VBF-3jet-tagged-n; > 350 252 235 0.06 006 003 003 0.05 0.62 0.21 0.64 243 | 511£0.05 9.01+0.17 12
VBF-2jet-tagged-p5’ > 200 044 079 001 001 0.01 000 0.01 0.03 0.03 0.04 0.06 | 1.260.02 1.42+0.03 0
VBF-rest 248 094 013 0.09 004 004 0.01 0.98 0.20 0.39 218 | 3.74+£0.05 7.49+0.17 5
VH-hadronic-tagged-m;[60,120]  4.11 025 1.09 096 0.13 006 0.02 1.69 0.22 052 293 | 6.62+0.06 12.0+0.2 12
VH-rest 057 0.03 0.09 006 0.03 001 0.00 0.16 0.02 0.06 0.33 | 0.79+£0.02 1.36+0.06 0
VH-leptonic-tagged-p4/[0,150]  0.33 0.04 0.85 026 010 0.03 0.03 2.16 0.36 0.19 111 | 1.64+£0.02 5.47+0.13 10
VH-leptonic-tagged-p’ > 150  0.02 0.01 021 0.06 0.04 0.00 0.01 0.05 0.01 0.03 0.08 | 0.35+0.01 0.52+0.03 0
ttH-leptonic-tagged 0.02 001 0.02 002 068 0.00 0.03 0.08 0.01 023 021 | 0.79+£0.01 1.32+0.07 0
ttH-hadronic-tagged 0.18 0.05 0.03 005 086 001 0.03 0.03 0.01 0.82 1.06 | 1.22+0.01 3.15+0.14 2

ditional to my,. This is achieved by creating a two-dimensional template of m,, vs. D and
normalizing it to 1 for each bin of my,.

In almost all sub-categories we use a decay-only kinematic discriminant (D = Dlg{%) to separate

the H boson signal from the background as defined in Eq. (3). Conversely, in the sub-categories

of the VBF-2jet-tagged, the D = DXEgF +dec discriminant (defined in Eq. ) is used, which

is sensitive to the VBF production mechanism. Similarly, in two sub-categories of the VH-
VH-+dec

hadronic-tagged category, the D = D, . discriminant (defined in Eq. ) is used.

The ggH, VBF, WH, ZH and ttH samples are used to build different signal templates for each
of the nineteen STXS production bins described in Section Irreducible background tem-
plates are built starting from qq — ZZ and gg — ZZ samples. Finally, reducible background
templates are built using data driven methods described in Section[7.2} Following the described
procedure, P(D|my,) templates are obtained for the twenty-two event categories and the three
final states (4y, 4e, 2e2p).

The unbinned likelihood function, £(ji), is defined as the product over N observed events:

- 1 19 T ik I ok ik
Ll =5 [T ( X wS! & (mag, D) + B £l (myy, D) | e Zitis +57, 7)
events \i=1

where y; is the signal strength modifier for the production bin i, S{:k are the predicted SM rates
of events in the production bin i that are observed in the reconstructed event category j and
final state k, B/¥ are the predicted background rates in the reconstructed event category j and

final state k, f;] k(mu, D) are the pdfs for the signal, and flék(m% D) the pdfs for the background.

The correlation of the kinematic discriminants Dlgiré, Dgf; +dec and Dgfg”dec with the four-

lepton invariant mass is shown in Fig. [0 for the mass interval 105 < m,, < 140GeV. Their
distributions for the mass interval 118 < m,, < 130 GeV are shown in Fig.
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Figure 6: Distributions of the expected and observed number of events for the reconstructed
event categories in the mass region 105 < my, < 140GeV. Points with error bars represent
the data and stacked histograms represent the expected numbers of the signal and background
events. The yields of the different H boson production mechanisms with my = 125GeV, de-
noted as H(125), and those of the ZZ and rare electroweak backgrounds are normalized to the
SM expectations, while the Z+X background yield is normalized to the estimate from the data.

