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Abstract Inclusive and differential fiducial cross sections
of the Higgs boson are measured in the H → Z Z∗ → 4�

(� = e, μ) decay channel. The results are based on proton-
proton collision data produced at the Large Hadron Collider
at a centre-of-mass energy of 13 TeV and recorded by the
ATLAS detector from 2015 to 2018, equivalent to an inte-
grated luminosity of 139 fb−1. The inclusive fiducial cross
section for the H → Z Z∗ → 4� process is measured to be
σfid = 3.28 ± 0.32 fb, in agreement with the Standard Model
prediction of σfid,SM = 3.41 ± 0.18 fb. Differential fidu-
cial cross sections are measured for a variety of observables
which are sensitive to the production and decay of the Higgs
boson. All measurements are in agreement with the Standard
Model predictions. The results are used to constrain anoma-
lous Higgs boson interactions with Standard Model particles.
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1 Introduction

The observation of the Higgs boson by the ATLAS and CMS
Collaborations [1,2] using data from proton-proton (pp) col-
lisions at the Large Hadron Collider (LHC) recorded in 2011
and 2012 at centre-of-mass energies of

√
s = 7 TeV and

8 TeV, respectively, was a major step forward in the under-
standing of the electroweak (EW) symmetry breaking mech-
anism [3–5]. Studies of the spin and parity of the Higgs boson,
its coupling structure to other particles, and measurements of
fiducial and differential cross sections have been performed
[6–28]. These show no significant deviations from the Stan-
dard Model (SM) predictions for the Higgs boson with a mass
of 125.09 ± 0.24 GeV [15].

This paper presents updated inclusive and differential
cross-section measurements of the Higgs boson in the
H → Z Z∗ → 4� decay channel (where � = e or μ). The
full ATLAS Run 2 dataset, consisting of pp collision data
at

√
s = 13 TeV taken between 2015 and 2018, is used for

this analysis. The total integrated luminosity after imposing
data quality requirements is 139 fb−1, with a data-taking effi-
ciency of 91.5%.

All measurements are performed with the assumption that
the mass of the Higgs boson is 125 GeV, and are compared
with SM predictions. The signal is extracted from a binned
likelihood fit to the four-lepton invariant mass, m4�, distri-
bution. All major background processes are estimated from
data. In particular, the normalisation of the dominant non-
resonant Z Z∗ background is now constrained from dedicated
data sidebands rather than from simulation. Signal events are
corrected for detector measurement inefficiency and resolu-
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tion by unfolding using the detector response matrix in the
likelihood fit, in place of a bin-by-bin correction. Compared
with the previous published results [11], this paper also bene-
fits from the full LHC Run 2 integrated luminosity, improved
event and electron reconstruction [29,30], and improved lep-
ton isolation to mitigate the impact of additional pp interac-
tions in the same or neighbouring bunch crossing (pile-up).
The fiducial phase-space definition has also been updated
with respect to the previous publication to harmonise the
selection of the leptons.

The paper is organised as follows. A brief introduction
of the ATLAS detector is given in Sect. 2, while in Sect. 3,
the data and simulated signal and background samples are
described. The selection of the Higgs boson candidate events
is detailed in Sect. 4. Section 5 outlines the fiducial phase-
space definition and the observables that are unfolded, while
the background modelling is described in Sect. 6. The unfold-
ing strategy is described in Sect. 7. The experimental and
theoretical systematic uncertainties, detailed in Sect. 8, are
taken into account for the statistical interpretation of the data.
The final results are presented in Sect. 9 and their interpre-
tation to constrain possible beyond the SM (BSM) contact
interactions or non-SM values of the b- and c-quark Yukawa
couplings are shown in Sect. 10. Concluding remarks are
given in Sect. 11. More information about general aspects of
the analysis is contained in the concurrent Ref. [31], where,
in particular, details of the event selection and background
estimation can be found.

2 The ATLAS detector

The ATLAS detector [32] is a multipurpose particle detector
with a forward–backward symmetric cylindrical geometry1

and a near 4π coverage in solid angle. It consists of an inner
tracking detector (ID) surrounded by a thin superconducting
solenoid, which provides a 2 T axial magnetic field, electro-
magnetic (EM) and hadron calorimeters, and a muon spec-
trometer. The inner tracking detector covers the pseudora-
pidity range |η| < 2.5. It consists of a silicon pixel detector,
including the newly installed insertable B-layer [33,34], a
silicon microstrip detector, and a straw-tube tracking detec-
tor featuring transition radiation to aid in the identification
of electrons. Lead/liquid-argon (LAr) sampling calorime-
ters provide electromagnetic energy measurements with high

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-axis
along the beam pipe. The x-axis points from the IP to the centre of the
LHC ring, and the y-axis points upwards. Cylindrical coordinates (r, φ)

are used in the transverse plane, φ being the azimuthal angle around the
z-axis. The pseudorapidity is defined in terms of the polar angle θ as
η = − ln tan(θ/2) and the rapidity is defined as y = 1

2 ln E+pz
E−pz

. Angular

distance is measured in units of 	R ≡ √
(	η)2 + (	φ)2.

granularity. A steel/scintillator-tile hadron calorimeter cov-
ers the central pseudorapidity range (|η| < 1.7). The end-
cap and forward regions are instrumented up to |η| = 4.9
with LAr calorimeters for both the EM and hadronic energy
measurements. The calorimeters are surrounded by the muon
spectrometer, which has three large air-core toroidal super-
conducting magnets with eight coils each. The field integral
of the toroid magnets ranges between 2.0 and 6.0 T m across
most of the detector. The muon spectrometer includes a sys-
tem of precision tracking chambers and fast detectors for
triggering with a coverage of |η| < 2.7. Events are selected
using a first-level trigger implemented in custom electron-
ics, which reduces the event rate to a maximum of 100 kHz
using a subset of detector information. Software algorithms
with access to the full detector information are then used in
the high-level trigger to yield a recorded event rate of about
1 kHz [35].

3 Theoretical predictions and event simulation

The production of the SM Higgs boson via gluon–gluon
fusion (ggF), via vector-boson fusion (VBF), with an asso-
ciated vector boson (VH, where V is a W or Z boson),
and with a top quark pair (ttH) was modelled with the
Powheg-Box v2 Monte Carlo (MC) event generator [36–
43]. Table 1 summarises the predicted SM production cross
sections and branching ratios for the H → Z Z∗ → 4� decay
for mH = 125 GeV together with their theoretical accuracy.

For ggF, the PDF4LHC next-to-next-to-leading-order
(NNLO) set of parton distribution functions (PDF) was
used, while for all other production modes, the PDF4LHC
next-to-leading-order (NLO) set was used [71]. The sim-
ulation of ggF Higgs boson production used the Powheg

method for merging the NLO Higgs + jet cross section with
the parton shower and the MiNLO method [75] to simul-
taneously achieve NLO accuracy for the inclusive Higgs
boson production. In a second step, a reweighting procedure
(NNLOPS) [76], exploiting the Higgs boson rapidity distri-
bution, was applied using the HNNLO program [77,78] to
achieve NNLO accuracy in the strong coupling constant αs.

The matrix elements of the VBF, qq̄ → VH and ttH pro-
duction mechanisms were calculated to NLO accuracy in
QCD. For VH production, the MiNLO method was used to
merge 0- and 1-jet events [43,75]. The gg → ZH contribu-
tion was modelled at leading order (LO) in QCD.