10.1 Signal strength modifier

A simultaneous fit to all categories is performed to extract the signal strength modifier, defined
as the ratio of the observed H boson yield in the H — 4/ decay channel to the standard model
expectation.

The combined measurement of the inclusive signal strength modifier is measured to be y =
0.941212 or 4 = 0.94 + 0.07 (stat) " 07 (theo) 3¢ (exp) at a fixed mass value my = 125.38 GeV,
which is the current most precise measurement of the H boson mass published by the CMS Col-
laboration [119]. In all subsequent fits, my; is fixed to this value. The dominant experimental
sources of systematic uncertainty are the uncertainties in the lepton identification efficiencies
and luminosity measurement, while the dominant theoretical source is the uncertainty in the
total gluon fusion cross section. The contributions to the total uncertainty from experimental
and theoretical sources are found to be similar in magnitude. The signal strength modifiers
are further studied in terms of the five main SM Higgs boson production mechanisms, namely
ggH, VBF, ZH, WH, and ttH. The contributions of the bbH and tH production modes are also
taken into account. The relative normalizations of the bbH and the gluon fusion contributions
are kept fixed in the fit, and so are the tH and ttH ones. The results are shown in Fig. for the
observed and expected profile likelihood scans of the inclusive signal strength modifier and
those for the signal strength modifiers of the five main SM Higgs boson production mecha-
nisms. The corresponding numerical values, including the decomposition of the uncertainties
into statistical and systematic components, as well as the expected uncertainties, are given in
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Figure 7: Distribution of the Z; (upper left) and Z, (upper right) reconstructed masses in the
118 < my, < 130 GeV mass region and their 2D distribution (lower) in the 105 < my4, < 140 GeV
mass region. The stacked histograms and the red and blue scales represent expected distribu-
tions of the signal and background processes and the points represent the data. The yields of
the different H boson production mechanisms with my = 125GeV, denoted as H(125), and
those of the ZZ and rare electroweak backgrounds are normalized to the SM expectations,
while the Z+X background yield is normalized to the estimate from the data.

Table

The dependence of the measured signal strengths on the profiling of myy is checked and found
to have a small impact both on the inclusive results and those in terms of the five main H
boson production mechanisms, well within the measurement uncertainties. The best fit sig-
nal value changes at most by 4% and the profiled value of the mass is found to be my =
125.091073 (stat) GeV. It is important to note here that the precise determination of my; and the
systematic uncertainties that enter its measurement are beyond the scope of this analysis.

Two signal strength modifiers, y; = HooH, tiH,bb H tH and py = pyppyy, are introduced for
the fermion and vector-boson induced contributions to the expected SM cross section. A two-
parameter fit is performed simultaneously to the events reconstructed in all categories, leading
to up = O.96f82%§ and uy = 0.82:“8:;?. The expected values for my; = 125.38GeV are p; =
1.00*_'8:% and py = 1.007933. The 68 and 95% CL contours in the (i, jty) plane are shown in
Fig.|12|and the SM predictions lie within the 68% CL regions of this measurement.

10.2 Simplified template cross section

The results for the H boson product of cross section times branching fraction for H — ZZ
decay, (0B) s, and comparisons with the SM expectation, (08)gy, for the stages of production
bins defined in Section [6.1} are shown in Fig. [13] for the stage 0 and in Fig. [14 for the merged
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Figure 8: Distribution of categorization discriminants in the mass region 118 < m,, < 130 GeV:

D%Ef (upper left), Dﬁgf (upper right), DZ;I (lower) = max(D;/]V-el:I,Dzzjg). Points with error bars

represent the data and stacked histograms represent expected distributions of the signal and
background processes. The SM Higgs boson signal with my; = 125GeV, denoted as H(125),
and the ZZ backgrounds and rare electroweak backgrounds are normalized to the SM expec-
tation, the Z+X background to the estimation from data. The vertical dashed lines denote the
working points used in the event categorization. The SM H boson signal is separated into two
components: the production mode which is targeted by the specific discriminant, and other
production modes, where the gluon fusion process dominates.

stage 1.2. The corresponding numerical values are given in Tables[5|and [f|

As discussed, the set of THU uncertainties described in Section [9.2]is not considered for the
STXS measurements: THU uncertainties are model dependent and should be only considered
in the interpretation of the results. Therefore, the THU uncertainties are included in the SM
predictions of the cross section. The correlation matrices are shown in Fig. The dominant
experimental sources of systematic uncertainty are the same as for the signal strength mod-
ifiers measurement, while the dominant theoretical source is the uncertainty in the category
migration for the ggH process.

10.3 Fiducial cross section

In this section the cross section measurement for the process pp — H — 4/ within a fiducial
volume that closely matches the reconstruction level selection is presented. In particular, the
integrated fiducial cross section is measured as well as differential cross sections as a function

of the transverse momentum of the H boson (p?), its rapidity (|y!]), the number of associated
jets (NJ), and the transverse momentum of the leading jet (). These measurements are largely
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Figure 9: Distribution of three different kinematic discriminants versus mg:
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ground events. The red scale represents the number of expected SM H boson signal events for
my = 125GeV. The points show the data from the categories listed in the legend.
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Figure 10: Distribution of kinematic discriminants in the mass region 118 < m,, < 130GeV:

(upper left) Dﬁ% , (upper right) DXE; tdec (lower) DZngerec. Points with error bars represent

the data and stacked histograms represent expected distributions of the signal and background
processes. The yields of the different H boson production mechanisms with my = 125 GeV, de-
noted as H(125), and those of the ZZ and rare electroweak backgrounds are normalized to the
SM expectations, while the Z+X background yield is normalized to the estimate from the data.
In the middle and right figures the SM H boson signal is separated into two components: the
production mode which is targeted by the specific discriminant, and other production modes,
where the gluon fusion process dominates.

independent of the assumptions on the relative fractions and kinematic distributions of the in-
dividual production modes. The definition of the fiducial volume is based on generator-level
quantities and is identical to that in Ref. [18]. In order to reduce the experimental uncertainties,

only jets with p} > 30GeV and |j| < 2.5 are considered for the differential cross sections as
a function of jet observables. An increase in model dependence compared to Ref. [25] is ob-
served when using the ZZ candidate selection at reconstruction level where the candidate with
the best Dlgli% discriminant value is chosen. Therefore, the fiducial cross section measurement
is performed using the event selection algorithm in Ref. [25]. Specifically, the Z; candidate is
chosen to be the one with m(Z,) closest to the nominal Z boson mass, and in cases where mul-
tiple Z, candidates satisfy all criteria, the pair of leptons with the largest sum of the transverse
momenta magnitudes is chosen. The full fiducial volume definition is detailed in Table [7]and
the acceptance for various SM production modes is given in Table

A maximum likelihood fit of the signal and background parameterizations to the observed
4/ mass distribution, Ny, (my,), is performed to extract the integrated fiducial cross section
for the process pp — H — 4/ (0q). The fit is carried out inclusively (i.e., without any
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Figure 11: (left) The observed and expected profile likelihood scans of the inclusive signal
strength modifier. The scans are shown both with (solid line) and without (dashed line) sys-
tematic uncertainties. (right) Results of likelihood scans for the signal strength modifiers corre-
sponding to the five main SM H boson production mechanisms, compared to the SM prediction
shown as a vertical dashed line. The thick black lines indicate the one standard deviation con-
fidence intervals including both statistical and systematic sources. The thick red lines indicate
the statistical uncertainties corresponding to the one standard deviation confidence intervals.

event categorization) and does not use the Dlg{j:g observable in order to minimize the model
dependence. The fit is performed simultaneously in all final states and assumes a H bo-

Table 4: Best fit values and +1 standard deviation uncertainties for the expected and observed
signal strength modifiers at my = 125.38 GeV. The statistical and systematic uncertainties are
given separately.