The production of a Higgs boson in association with
a bottom quark pair (bbH) was simulated at NLO with
MadGraph5_aMC@NLO v2.3.3 [79], using the CT10
NLO PDF [80]. The production in association with a sin-
gle top quark (t H+X where X is either jb or W , defined
in the following as t H ) was simulated at NLO with
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Table 1 Predicted SM Higgs boson production cross sections (σ ) for
ggF, VBF and five associated production modes in pp collisions for
mH = 125 GeV at

√
s = 13 TeV [44–74]. For bbH the accuracy of cal-

culations in the 4- and 5-flavour schemes (FS) is reported. The quoted
uncertainties correspond to the total theoretical systematic uncertain-

ties calculated by adding in quadrature the uncertainties due to missing
higher-order corrections and PDF+αs. The decay branching ratios (B)
with the associated uncertainty for H → Z Z∗ and H → Z Z∗ → 4�,
with � = e, μ, are also given

Production process Accuracy σ [pb]

ggF (gg → H) N3LO in QCD, NLO in EW 48.6 ± 2.4

VBF
(
qq ′ → Hqq ′) (approximate) NNLO in QCD, NLO in EW 3.78 ± 0.08

WH
(
qq̄ ′ → WH

)
NNLO in QCD, NLO in EW 1.373 ± 0.028

ZH (qq̄/gg → ZH) NNLO in QCD, NLO in EW 0.88 ± 0.04

ttH
(
qq̄/gg → t t̄ H

)
NLO in QCD, NLO in EW 0.51 ± 0.05

bbH
(
qq̄/gg → bb̄H

)
NNLO (NLO) in QCD for 5FS (4FS) 0.49 ± 0.12

t H (qq̄/gg → t H) NLO in QCD 0.09 ± 0.01

Decay process NLO in QCD, NLO in EW B [· 10−4]

H → Z Z∗ 262 ± 6

H → Z Z∗ → 4� 1.240 ± 0.027

MadGraph5_aMC@NLO v2.6.0 using the NNPDF30 PDF
set [74].

For all production mechanisms the Pythia 8 [81] gener-
ator was used for the H → Z Z∗ → 4� decay as well as
for the parton shower modelling. The AZNLO set of tuned
parameters [82] was used, except for t t H , where, like for the
t t̄ samples, the A14 tune [83] was employed. The event gen-
erator was interfaced to EvtGen v1.2.0 [84] for simulation
of the bottom and charm hadron decays. All signal samples
were simulated for a Higgs boson mass mH = 125 GeV.

For additional cross-checks, the ggF sample was also gen-
erated with MadGraph5_aMC@NLO. This simulation has
NLO QCD accuracy for zero, one and two additional par-
tons merged with the FxFx merging scheme [85,86], and
top and bottom quark mass effects are taken into account
[87–89]. Higgs boson are decayed using Madspin [90,91].
Some final results are also compared with ggF predictions
calculated with RadISH, which provides resummation at
N3LL+NNLO accuracy [92–96], and uses MATRIX for the
fixed-order calculation [97,98]. Similarly, ggF predictions
are also obtained from NNLOJET for distributions of Higgs
plus one- or two-jet events [99–101]. Neither of these two
predictions are included for the case in which there are zero
jets. Additionally, final results for several of the variables
that probe the kinematics of the Higgs boson decay products
include comparisons with Hto4l and Prophecy4f. These
two programs include the full NLO electroweak corrections
to the Higgs boson decay into four charged leptons [68–
70,102–107].

The samples are normalised to cross sections obtained
from the best available predictions as provided in Refs. [44–
46,66,67,72–74,108]. The SM branching ratio prediction,

taken from Prophecy4f [68,103], includes the full NLO EW
corrections, and interference effects which result in a branch-
ing ratio that is 10% higher for same-flavour final states (4μ

and 4e) than for different-flavour states (2e2μ and 2μ2e).
For the BSM interpretation, described in Sect. 10.1, devia-

tions from the SM are studied using a ggF sample generated
with MadGraph5_aMC@NLO using the HPOprodMFV

UFO model [109] with FeynRules [110] at LO and the
NNPDF23 PDF set. The sample was interfaced to Pythia 8
using the A14 parameter set [83]. For studies of the Yukawa
couplings described in Sect. 10.2, the gluon-initiated compo-
nent of the prediction was calculated using RadISH, while
MadGraph5_aMC@NLO was used for the quark-initiated
component with FxFx merging for 0- and 1-jet final states.

The Z Z∗ continuum background from quark–antiquark
annihilation was modelled using Sherpa 2.2.2 [111–113],
which provides a matrix element calculation accurate to NLO
in αs for 0- and 1-jet final states, and LO accuracy for 2- and
3-jet final states. The merging with theSherpaparton shower
[114] was performed using the ME+PS@NLO prescription
[115]. The NLO EW corrections were applied as a function of
the invariant mass of the Z Z∗ system mZZ∗ [116,117]. This
process was also simulated using two additional MC genera-
tors. The first is Powheg-Box v2 interfaced to Pythia 8 for
parton showering and hadronisation, with EvtGen for the
simulation of bottom and charm hadron decays. The second
is MadGraph5_aMC@NLO with FxFx merging at NLO
for 0- and 1-jet final states and interfaced to Pythia 8 for
parton showering.

The gluon-induced Z Z∗ production was modelled by
Sherpa 2.2.2 [111–113] at LO in QCD for 0- and 1-jet
final states. The higher-order QCD effects for the gg→ Z Z∗
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continuum production have been calculated for massless
quark loops [118–120] in the heavy top-quark approximation
[121], including the gg → H∗ → Z Z processes [122,123].
The gg → Z Z simulation cross section is scaled by a K -
factor of 1.7±1.0, defined as the ratio of the higher-order to
leading-order cross section predictions. Production of Z Z∗
via vector-boson scattering was simulated at LO in QCD with
the Sherpa 2.2.2 generator.

The WZ background was modelled using Powheg-
Box v2 interfaced to Pythia 8 and EvtGen v1.2.0 for the
simulation of bottom and charm hadron decays. The triboson
backgrounds ZZZ, WZZ, and WWZ with four or more prompt
leptons (denoted by VVV hereafter) were modelled using
Sherpa 2.2.2. The simulation of t t̄ + Z events with both top
quarks decaying semileptonically and the Z boson decaying
leptonically was performed withMadGraph5_aMC@NLO

interfaced to Pythia 8. The total cross section is normalised
to the prediction of Ref. [62], which includes the two dom-
inant terms at both the LO and the NLO in a mixed per-
turbative expansion in the QCD and EW couplings. For
modelling comparisons, Sherpa 2.2.1 was used to sim-
ulate t t̄ + Z events at LO. The smaller tW Z , t t̄W+W−,
t t̄ t , t t̄ t t̄ and t Z background processes were simulated with
MadGraph5_aMC@NLO interfaced to Pythia 8.

The modelling of events containing Z bosons with asso-
ciated jets (Z + jets) was performed using the Sherpa 2.2.1
generator. Matrix elements were calculated for up to two
partons at NLO and four partons at LO using Comix [112]
and OpenLoops [113], and merged with the Sherpa parton
shower [114] using the ME+PS@NLO prescription [115].
The NNPDF3.0 NNLO PDF set was used in conjunction
with a dedicated set of tuned parton shower parameters.

The t t̄ background was modelled using Powheg-Box v2
interfaced to Pythia 8 for parton showering, hadronisation,
and the underlying event, and to EvtGen v1.2.0 for heavy-
flavour hadron decays. For this sample, the A14 tune was
used [124]. Simulated Z+jets and t t̄ background samples are
normalised to the data-driven estimates described in Sect. 6.

Generated events were processed through the ATLAS
detector simulation [125] within the Geant4 framework
[126] and reconstructed in the same way as collision data.
Additional pp interactions in the same and nearby bunch
crossings are included in the simulation. The pile-up was
modelled by overlaying the original hard-scattering event
with simulated inelastic pp events generated with Pythia 8

[81] using the NNPDF2.3LO set of PDFs [127] and the A3
tune [128].

4 Event reconstruction and selection

The details of the selection and reconstruction of Higgs boson
candidate events are provided in Ref. [31], while a brief

description is provided here. Single-lepton, dilepton, and
trilepton triggers are employed and ensure a signal selection
efficiency above 98%. Data events are subjected to quality
requirements and are required to have at least one vertex
with two associated ID tracks with transverse momentum
pT > 500 MeV. The primary interaction vertex is selected
as the one with the largest

∑
p2

T of all associated tracks.
The lepton identification requirements follow the inclu-

sive event selection described in Ref. [31]. All muons are
required to satisfy pT > 5 GeV and |η| < 2.7, except those
that are reconstructed with ID tracks matched to energy
deposits in the calorimeter (calorimeter-tagged), which must
satisfy pT > 15 GeV and |η| < 0.1. No more than one
calorimeter-tagged or stand-alone muon is allowed per event,
where stand-alone muons have not been matched to an ID
track. Electrons are required to satisfy ET > 7 GeV and
|η| < 2.47. Jets are reconstructed using the anti-kt algorithm
with a radius parameter R = 0.4 and applied to Particle
Flow objects [129]. Jets are required to have pT > 30 GeV
and |η| < 4.5. Jets within |η| < 2.5 are identified as con-
taining a b-hadron using the MV2c10 b-tagging algorithm at
the 70% efficiency working point [130,131]. If a jet overlaps
geometrically with a reconstructed muon (electron) within a
cone of radial size 	R = 0.1(0.2), the jet is removed.