Expected Observed
M 100703 (stat)T00¢ (syst)  0.170%8 (stat) T35 (syst)
i 100 a0 (ys) 1667182 sta) 25 ey
HzH 1.00747% (stat) 570 (syst)  0.007338 (stat) 535 (syst)
HVEF 1.0070%% (stat) 015 (syst)  0.487546 (stat) "] 15 (syst)
Moot bbH 1.00 £0.10 (stat)fgﬁé (syst) 0.99 £0.09 (stat)fgj(l)é (syst)
u 1.0009%8 (stat) T038 (syst)  0.94 4 0.07 (stat) " 0g (syst)

Table 5: Best fit values and +1 standard deviation uncertainties for the measured cross sections
(0B)gps, the SM predictions (0B)gy, and their ratio for the stage 0 STXS production bins at
my = 12538 GeV for H — ZZ decay.

(0B)ops (fb)  (0B)gm (fb)  (0B)ops/ (0B)sm
ttH 371 159 + 1.4 0.1670%
VH-lep 41732 259+0.8 156715
qqH 61733 12246 0.5003¢
ggH 12147135 1192+95 102704
Inclusive 13187130 1369 + 164 0.9610:19
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Figure 12: Result of the 2D likelihood scan for the y; = HooH, tiH,bb H,tH and py = pyppvu
signal strength modifiers. The solid and dashed contours show the 68 and 95% CL regions,
respectively. The cross indicates the best fit value, and the diamond represents the expected
value for the SM Higgs boson.
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Figure 13: The measured product of cross section times branching fraction for H — ZZ decay
(0B)gps and the SM predictions (05)gy for the stage 0 STXS production bins and the inclusive
measurement at my = 125.38GeV. Points with error bars represent measured values and
black dashed lines with gray uncertainty bands represent the SM predictions. In the bottom
panel ratios of the measured cross sections and the SM predictions are shown along with the
uncertainties for each of the bins and the inclusive measurement.

son mass my = 125.38 GeV, while the branching fractions of the H boson to different final
states (4e,4y,2e2y) are free parameters in the fit. The systematic uncertainties described in
Section |§| are included in the form of NPs and the results are obtained using an asymptotic
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Figure 14: The measured cross sections (013),,s and the SM predictions (¢8)gy for H — ZZ
decay and the merged stage 1.2 STXS production bins at my; = 125.38 GeV. Points with error
bars represent measured values and black dashed lines with gray uncertainty bands represent
the SM predictions. In the bottom panel ratios of the measured cross sections and the SM
predictions are shown with corresponding uncertainties for each of the bins.
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approach [118]] with a test statistic based on the profile likelihood ratio [117]. This procedure
accounts for the unfolding of detector effects from the observed distributions and is the same
as in Refs. [25] and [120]].

The number of expected events in each final state f and in each bin 7 of a given observable is
expressed as a function of my, as:

Né’(;,(mu) = Nﬁé(mu) + Nﬁ;}nﬁd(mu) + Nidares (14¢) + N{ﬁg(mu)

_ B fii
- Z eij (1 +/; nonﬁd) 05iq £ Pres (M40) (8)
]
+ Nr{gnrespnonres (m413) + Nlj:llzgpbkg (m4é ) .

The shape of the resonant signal contribution, P, (11, ), is described by a double-sided Crystal
Ball function as discussed in Section[8, and the normalization is used to extract the fiducial cross
section. The non-resonant signal function, Py nes(M4¢), is determined by the WH, ZH, and

Table 6: Best fit values and +1 standard deviation uncertainties for the measured cross sections
(0B) ops, the SM predictions (08)gy;, and their ratio for the merged stage 1.2 STXS production
bins at my; = 125.38 GeV for H — ZZ decay.

(UB)obs (fb) (UB)SM (fb) (UB)obs / ((TB)SM

ggH-03/p[0, 10] 1459 1644+ 11 0.891028
ggH-0j /p;[10,200] 611755 561 + 87 1.097017
ggH-13/p;[0, 60] 214738 177 +18 1.217593
ggH-13/pr[60, 120] 59133 121+ 14 0.4803
ggH-13/pr[120, 200] 53133 2044 2.6211%
ggH-23 /pr[0, 60] 0*%7 35+6 0.001076
ggH-2j /pr[60, 120] 783 5149 1.53105%
ggH-2j /p;[120, 200] 27122 26+ 6 1.0670%
ggH-2j/mj; > 350 4772 23+3 01732,
ggH/pr > 200 718 15+6 0471038
qqH-rest 1138 7145 0.157341
qqH-2j /m;;(60, 120] 1213 121+1.2 1.017735
qqH-2j/m;;[350,700] 15723 105+0.7 141755
qqH-2j /mj; > 700 0+? 15+1 0.00*57
qqH-3j/mj; > 350 43130 89405 4.84173-38
qqH-2j/py > 200 (U 42402 0.001972
VH-lep/py [0, 150] 56158 223411 2491260
VH-lep/py > 150 030 3.640.1 0.0027

15 091
ttH 0" 159+ 1.4 0.00"5 00



30

137 fb~! (13 Te

1.0

H- ZZ

my = 125.38 GeV 0.8

ggH

0.6
-0.4
aa -0.2
-0.0
VH-lep|{ =-0.12 0.06 -—0.2

--0.4

-0.6

ttH{ 0.02 -0.01 -0.06 —08

ggH qqH VH-1lep ttH -1.0

CMS

137 fb~! (13 TeV) 1.0
ggH-03/p7[0, 10] fRE .
ggH-0j/pr[16,200] 1 0.03 FEAL) H- ZZ 0.8
ggH-13/pr[0, 60] { 0.06 -0.29 my = 125.38 GeV .
ggH-1j/pr[60, 120] { 0.06 0.09 06
ggH-1j/pr[120,200] { 0.07 0.14 0.37 0.33 *
ggH-2j/pr[0,60] 1 0.01 0.05 -0.13 0.06 0.03 ~0.4
ggH-2j/pr[66,120] { 0.06 0.06 0.51 0.18 0.40 -0.01
ggH-2j/pr[120,200] { 0.05 0.05 0.47 m -0.01 0.01 0.27 -0.2
ggH/pr>2004 0.05 0.06 mm 0.41 0.03 0.48 0.48 R[]
ggH-2j/mj;>3501-0.01 0.03 0.00 0.06 0.01 0.02 0.00 -0.04 0.09 EHI) -0.0
qq-rest {-0.05 -o.os-o.ss -0.04E 11 -0.80 EXTY 1.00
qgH-2j/mj;[60,120] {-0.01 -0.01 -0.18 -0.16 -0.03 -0.03 -0.34 -0.37 -0.29 -0.06 0.23 --0.2
qqH-2j/mj;[350,7600] { 0.04 ©0.05 0.30 0.29 0.22 0.01 0.25 0.26 0.28 -0.46 -0.36
qgqH-2j/mj;>700 0.01  0.01 0.03 0.02 0.01 0.00 0.04 0.03 0.03 -0.06 -0.04 0.00 -0.02 I -—0.4
qqH-3j/mj;>350 0.02 0.00 0.07 0.04 0.04 -0.01 0.04 0.08 0.00 m 0.00 0.02 0.25 -0.08 JEH)
qqH-2j/pr>200{ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.08 0.00 0.00 0.00 0.00 0.00 0.00 m -0.6
VH/pl[0, 150] { 0.05 -0.10 -0.06 -0.10 -0.02 0.00 -0.02 -0.02 -0.03 -0.02 0.06 0.00 -0.01 0.00 0.03 0.00 SR
VH/pli>150{ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -0.12 -0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00 (K1 -0.8
ttH{ 0.01 0.01 -0.05 -0.04 -0.03 0.00 -0.09 -0.09 -0.08 0.31 0.06 0.03 -0.12 0.00 -0.34 0.00 -0.03 0.00 m
— — — — — — — — @ o + — — =3 =3 =] —_ (=] T _1 o
(<) (=3 (=} (=] (<3 (=] (=] (<3 =3 n n (<) (<] <] n (<] (<] n +
- (<] o o~ =] o o~ (<] o~ m [ o~ (<] ~ m o~ wn — +
~ ~N ~ — ~ ~ — ~ A A o — ~ A A A — A
) - @ - -~ @ ~ ~ N - | ~ ~ - - - - T
= =) = [<) [} = [<) [} o = o o =} & = a o a
a ) a = S a = S = ~ c L " ~ < = = =
~ = ~ = — ~ = — =) = - — — = ~ a =
— Q —- Q . — Q = 53 o~ o~ - ~ ™ | ~
§ 5 7T 5 &£ F 5 &£ 1 S € 4 4 z 2
— — — ~ o
T 73 705 5% 70 5 N 5 &8 § 5§
o = o T | o f= | |
=) = T =) T T |
o o [=)] o [=)) o =
o o o g