Same-flavour opposite-charge (SFOC) lepton pairs are
selected to form Higgs boson candidates. The SFOC lep-
ton pair with mass m12 closest to the Z boson mass is called
the leading pair, while the other becomes the subleading pair,
with massm34. If multiple combinations of SFOC pairs exist,
the Higgs boson candidate with m12 closest to the Z boson
mass is chosen. The three leading leptons of each Higgs
boson candidate are required to satisfy pT > 20, 15, 10 GeV.
Higgs boson candidate events are subjected to further selec-
tion requirements on the dilepton masses, lepton separation,
J/ψ veto, impact parameter significance (d0/σ(d0)), and
vertex quality, as outlined in Table 2. In addition, isolation
requirements are imposed on the leptons to suppress the t t̄
and Z + jets reducible backgrounds. If an extra prompt lep-
ton with pT > 12 GeV passing all identification and isolation
requirements detailed previously is present in the event, the
final Higgs boson candidate is chosen using a method based
on the matrix element (ME). The matrix element is calculated
at LO using MadGraph5_aMC@NLO and the quadruplet
with the highest ME value is chosen. This increases the proba-
bility of selecting the correct Higgs boson candidate in cases
where the extra lepton comes from the decay of a vector
boson or top quark in VH-leptonic or ttH/t H production.
The four-lepton mass resolution is improved by accounting
for reconstructed final-state radiation (FSR) photons in the Z
boson decay. After selection criteria are applied, events are
divided into bins for each variable of interest for the differen-
tial cross-section measurements. Finally, all measurements
presented in this paper are performed within a four-lepton
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Table 2 A summary of event selection requirements for leptons and
Higgs boson candidates outlined in Sect. 4. SFOC lepton pairs are same-
flavour opposite-charge lepton pairs. For the mass requirement of the

subleading lepton pair, mthreshold is 12 GeV for m4� < 140 GeV, and
rises linearly until reaching 50 GeV for m4� = 190 GeV

Leptons and jets

Muons pT > 5 GeV, |η| < 2.7

Electrons ET > 7 GeV, |η| < 2.47

Jets pT > 30 GeV, |η| < 4.5

Lepton selection and pairing

Lepton kinematics pT > 20, 15, 10 GeV

Leading pair (m12) SFOC lepton pair with smallest |mZ − m��|
Subleading pair (m34) Remaining SFOC lepton pair with smallest |mZ − m��|

Event selection (at most one Higgs boson candidate per channel)

Mass requirements 50 GeV< m12 < 106 GeV and mthreshold < m34 < 115 GeV

Lepton separation: 	R(�i , � j ) > 0.1

Lepton/Jet separation 	R(μi (ei ), jet) > 0.1(0.2)

J/ψ veto m(�i , � j ) > 5 GeV for all SFOC lepton pairs

Impact parameter |d0|/σ(d0) < 5(3) for electrons (muons)

Mass window 105 GeV < m4� < 160 GeV

Vertex selection: χ2/Ndof < 6(9) for 4μ (other channels)

If extra lepton with pT > 12 GeV Quadruplet with largest matrix element (ME) value

mass window of 105 <m4� < 160 GeV. The signal selection
efficiency is about 31%, 21%, 17%, and 16% for the 4μ,
2e2μ, 2μ2e, and 4e final states, respectively. Here, the first
lepton pair refers to the lepton pair with an invariant mass
closest to the Z boson mass.

5 Fiducial phase space and unfolded observables

The fiducial cross sections are defined using simulation at
particle level and the selection requirements outlined in
Table 3. In order to minimise model-dependent acceptance
extrapolations, these are chosen to closely match the selec-
tion requirements of the detector-level analysis after the event
reconstruction.

The fiducial selection is applied to final-state electrons
and muons that do not originate from hadrons or τ -lepton
decays, after ‘dressing’ them, i.e., the four-momenta of pho-
tons within a cone of size 	R = 0.1 around the lepton are
added to the lepton’s four-momentum. The photons which
originate from hadron decays are excluded. Particle-level
jets are reconstructed from final-state neutral and charged
particles using the anti-kt algorithm with radius parameter
R = 0.4. Electrons, muons, neutrinos (if they are not from
hadron decays) and photons from Higgs decays as well as
those used to dress leptons are excluded from the jet clus-

tering. A jet is labelled as a b-jet if there is a b-hadron with
pT > 5 GeV within a cone of size 	R = 0.3 around the
jet axis. Jets are removed if they are within a cone of size
	R = 0.1 around a selected lepton.

Quadruplet selection using the selected dressed leptons
follows the same procedure as for reconstructed events. In
the case of VH or ttH production, additional leptons not
originating from a Higgs boson decay can induce a ‘lepton
mispairing’ when assigning them to the leading and sublead-
ing Z bosons. To improve the lepton pairing efficiency, the
matrix-element-based pairing method as described in Sect. 4
is employed. The variables used in the differential cross-
section measurement are calculated using the dressed leptons
of the quadruplets.

The acceptance of the fiducial selection, defined as the
ratio of the number of events passing the particle-level selec-
tion to the number of events generated in a given bin or final
state (with respect to the full phase space of H → Z Z∗ →
2�2�′, where �, �′ = e or μ), is about 49% for each final state
for a SM Higgs boson with mH = 125 GeV. The ratio of the
number of events passing the selection after detector simu-
lation and event reconstruction to those passing the particle-
level selection is about 45%. About 1.6% of the events which
pass the detector-level selection fail the particle-level selec-
tion. This is mostly due to resolution effects for muons. For
electrons channels, the difference in the reconstructed and
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Table 3 List of event selection requirements which define the fiducial phase space for the cross-section measurement. SFOC lepton pairs are
same-flavour opposite-charge lepton pairs

Leptons and jets

Leptons pT > 5 GeV, |η| < 2.7

Jets pT > 30 GeV, |y| < 4.4

Lepton selection and pairing

Lepton kinematics pT > 20, 15, 10 GeV

Leading pair (m12) SFOC lepton pair with smallest |mZ − m��|
Subleading pair (m34) Remaining SFOC lepton pair with smallest |mZ − m��|

Event selection (at most one quadruplet per event)

Mass requirements 50 GeV< m12 < 106 GeV and 12 GeV< m34 < 115 GeV

Lepton separation 	R(�i , � j ) > 0.1

Lepton/Jet separation 	R(�i , jet) > 0.1

J/ψ veto m(�i , � j ) > 5 GeV for all SFOC lepton pairs

Mass window 105 GeV< m4� < 160 GeV

If extra lepton with pT > 12 GeV Quadruplet with largest matrix element value

fiducial phase space definition, has an additional comparable
contribution.