Figure 15: Correlation matrices between the measured cross sections for the stage 0 (upper)
and the merged stage 1.2 (lower) for H — ZZ decay.

ttH contributions where one of the leptons from the H boson decay is lost or not selected. It
is modeled by a Landau distribution with shape parameters constrained in the fit to be within
a range determined from simulation. This contribution is referred to as the “combinatorial
signal” and is treated as a background in this measurement.

The quantity e{ j Tepresents the detector response matrix that maps the number of expected
events in bin j of a given observable at the fiducial level to the number of expected events in
bin 7 at the reconstruction level. This response matrix is determined using simulated signal
samples and includes corrections for residual differences between data and simulation. In the
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Table 7: Summary of requirements used in the definition of the fiducial phase space for the
H — 4/ cross section measurements.

Requirements for the H — 4/ fiducial phase space
Lepton kinematics and isolation

Leading lepton pr pr > 20GeV

Next-to-leading lepton pr pr > 10GeV

Additional electrons (muons) p pr > 7(5) GeV
Pseudorapidity of electrons (muons) 7] <2.5(24)
Sum of scalar pt of all stable particles within AR < 0.3 from lepton < 0.35pt

Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z; candidate 40 <mz <120GeV
12 <mz, <120GeV
AR(¢;,¢;) > 0.02 for any i # j
Mysp—- > 4 GeV
105 < myy < 140 GeV

Inv. mass of the Z, candidate

Distance between selected four leptons
Inv. mass of any opposite sign lepton pair
Inv. mass of the selected four leptons

case of the integrated fiducial cross section measurement, the response matrices become single
numbers, which are listed in Table 8| for different SM production mechanism.

An additional resonant contribution arises from events which are accepted but do not originate
from the fiducial phase space. These events are due to detector effects that cause differences
between the quantities used for the fiducial phase space definition and the corresponding quan-
tities at the reconstruction level. This contribution is treated as background and is referred to as
the “non-fiducial signal” contribution. A simulated sample is used to verify that the shape of
the distribution for these events is identical to that of the fiducial signal, and its normalization
is fixed to the corresponding fraction of the fiducial signal. The value of this fraction, which
we denote as f, nn4, is determined from simulation for each of the signal models studied. The
value of fnnq for different signal models is shown in Table

Table 8: Summary of the fraction of signal events for different SM signal production modes
within the fiducial phase space (acceptance Agy), reconstruction efficiency (e) for signal events
in the fiducial phase space, and ratio of the number of reconstructed events outside the fiducial
phase space to that of the reconstructed events in the fiducial phase space (f,onfq). For all
production modes the values given are for my; = 125GeV. Also shown in the last column is the
factor (1 + f,onfig)€ Which regulates the signal yield for a given fiducial cross section, as shown
in Eq. (8). The uncertainties listed are statistical only. The theoretical uncertainty in A4 for the
SMis less than 1%.

Signal process Afid € f nonfid <1 + f nonfid)e
ggH (POWHEG) 0.402 £0.001 0.598 +0.002 0.054 £ 0.001 0.631 £ 0.002
VBF 0.445 4+ 0.002 0.615 4+ 0.002 0.043 +0.001 0.641 + 0.003
WH 0.329 +0.002 0.604 4+ 0.003 0.078 +=0.002 0.651 + 0.004
ZH 0.340 £ 0.003 0.613 £0.005 0.082 £+ 0.004 0.663 & 0.006
ttH 0.315 £+ 0.004 0.588 +0.007 0.181 £0.009 0.694 £ 0.010

The integrated fiducial cross section is measured to be
34 2 0.26
Ohg = 2.847037 = 2.841023 (stat) 757 (syst) fb

at my = 125.38GeV. This can be compared to the SM expectation o2} = 2.84 +0.15fb. The
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measured inclusive fiducial cross sections in different final states and integrated as a function
of center-of-mass energy are shown in Fig. The corresponding numerical values, includ-
ing the decomposition of the uncertainties into statistical and systematic components, and the
corresponding expected uncertainties, are given in Table[9]

CMS LHC Run 2 (13 TeV) 5.1 fb (7 Tev), 19.7 it (8 Tev), 137 bl (13 TeV)
_ 5 T T T ~~ AR R R R RN RN R RN R
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Figure 16: The measured inclusive fiducial cross section in different final states (left) and inte-
grated as a function of /s (right). The acceptance is calculated using POWHEG at /s = 13 TeV
and HRES [107, 109] at /s = 7 and 8 TeV, and the total gluon fusion cross section and un-
certainty are taken from Ref. [58]. The fiducial volume for /s = 6-9 TeV uses the lepton iso-
lation definition from Ref. [25] and the SM predictions and measurements are calculated at
my; = 125.0GeV, while for /s = 12-14 TeV the definition described in the text is used and SM
predictions and measurements are calculated at my = 125.38 GeV.

Table 9: The measured inclusive fiducial cross section and +1 standard deviation uncertain-
ties for different final states and data-taking periods at my; = 125.38 GeV. The statistical and
systematic uncertainties are given separately for the inclusive measurements.

2e2u (tb) 4y (fb) 4e (fb) Inclusive (fb)
2016 1224038 0897922 1.07+04 3194068 — 3.197048 (stat) 1048 (syst)
2017 1647031 0.82702 056702  3.01708) = 3.01704] (stat)T03; (syst)
2018 1177020 0.66101 073102 2571042 — 5 574038 (stat) "0 2] (syst)

2016-2018 131102 0781010 0761018 2847034 = 2 847023 (stat)"(3S (syst)

The measured differential cross sections as a function of the H boson transverse momentum
and rapidity are shown in Fig.[17| The corresponding numerical values are given in Tables
and [11} Finally, the measured differential cross sections as a function of the number of associ-
ated jets and the transverse momentum of the leading jet are shown in Fig.[18 The correspond-
ing numerical values are given in Tables|12|and

For all the fiducial measurements the dominant systematic uncertainties are those on the lepton
identification efficiencies and luminosity measurement, while the theoretical uncertainties are
smaller. In order to assess the model dependence of the measurement, the unfolding procedure
is repeated using different response matrices created by varying the relative fraction of each SM
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Figure 17: Differential cross sections as a function of p? (left) and |y*!| (right). The acceptance
and theoretical uncertainties in the differential bins are calculated using POWHEG. The sub-
dominant component of the signal (VBF 4+ VH + ttH) is denoted as XH.