Within the fiducial phase space defined above, differential
cross sections are measured for variables which are sensi-
tive to both the production and decay of the Higgs boson.
For example, the transverse momentum distribution of the
Higgs boson provides a test of perturbative QCD calcula-
tions, is sensitive to the structure of the Higgs boson interac-
tions and is sensitive to charm and bottom Yukawa couplings.
The rapidity of the Higgs boson is sensitive to the choice of
parton distribution functions for the colliding protons, and is
also influenced by QCD radiative corrections. The invariant
masses of the leading and subleading lepton pair are sen-
sitive to higher-order electroweak corrections to the Higgs
boson decay, and are sensitive to BSM contributions. These
two variables and the angular variables of the Higgs boson
decay are also of interest due to their sensitivity to the spin
and parity of the Higgs boson, as well as to same-flavour pair
final-state interference and EW corrections. Variables related
to jets probe QCD radiation effects and the Higgs boson pro-
duction. The jet multiplicity is sensitive to different produc-
tion mechanisms and provides sensitivity to the theoretical
modelling of high-pT quark and gluon emission. The trans-
verse momentum of the jets directly probes the quark and
gluon radiation. The invariant mass of the two leading jets
is also sensitive to the production mechanisms of the Higgs
boson, while the signed angle in the transverse plane of the
two leading jets is a test of the spin and parity of the Higgs
boson. Jet-related variables, in particular double differential
variables, also probe the effects of QCD resummation. Addi-

tional variables which combine the properties related to the
kinematics of the Higgs boson and the jets are also consid-
ered. A summary of all the variables and their descriptions
is given in Table 4.

6 Background estimation

Non-resonant SM (Z (∗)/γ ∗)(Z (∗)/γ ∗) production via qq̄
annihilation and gluon–gluon fusion, referred to as Z Z∗, can
result in four prompt leptons in the final state and constitutes
the largest background for this analysis. While for previous
analyses [11,12] both the shape and the normalisation of this
background were exclusively estimated with simulation, in
this paper the normalisation is constrained with a data-driven
technique. The systematic uncertainty is reduced because
both the theoretical and luminosity uncertainties no longer
contribute to the normalisation uncertainty. The normalisa-
tion of the non-resonant Z Z∗ component, which dominates
outside the Higgs boson peak region, is obtained from data by
extending the mass interval considered from 115–130 GeV
to 105–160 GeV. The increased mass interval allows an esti-
mation of this process with minimal impact on the expected
sensitivity for the signal process. This contribution is deter-
mined as part of the 4�mass fit (discussed in Sect. 7) in the full
four-lepton mass region, with the shape of the background
taken from simulation.

The Z Z∗ normalisation is estimated separately in each bin
of each differential observable, where a different Z Z∗ scaling
factor is used for each observable bin. In phase-space regions
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Table 4 Definitions of observables for which differential cross sec-
tions are measured. The angular variables are defined as in Ref. [132].
In addition to the single observables listed, the following double differ-
ential observables are built using variables defined below: m12 vs. m34,
p4�

T vs. Njets, p4�
T vs. plead. jet

T , p4�
T vs. p4�j

T , p4�
T vs. |y4�|, p4�j

T vs. m4�j ,

plead. jet
T vs. psublead. jet

T , and plead. jet
T vs. |ylead. jet| (where |ylead. jet| is

the rapidity of the leading jet). Jet-related variables are inclusive, while
for the jet multiplicity the results are provided in both the inclusive
and exclusive jet bins. 	φ j j is defined as φlead. jet − φsublead. jet if
ηlead. jet > ηsublead. jet or as φsublead. jet−φlead. jet if ηsublead. jet > ηlead. jet.
If 	φ j j < 0, 2π is added to the value

Higgs boson kinematic-related variables

p4�
T , |y4�| Transverse momentum and rapidity of the four-lepton system

m12, m34 Invariant mass of the leading and subleading lepton pair

| cos θ∗| Magnitude of the cosine of the decay angle of the leading lepton pair in the four-lepton rest frame relative
to the beam axis

cos θ1, cos θ2 Production angles of the anti-leptons from the two Z bosons, where the angle is relative to the Z vector.

φ, φ1 Two azimuthal angles between the three planes constructed from the Z bosons and leptons in the Higgs
boson rest frame.

Jet-related variables

Njets, Nb-jets Jet and b-jet multiplicity

plead. jet
T , psublead. jet

T Transverse momentum of the leading and subleading jet, for events with at least one and two jets,
respectively. Here, the leading jet refers to the jet with the highest pT in the event, while subleading
refers to the jet with the second-highest pT.

m j j , |	η j j |, 	φ j j Invariant mass, difference in pseudorapidity, and signed difference in φ of the leading and subleading jets
for events with at least two jets

Higgs boson and jet-related variables

p4�j
T , m4�j Transverse momentum and invariant mass of the four-lepton system and leading jet, for events with at

least one jet

p4�jj
T , m4�j j Transverse momentum and invariant mass of the four-lepton system and leading and subleading jets, for

events with at least two jets

where the Z Z∗ component in the m4� sidebands is too low
to provide a reliable estimate of its contribution, the estimate
is evaluated simultaneously for several differential bins.2

Other background processes, such as Z+jets, t t̄ , and WZ ,
contain at least one jet, photon or lepton from a hadron decay
that is misidentified as a prompt lepton. These reducible back-
grounds are significantly smaller than the non-resonant Z Z∗
background and are estimated using data where possible, fol-
lowing slightly different approaches for the �� + μμ and
�� + ee final states [11,12,31].

In the �� + μμ final states, the normalisations for the
Z + jets and t t̄ backgrounds are determined by performing
fits to the invariant mass of the leading lepton pair in ded-
icated independent control regions which target each back-
ground process for each bin of the differential observables.
Depending on the background process being targeted, the
control regions are formed by relaxing the χ2 requirement
on the four-lepton vertex fit, and by inverting or relaxing

2 The same normalisation factor is used for neighbouring bins until the
increase in uncertainty on the expected cross section in each measured
bin is less than 5% of the total uncertainty.

isolation and/or impact-parameter requirements on the sub-
leading muon pair. Additional control regions (eμμμ and
�� + μ±μ±) are used to improve the background estimate
by reducing the statistical uncertainty of the fitted normalisa-
tion. Transfer factors to extrapolate from the control regions
to the signal region are obtained separately for t t̄ and Z+ jets
using simulation. This method is performed in each differ-
ential bin. The m4� shape for both processes in each bin is
obtained from simulation.

The �� + ee control-region selection requires the elec-
trons in the subleading lepton pair to have the same charge,
and relaxes the identification, impact parameter and isola-
tion requirements on the electron candidate with the lowest
transverse energy. This electron candidate, denoted by X ,
can be a light-flavour jet, an electron from photon conver-
sion or an electron from heavy-flavour hadron decay. The
heavy-flavour background is completely determined from
simulation, whereas the light-flavour and photon conversion
background is obtained with the sPlot method [133]. This
is based on a fit to the number of hits in the innermost ID
layer in the data control region. Transfer factors to extrapo-
late from the �� + ee control region to the signal region for
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the light-flavour jets and converted photons, obtained from
simulated samples, are corrected using a Z + X data con-
trol region. The corrected transfer factors are then used to
extrapolate the extracted yields to the signal region. Both
the extraction of the global yield in the control region and
the extrapolation to the signal mass region are performed in
bins of the transverse momentum of the electron candidate
and the jet multiplicity. In order to extract the shape of the
backgrounds from light-flavour jets and photon conversions
for each observable, a similar method is used, except that
the extraction and extrapolation is performed only as a func-
tion of the transverse momentum of the electron candidate,
ignoring the binning in jet multiplicity.

Additional contributions from rare processes, such as t X X
(t t̄ Z , t t̄W , tW Z and other rare top-associated processes) and
VVV are estimated from simulation.

7 Signal extraction and unfolding

To extract the number of signal events in each bin of a dif-
ferential distribution (or for each decay final state for the
inclusive fiducial cross section), invariant mass templates for
the Higgs boson signal and the background processes are
fitted to the m4� distribution in data. Compared to the previ-
ous analysis [11], the non-resonant Z Z∗ background is fitted
simultaneously with the signal and constrained by extending
the m4� fit range from 115–130 GeV to 105–160 GeV.

For the total and fiducial cross sections in different final
states, the same normalisation factor is used for the Z Z∗ con-
tribution. For the differential cross-section measurements,
multiple Z Z∗ normalisation factors are introduced in the
model, as described in Sect. 6. The reducible background,
composed of Z + jets, t t̄ , and WZ processes, is estimated
from dedicated control regions as described in Sect. 6 and
its overall normalisation and shape can vary within the asso-
ciated systematic uncertainties. Finally, for the differential
distributions, no splitting into decay final states is performed,
and the SM Z Z∗ → 4� decay fractions are assumed.