Table 10: The measured differential fiducial cross section and +1 standard deviation uncertain-
ties for the p? observable at my; = 125.38 GeV. The breakdown of the total uncertainty (unc.)
into statistical and systematic components is given.

Bin range (GeV) dogg (fb) unc. (stat) (syst)
0-10 032 "3 o oo
10-20 0.67 013 Ton Toos
20-30 041 55 oy 00
30-45 051 01 0l oo
45-80 045 00 oo Toos

80-120 030 ¥ 0y 8%
120-200 019 % 0% oo
200-13000 003  Fo02 4002 +0.00

production mode within its experimental constraints. The uncertainty is negligible with respect
to the experimental systematic uncertainties.
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Table 11: The measured differential fiducial cross section and +1 standard deviation uncertain-
ties for the |y| observable at m; = 125.38 GeV. The breakdown of the total uncertainty (unc.)
into statistical and systematic components is given.

10?

04 (fb)

Ratio to NNLOPS

Binrange doggq (fb) unc. (stat) (syst)
+0.10 +0.09 +0.05
0.0-0.15 0.41 —0.08 —0.08 —0.03
+0.08 +0.07 +0.03
+0.13 +0.11 +0.07
0.3-0.6 0.62 —0.11 —0.10 —0.05
+0.12 +0.10 +0.06
0.6-0.9 0.57 —0.10 —0.10 —0.04
+0.10 +0.09 +0.05
0.9-1.2 0.36 —-0.09 —0.08 —0.03
+0.15 +0.13 +0.08
1.2-2.5 0.64 —0.13 —0.12 —0.05
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Figure 18: Differential cross sections as a function of the number of associated jets (left), and
pr of the leading jet (right). The acceptance and theoretical uncertainties in the differential bins
are calculated using POWHEG. The sub-dominant component of the signal (VBF + VH + ttH)

is denoted as XH.

Table 12: The measured differential fiducial cross section and +1 standard deviation uncertain-
ties for the NJ observable at my; = 125.38 GeV. The breakdown of the total uncertainty (unc.)
into statistical and systematic components is given.

Binrange dogg (fb) unc. (stat) (syst)
0 200 9% N b
1 0.64 017 0l 00
2 023 0% o %
3 003 0 ‘o oo
>4 0.00 050 3% 0%
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Table 13: The measured differential fiducial cross section and +1 standard deviation uncertain-
ties for the pl. observable at my; = 125.38 GeV. The breakdown of the total uncertainty (unc.)
into statistical and systematic components is given.

Bin range (GeV) dogq (fb) unc. (stat) (syst)

$016 4015  40.05
30-55 0.52 2014 —013  —0.04
010  +0.10 0.03

55-95 5 B
4007 +0.06 0.02

95-200 0.16 Too6  Toos oot

0.03 0.03 0.01
200-13000 004 003 w05 +o01
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11 Summary

Several measurements of the Higgs boson production in the four-lepton final state at /s =
13 TeV have been presented, using data samples corresponding to an integrated luminosity of
137fb~!. Thanks to a large signal-to-background ratio and the complete reconstruction of the
tinal state decay products, this channel enables a detailed study of the Higgs boson production
properties. The measured signal strength modifier is y = 0.94 £ 0.07 (stat)f%gZ (theo)fgjgg (exp)
and the integrated fiducial cross section is measured to be oyy = 2.84J_r8:%§ (stat)f%? (syst) fb
with a standard model prediction of 2.84 £ 0.15fb for the same fiducial region.. The signal
strength modifiers for the main Higgs boson production modes are also reported. A new set of
measurements, designed to quantify the different Higgs boson production processes in specific
kinematical regions of phase space, have also been presented. The differential cross sections
as a function of the transverse momentum and rapidity of the Higgs boson, the number of
associated jets, and the transverse momentum of the leading associated jet are determined. All
results are consistent, within their uncertainties, with the expectations for the standard model
Higgs boson.
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