The number of expected events Ni in each observable
reconstruction bin i , expressed as a function of m4�, is given
by

Ni (m4�) =
∑

j

ri j · (1 + f nonfid
i ) · σ fid

j · Pi (m4�) · L

+ N bkg
i (m4�)

with

σ fid
j = σ j · A j · B (1)

where A j is the acceptance in the fiducial phase space and
σ j the total cross section in fiducial bin j , L is the integrated

luminosity, B is the branching ratio and N bkg
i (m4�) is the

background contribution. The index j runs over all observ-
able bins in the fiducial phase space. The term Pi (m4�) is the
m4� signal shape containing the fraction of events as a func-
tion of m4� expected in each reconstruction bin, taken from
MC simulation. The term ri j represents the detector response
matrix, created with simulated signal samples and averaged
across the different production modes using the expected SM
cross-sections [108]. These factors correspond to the proba-
bility that an event generated within the fiducial volume in
the observable bin j is reconstructed in bin i .

The normalisation, f nonfid
i , represents the fraction of

events which are outside of the fiducial region but are recon-
structed within the signal region. This ranges from 1.1% to
1.7% depending on the bin of the unfolded observable or final
state.

The detector response matrix accounts for bin-to-bin
migrations in the unfolding of the signal. It was chosen over
the bin-by-bin correction factor technique used in the pre-
vious analyses [11,12] due to its lower model dependence.
Biases introduced via the unfolding method are minimised
when using the response matrix; however, matrix unfolding
can amplify small fluctuations in data when the response
matrix is characterised by a large condition number.3 The
binning choice made for all observables ensures a statisti-
cal significance of more than 2σ for the signal process. The
binning is also chosen to minimise migrations between bins.
In general, the bin width is more than twice the experimen-
tal resolution. As a result, the response matrices for all the
variables considered are well-conditioned, with a condition
number less than 2.5. The fluctuations of the unfolded dis-
tribution can be further reduced using regularisation tech-
niques. Unfolding tests done with toy data sets indicate that
while regularisation provides a modest reduction of the statis-
tical uncertainty, this reduction is counterbalanced by the bias
introduced by this technique. Therefore, no regularisation of
the unfolding was applied. Two of the jet-related variables are
also provided in Appendix A using a regularised unfolding
method, and are compatible with the matrix-unfolded results
presented here.

Figure 1 shows the response matrix for the p4�
T , Njets,

plead. jet
T , and m12 vs. m34 observables. For p4�

T , the purity of
the bins ranges from 87% at low p4�

T , where the bins are nar-
row, to 97% at high p4�

T , where wider bins are defined. The
purity is defined as the percentage of reconstructed events
which match the particle-level events in that bin. For the Njets

observable, the migrations are more relevant due to the rela-
tively worse jet energy resolution and the presence of pile-up

3 The condition number is defined as the ratio of the maximum and
minimum singular values of the matrix. Values close to 1 signify a
well-conditioned matrix with low sensitivity to statistical fluctuations
on the input.
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(a) (b)

(c) (d)

Fig. 1 Response matrices, derived using simulation, for a the trans-
verse momentum of the four-lepton system p4�

T , b the number of jets

Njets, c the transverse momentum of the leading jet plead. jet
T , and d

the mass of the leading versus subleading lepton pair m12 vs. m34.
Only reconstructed events that were matched to generator-level (‘truth’)
events are included. Bins below 0.005 are omitted for clarity

jets in the reconstructed events. This brings the purity for the
for Njets ≥ 3 bin down to 68%. The plead. jet

T migrations are
similarly larger, with the lowest purity value of 67% occur-
ring in the lowest plead. jet

T bin. The m12 vs. m34 observable,
like p4�

T , has a higher purity. All bins have a purity of around
90% except the first bin, which has a purity of 78%.

8 Systematic uncertainties

The systematic uncertainties include experimental uncertain-
ties, such as those in object reconstruction, identification,
isolation, resolution, and trigger efficiencies, as well as theo-
retical uncertainties related to the modelling of the signal and
background processes. More detail is provided in Ref. [31],
while a brief overview of the dominant sources of uncertainty
is provided here. The impacts of the experimental and theo-
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Table 5 Fractional uncertainties for the inclusive fiducial and total
cross sections, and ranges of systematic uncertainties for the differen-
tial measurements. The columns ‘e/μ’ and ‘Jets’ represent the exper-
imental uncertainties in lepton and jet reconstruction and identifica-
tion, respectively. The Z + jets, t t̄ , t X X (Other Bkg.) column includes
uncertainties related to the estimation of these background sources. The
Z Z∗ theory (Z Z∗ th.) uncertainties include the PDF and scale varia-

tions. Signal theory (Sig th.) uncertainties include PDF choice, QCD
scale, and shower modelling of the signal. Finally, the column labelled
‘Comp.’ contains uncertainties related to production mode composition
and unfolding bias which affect the response matrices. The uncertain-
ties have been rounded to the nearest 0.5%, except for the luminosity
uncertainty, which has been measured to be 1.7%

Observable Stat. Syst. Dominant systematic components (%)

unc. (%) unc. (%) Lumi. e/μ Jets Other Bkg. Z Z∗ Th. Sig. Th. Comp.

σcomb 9 3 1.7 2 < 0.5 < 0.5 1 1.5 < 0.5

σ4μ 15 4 1.7 3 < 0.5 < 0.5 1.5 1 < 0.5

σ4e 26 8 1.7 7 < 0.5 < 0.5 1.5 1.5 < 0.5

σ2μ2e 20 7 1.7 5 < 0.5 < 0.5 2 1.5 < 0.5

σ2e2μ 15 3 1.7 2 < 0.5 < 0.5 1 1.5 < 0.5

dσ / dp4�
T 20–46 2–8 1.7 1–3 1–2 < 0.5 1–6 1–2 < 1

dσ / dm12 12–42 3–6 1.7 2–3 < 1 < 0.5 1–2 1–2 < 1

dσ / dm34 20–82 3–12 1.7 2–3 < 1 1–2 1–8 1–3 < 1

dσ / d|y4�| 22–81 3–6 1.7 2–3 < 1 < 0.5 1–5 1–3 < 1

dσ / d|cos θ∗| 23–113 3–6 1.7 2–3 < 1 1–2 1–7 1–3 < 0.5

dσ / dcos θ1 23–44 3–6 1.7 2–3 < 1 < 0.5 1–3 1–2 < 1

dσ / dcos θ2 22–39 3–6 1.7 2–3 < 1 < 0.5 1–3 1–3 < 1

dσ / dφ 20–29 2–5 1.7 2–3 < 1 < 0.5 1–3 1–2 < 0.5

dσ / dφ1 22–33 3–6 1.7 2–3 < 1 < 0.5 1–2 1–3 < 0.5

dσ / dNjets 15–37 6–14 1.7 1–3 4–10 < 0.5 1–4 3–7 1–4

dσ / dNb-jets 15–67 6–15 1.7 1–3 4–5 1–3 1–2 3–9 1–4

dσ / dplead. jet
T 15–34 3–13 1.7 1–3 4–10 < 0.5 1–2 1–5 < 0.5

dσ / dpsublead. jet
T 11–67 5–22 1.7 1–3 2–12 < 1 1–3 2–15 1–5

dσ / dmjj 11–50 5–18 1.7 1–3 1–11 < 0.5 1–3 2–15 1–2

dσ / dη j j 11–57 5–17 1.7 1–3 2–10 < 0.5 1–2 2–14 1–4

dσ / dφ j j 11–50 4–18 1.7 1–3 2–9 < 0.5 1–3 2–14 1–6

dσ / dm4�j 15–66 4–19 1.7 1–3 3–9 < 0.5 1–6 3–14 1–8

dσ / dm4�jj 11–182 5–67 1.7 1–3 4–24 < 0.5 1–5 2–35 1–9

dσ / dp4�j
T 15–76 6–13 1.7 1–3 2–8 < 1 1–5 3–9 1–3

dσ / dp4�jj
T 11–76 5–27 1.7 2–3 2–9 1–2 1–4 3–17 1–12

d2σ / dm12dm34 16–65 3–11 1.7 2–3 < 1 1–2 1–9 1–3 1–2

d2σ / dp4�
T d|y4�| 23–63 2–13 1.7 1–3 1–2 < 1 1–6 1–5 1–2

d2σ / dp4�
T dNjets 23–93 4–193 1.7 2–14 2–25 1–3 1–7 1–12 1–92

d2σ / dp4�j
T dm4�j 15–41 4–12 1.7 1–3 2–8 < 0.5 1–5 2–9 < 1

d2σ / dp4�
T dp4�j

T 15–53 3–10 1.7 1–3 2–8 < 1 1–2 2–6 1–2

d2σ / dp4�
T dplead. jet

T 15–84 3–21 1.7 1–3 2–18 1–10 1–3 2–9 1–3

d2σ / dplead. jet
T d|ylead. jet| 15–38 3–11 1.7 1–3 2–9 < 0.5 1–2 1–4 1–2

d2σ / dplead. jet
T dpsublead. jet

T 15–63 5–22 1.7 1–3 4–15 < 0.5 1–4 3–11 1–7

retical uncertainties on the measurements are summarised in
Table 5.

8.1 Experimental uncertainties

The uncertainty in the predicted yields due to pile-up mod-
elling ranges between 1% and 2%. The uncertainty in the
integrated luminosity is 1.7% and affects the signal yields
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and simulated background estimates when not constrained
by the sidebands.

The electron (muon) reconstruction and identification effi-
ciency uncertainties are approximately 1.0–2.0% (< 1.0%).
The uncertainty in the expected yields due to the muon
and electron isolation efficiencies is also considered, and is
approximately 1%. Lepton energy momentum scale and reso-
lution uncertainties have negligible impacts on the presented
results.

The impact of uncertainties in the jet energy scale and
resolution (of between 1 and 3%) is only relevant for the jet-
related differential cross-section measurements, where their
impact is typically between 3 and 5%, and is negligible in the
other measurements. The uncertainty in the performance of
the b-tagging algorithm is at the level of a few percent over
most of the jet pT range [131].

The impact of the precision of the Higgs boson mass
measurement, mH = 125.09 ± 0.24 GeV [15], on the signal
acceptance due to the signal region mass-window require-
ment is negligible.

For the data-driven measurement of the reducible back-
ground, three sources of uncertainty are considered: statis-
tical uncertainty, overall systematic uncertainty for each of
�� + μμ and �� + ee, and a shape systematic uncertainty
which varies with the differential variable. Impacts from
these sources of uncertainty range from less than 1% to a
maximum of around 3%. The inclusive reducible background
estimate has a relatively small (3%) statistical uncertainty,
which has minimal impact on the cross section.

8.2 Theoretical uncertainties

Sources of theoretical uncertainty include missing higher-
order corrections, parton shower and underlying event mod-
elling, and PDF+αs uncertainties, and these all affect mod-
elling of the signal and background processes. For measure-
ments of the cross section, the impact of these theory sys-
tematic uncertainties on the signal comes from their effects
on the response matrix.

The prediction of the ggF process in different Njets cat-
egories and migration effects on the Njets ggF cross sec-
tions are large sources of theoretical uncertainty, which are
accounted for using the approach detailed in Ref. [108]. The
QCD scale uncertainty from the factorisation and renormal-
isation scales, resummation scales, and migrations between
N -jet phase-space bins are considered [52,134–137]. The
impact of QCD scale variations on the Higgs boson pT dis-
tribution as well as the uncertainty of the pT distribution in the
0-jet bins are also taken into account. Higher-order impacts
on the pT distribution predictions due to treating the top quark
mass as infinite in the heavy-quark loop are accounted for by
comparing these predictions with finite-mass calculations.
For the VBF production mode, the uncertainty due to miss-

ing higher orders in QCD are considered, including migration
effects in number of jets, transverse momentum of the Higgs
boson, transverse momentum of the Higgs boson and leading
dijet system, and the invariant mass of the two leading jets
as outlined in the scheme presented in Ref. [138].

For production modes other than ggF and VBF, the effects
of QCD scale uncertainties are estimated by considering
all configurations of renormalisation and factorisation scales
varied by a factor of two. In each experimental bin, the largest
difference between all the variations and the nominal config-
uration is assigned as uncertainty.

The effects of parton shower and multiple-parton interac-
tion modelling uncertainties on the acceptance are estimated
using tune eigenvector variations as well as comparisons
between acceptances calculated with Pythia 8 and Herwig

7 parton showering algorithms.
PDF uncertainty impacts are estimated using the eigen-

vector variations of the PDF4LHC_NLO_30 Hessian PDF
set, following the PDF4LHC recommendations [71].

For the cross sections extrapolated to the full phase space,
an additional uncertainty (2.2%) related to the H → Z Z∗
branching ratio [68,69] is included in the measurement.

Since the Z Z∗ process normalisation is constrained by
performing a simultaneous fit of sideband regions enriched
in this contribution together with the signal region, most of
the theoretical uncertainty in the normalisation for this back-
ground vanishes.4 The uncertainties due to missing higher-
order effects in QCD are estimated by varying the factori-
sation and renormalisation QCD scales by a factor of two;
the impact of the PDF uncertainty is estimated using the MC
replicas of the NNPDF 3.0 PDF set. Uncertainties due to
the parton shower modelling for the Z Z∗ process are con-
sidered as well. The impact of these uncertainties is below
2% for all the fiducial differential cross sections. In addition,
the m4� shape obtained from Sherpa is compared with that
obtained from Powheg and MadGraph5_aMC@NLO and
the difference is taken as an additional source of systematic
uncertainty. In each m4� bin, the largest difference between
Sherpa and Powheg or MadGraph5_aMC@NLO is used,
and the systematic uncertainty is determined by interpolating
between these shapes. Typically, Sherpa and Powheg have
the largest difference in the predicted m4� shape, with the
impact linearly varying from approximately ±10% at low
m4� to ∓2% at high m4�.

The uncertainty in the gluon-induced Z Z∗ process is taken
into account as well by changing the relative composition
between the quark-initiated and gluon-initiated Z Z∗ compo-
nents according to the theoretical uncertainty in the predicted
cross sections.

4 Except in cases where the cross-section bins are merged into a single
Z Z∗ bin, where the relative normalisation uncertainties are included.
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Table 6 Expected (pre-fit) and observed numbers of events in the
four decay final states after the event selection, in the mass range
115 GeV< m4� < 130 GeV. The sum of the expected number of SM

Higgs boson events and the estimated background yields is compared
with the data. Combined statistical and systematic uncertainties are
included for the predictions (see Sect. 8)

Final Signal Z Z∗ Other Total Observed
state background backgrounds expected

4μ 78 ± 5 38.0 ± 2.1 2.85 ± 0.18 119 ± 5 115

2e2μ 53.0 ± 3.1 26.1 ± 1.4 2.98 ± 0.19 82.0 ± 3.4 96

2μ2e 40.1 ± 2.9 17.3 ± 1.3 3.6 ± 0.5 61.0 ± 3.2 57

4e 35.3 ± 2.6 15.0 ± 1.5 2.91 ± 0.33 53.2 ± 3.1 42

Total 206 ± 13 96 ± 6 12.2 ± 1.0 315 ± 14 310

Finally, unfolding-related uncertainties arise from uncer-
tainties in the production mode composition that affect the
response matrices, as well as from uncertainties in the bias
introduced by the unfolding method. For the former, an
uncertainty is assessed by varying the production cross sec-
tions within their measured uncertainties taken from Ref.
[12], and has an impact of less than 1%. In the latter case, the
uncertainty in the bias is obtained independently per bin by
comparing the unfolded cross section from simulation with
that expected when varying the underlying true cross sections
of the simulated data sample within the expected statistical
error. The impact of this uncertainty is typically negligible in
distributions such as p4�

T , where the response matrix is largely
diagonal, but can be of the order of 10% in distributions with
larger bin migrations, such as Njets.

9 Results

Results are presented for the full set of inclusive and differ-
ential variables outlined in Sect. 5. Section 9.1 presents the
data yields from the full Run 2 data set. Section 9.2 provides
details of the statistical procedure used for the extraction of
the measurements. Cross-section results, and comparisons
with SM predictions, are provided in Sects. 9.3 and 9.4.

9.1 Measured data yields

The observed number of events in each of the four decay final
states, and the expected signal and background yields before
fitting to data (pre-fit), are presented in Table 6. These events
have passed the event selection and fall in a narrow window
around the Higgs boson mass peak (115 < m4� < 130 GeV).

Figures 2 and 3 show the expected and observed four-
lepton invariant mass distributions, inclusively and per final
state respectively. Them4� distribution shows two clear peaks
corresponding to Z → 4� production and the Higgs boson
signal with a mass near 125 GeV.

The observed and expected distributions of one-dimension-
al observables are shown in Figs. 4, 5, 6, 7, 8 and 9. In addi-

Fig. 2 The observed and expected (pre-fit) inclusive four-lepton invari-
ant mass distributions for the selected Higgs boson candidates, shown
for an integrated luminosity of 139 fb−1 and at

√
s = 13 TeV. The uncer-

tainty in the prediction is shown by the hatched band, which includes
the theoretical uncertainties of the SM cross section for the signal and
the Z Z∗ background

tion, the observed and expected distributions for the two-
dimensional observables are shown in Figs. 10, 11, 12, 13,
14, 15, 16 and 17. All these figures show events selected
within an m4� mass range of 115–130 GeV. Further details
of the compatibility with the SM are reported in Sect. 9.4.

9.2 Statistical analysis

The inclusive fiducial and differential cross sections are mea-
sured using a binned profile-likelihood-ratio fit [139], taking
into account all bins of a given distribution. The likelihood
function includes the shape and normalisation uncertainties
of the signal and background predictions as nuisance param-
eters, as outlined in Sect. 8. The cross sections are extracted
by minimising two times the negative logarithm of the profile
likelihood ratio, −2 ln �. In the asymptotic approximation,
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(a) (b)

(c) (d)

Fig. 3 The observed and expected (pre-fit) four-lepton invariant mass
distribution for the selected Higgs boson candidates, for the different
decay final states a 4μ, b 2e2μ, c 2μ2e, d 4e. The uncertainty in the

prediction is shown by the hatched band, which includes the theoret-
ical uncertainties of the SM cross section for the signal and the Z Z∗
background

i.e. the large sample limit, −2 ln � behaves as a χ2 distri-
bution with one degree of freedom. The compatibility of a
measured cross section and its theoretical prediction is tested
by computing a p-value based on the difference between the
value of −2 ln � at the best-fit value and the value obtained by
fixing the cross section in each bin to that predicted by theory.
These p-values do not include the uncertainties in the theo-
retical predictions. For all measured observables the asymp-
totic approximation is validated with pseudo-experiments,
and where the number of observed events is less than three,

the uncertainties are corrected to the values obtained with the
pseudo-experiments.

For the fiducial and differential cross-section measure-
ments, the fitted m4� distribution in each final state or differ-
ential bin is used to extract the measured cross section fol-
lowing Eq. (1). The fiducial cross sections of the four final
states can either be summed to obtain an inclusive fiducial
cross section, or they can be combined assuming the SM
Z Z∗ → 4� relative branching ratios. The latter combina-
tion is more model dependent, but benefits from a smaller
statistical uncertainty.
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(a)

(b) (c)

Fig. 4 The observed and expected (pre-fit) distributions of a p4�
T , b

m12, and c m34 in the mass region 115 < m4� < 130 GeV, for an
integrated luminosity of 139 fb−1 collected at

√
s = 13 TeV. A SM

Higgs boson signal with a mass mH = 125 GeV is assumed. The uncer-

tainty in the prediction is shown by the hatched band, which includes
the theoretical uncertainties of the SM cross section for the signal and
the Z Z∗ background

9.3 Inclusive fiducial cross-section measurements

The fiducial production cross sections of the H → Z Z∗ →
4� process are presented in Table 7 and Fig. 18. The left panel
in Fig. 18a shows the fiducial cross sections for the four indi-
vidual decay final states: 4μ, 4e decays (hereafter referred to
as same flavour), and 2μ2e, 2e2μ decays (hereafter referred
to as different flavour). The middle panel shows the cross
sections for same- and different-flavour decays, which can
provide a probe of same-flavour interference effects, as well

as the inclusive fiducial cross sections obtained by either sum-
ming all 4� decay final states or combining them assuming
relative SM branching ratios.

The data are compared with the SM prediction after
accounting for the fiducial acceptance as determined from
the SM Higgs boson simulated samples (see Sect. 3).

The combined inclusive fiducial cross section is extrapo-
lated to the full phase space, as shown in the right panel of
Fig. 18, using the fiducial acceptance as well as the branch-
ing ratios, with the uncertainties described in Sect. 8. The
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(a) (b)

Fig. 5 The observed and expected (pre-fit) distributions of a |y4�| and
b |cos θ∗| in the mass region 115 < m4� < 130 GeV, for an integrated
luminosity of 139 fb−1 collected at

√
s = 13 TeV. A SM Higgs boson

signal with a mass mH = 125 GeV is assumed. The uncertainty in the

prediction is shown by the hatched band, which includes the theoret-
ical uncertainties of the SM cross section for the signal and the Z Z∗
background

total cross section is also compared with the cross sec-
tions predicted by NNLOPS, MadGraph5_aMC@NLO-
FxFx (MG5-FxFx) and Hres2.3 [51,140] for ggF, while for
all other production modes the predictions described in
Sect. 3 are used. For ggF, all generators predict cross sections
that are lower than the N3LO calculation. The p-values, cal-
culated as described in Sect. 9.2, are shown in Table 7. The
probability of compatibility of the measured fiducial cross
section (σcomb) and the Standard Model expectation is at the
level of 67%.

9.4 Differential cross-section measurements

The measured differential production cross sections for the
transverse momentum p4�

T of the Higgs boson are shown in
Fig. 19, while the measured differential cross sections with
respect to the masses of the leading and subleading Z bosons
resulting from the Higgs boson decay, m12 and m34, are pro-
vided in Fig. 20. Figures 21, 22, and 23 show the measured
differential production cross sections with respect to angular
variables, |y4�|, |cos θ∗|, cos θ1, cos θ2, φ, and φ1, that probe
the kinematics of the Higgs boson decay products.

Differential production cross-section measurements with
respect to variables that probe the jet activity in reconstructed
Higgs boson events follow in Figs. 24, 25, 26, 27 and 28.
These include the exclusive and inclusive jet multiplicities,
Njets, the b-jet multiplicity, Nb-jets, variables measuring the

transverse momentum of the jets, plead. jet
T and psublead. jet

T , as

well as variables that probe the kinematics of pairs of jets in
events with at least two jets, mjj, 	ηjj, and 	φjj.

In addition, differential cross-section measurements are
provided for observables aimed at studying the relationship
between the reconstructed Higgs boson and accompanying
jets. These are presented in Figs. 29 and 30.

Finally, the double differential measurements in bins of
m12 vs. m34, p4�

T vs. |y4�|, p4�
T vs. Njets, p4�

T vs. p4�j
T ,

p4�j
T vs. m4�j, plead. jet

T vs. psublead. jet
T , and plead. jet

T vs.
|ylead. jet| are provided in Figs. 31, 32, 33, 34, 35, 36, 37
and 38.

The data are compared with SM expectations con-
structed from the ggF predictions provided by NNLOPS

and MadGraph5_aMC@NLO-FxFx. Certain distributions
related to the production of the Higgs boson also include
a comparison with the predictions from NNLOJET and
RadISH and some of the measurements related to the
Higgs boson decay are compared also with predictions from
Hto4l and Prophecy4f. The ggF predictions from Mad-

Graph5_aMC@NLO-FxFx and NNLOPS are normalised
to the N3LO prediction while the normalisations for NNLO-
JET and RadISH are to their respective predicted cross sec-
tions. All the other Higgs boson production modes are nor-
malised to the most accurate SM predictions, as discussed
in Sect. 3. The shaded bands on the expected cross sections
indicate the PDF and scale uncertainties.5 The figures include

5 Given the accuracy of some predictions, this procedure may underes-
timate the associated uncertainties. In particular, NNLOPS predictions
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(a) (b)

(c) (d)

Fig. 6 The observed and expected (pre-fit) distributions of a cos θ1, b
cos θ2, c φ, and d φ1 in the mass region 115 < m4� < 130 GeV, for
an integrated luminosity of 139 fb−1 collected at

√
s = 13 TeV. A SM

Higgs boson signal with a mass mH = 125 GeV is assumed. The uncer-

tainty in the prediction is shown by the hatched band, which includes
the theoretical uncertainties of the SM cross section for the signal and
the Z Z∗ background

the p-values quantifying the probability of compatibility of
the measurements and the SM predictions and show in addi-
tion fitted values of the Z Z∗ normalisation factors. Finally,
the correlation matrices between the measured cross sections
and the Z Z∗ background normalisation factors are shown in
all figures along with the cross-section measurements.

for ≥ 3 jets, which are affected in part by additional uncertainties which
are not accounted by the procedure described in Sect. 8.2.

Overall, there is good agreement between measured cross
sections and predictions. Small differences between mea-
surement and prediction occur in several of the angular
observables, as well as in bins ofm4�jj, and several of the dou-
ble differential measurements. For example, the p-value for
the double differential distribution plead. jet

T vs. |ylead. jet| in
Fig. 38 is particularly low due to the downward fluctuation
in bin 2. However, when considering the size of the uncer-
tainties these differences are not significant. Since no events
are observed in the highest bin for p4�

T in Fig. 19, an upper
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(a) (b)

(c) (d)

Fig. 7 The observed and expected (pre-fit) distributions of a Njets,

b Nb-jets, c plead. jet
T , and d psublead. jet

T in the mass region 115 <

m4� < 130 GeV, for an integrated luminosity of 139 fb−1 collected
at

√
s = 13 TeV. A SM Higgs boson signal with a mass mH = 125 GeV

is assumed. In distribution c, the first bin contains events with zero jets,

while in distribution d, the first bin contains events with fewer than two
jets. In both c and d, all bins except the first are divided by the bin
width. The uncertainty in the prediction is shown by the hatched band,
which includes the theoretical uncertainties of the SM cross section for
the signal and the Z Z∗ background

limit of 27 ab at 95% confidence level (CL) is set on the cross
section using CLs [141]. Similarly, a limit of σ < 38 ab at
95% CL is also set in the last bin of p4�jj

T in Fig. 29.
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(a) (b)

(c)

Fig. 8 The observed and expected (pre-fit) distributions of a mjj, b
	ηjj, and c 	φjj in the mass region 115 < m4� < 130 GeV, for an inte-
grated luminosity of 139 fb−1 collected at

√
s = 13 TeV. A SM Higgs

boson signal with a massmH = 125 GeV is assumed. In all distributions,

the first bin contains events with fewer than two jets. The uncertainty in
the prediction is shown by the hatched band, which includes the theo-
retical uncertainties of the SM cross section for the signal and the Z Z∗
background
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(a) (b)

(c) (d)

Fig. 9 The observed and expected (pre-fit) distributions of a m4�j, b

m4�jj, c p4�j
T , and d p4�jj

T in the mass region 115 < m4� < 130 GeV,
for an integrated luminosity of 139 fb−1 collected at

√
s = 13 TeV. A

SM Higgs boson signal with a mass mH = 125 GeV is assumed. The

first bin in a and c contains events with no jets, while the first bin in
b and (d) contains events with fewer than two jets. The uncertainty in
the prediction is shown by the hatched band, which includes the theo-
retical uncertainties of the SM cross section for the signal and the Z Z∗
background
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Fig. 10 The observed and expected (pre-fit) distributions of p4�
T in

Njets bins in the mass region 115 < m4� < 130 GeV, for an integrated
luminosity of 139 fb−1 collected at

√
s = 13 TeV. A SM Higgs boson

signal with a mass mH = 125 GeV is assumed. The uncertainty in the
prediction is shown by the hatched band, which includes the theoret-
ical uncertainties of the SM cross section for the signal and the Z Z∗
background

Fig. 11 The observed and expected (pre-fit) distributions of p4�
T in

|y4�| bins in the mass region 115 < m4� < 130 GeV, for an integrated
luminosity of 139 fb−1 collected at

√
s = 13 TeV. A SM Higgs boson

signal with a mass mH = 125 GeV is assumed. The uncertainty in the
prediction is shown by the hatched band, which includes the theoret-
ical uncertainties of the SM cross section for the signal and the Z Z∗
background
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Fig. 12 The observed and expected (pre-fit) distribution in bins of the
leading vs. subleading Z boson mass, m12 vs. m34. The same distri-
bution in the 2D plane is provided in the inset plot, where the black
dots depict data and the blue and pink shaded areas represent simulated
signal and background, respectively. The red lines depict the bin bound-
aries, chosen as described in Sect. 7. These distributions correspond to
the mass region 115 < m4� < 130 GeV for an integrated luminosity of
139 fb−1 collected at

√
s = 13 TeV. A SM Higgs boson signal with a

mass mH = 125 GeV is assumed. The uncertainty in the prediction is
shown by the hatched band, which includes the theoretical uncertainties
of the SM cross section for the signal and the Z Z∗ background

Fig. 13 The observed and expected (pre-fit) distribution in bins of the
transverse momentum of the four-lepton plus leading-jet system vs.
the invariant mass of the four-lepton plus leading-jet system, p4�j

T vs.
m4�j. The same distribution in the 2D plane is provided in the inset
plot, where the black dots depict data and the blue and pink shaded
areas represent simulated signal and background, respectively. The red
lines depict the bin boundaries, chosen as described in Sect. 7. These
distributions correspond to the mass region 115 < m4� < 130 GeV
for an integrated luminosity of 139 fb−1 collected at

√
s = 13 TeV.

A SM Higgs boson signal with a mass mH = 125 GeV is assumed.
The uncertainty in the prediction is shown by the hatched band, which
includes the theoretical uncertainties of the SM cross section for the
signal and the Z Z∗ background
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Fig. 14 The observed and expected (pre-fit) distribution in bins of
the transverse momentum of the four-lepton system vs. the transverse
momentum of the four-lepton plus leading-jet system, p4�

T vs. p4�j
T . The

same distribution in the 2D plane is shown in the inset plot, where the
black dots depict data and the blue and pink shaded areas represent
simulated signal and background, respectively. The red lines depict the
bin boundaries, chosen as described in Sect. 7. These distributions cor-
respond to the mass region 115 < m4� < 130 GeV for an integrated
luminosity of 139 fb−1 collected at

√
s = 13 TeV. A SM Higgs boson

signal with a mass mH = 125 GeV is assumed. The uncertainty in the
prediction is shown by the hatched band, which includes the theoret-
ical uncertainties of the SM cross section for the signal and the Z Z∗
background

Fig. 15 The observed and expected (pre-fit) distribution in bins of
the transverse momentum of the four-lepton system vs. the transverse
momentum of the leading jet, p4�

T vs. plead. jet
T . The same distribution in

the 2D plane is provided in the inset plot, where the black dots depict
data and the blue and pink shaded areas represent simulated signal
and background, respectively. The red lines depict the bin boundaries,
chosen as described in Sect. 7. These distributions correspond to the
mass region 115 < m4� < 130 GeV for an integrated luminosity of
139 fb−1 collected at

√
s = 13 TeV. A SM Higgs boson signal with a

mass mH = 125 GeV is assumed. The uncertainty in the prediction is
shown by the hatched band, which includes the theoretical uncertainties
of the SM cross section for the signal and the Z Z∗ background
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Fig. 16 The observed and expected (pre-fit) distribution in bins of the
transverse momentum of the leading vs. subleading jet, plead. jet

T vs.

psublead. jet
T . The same distribution in the 2D plane is provided in the

inset plot, where the black dots depict data and the blue and pink shaded
areas represent simulated signal and background, respectively. The red
lines depict the bin boundaries, chosen as described in Sect. 7. These
distributions correspond to the mass region 115 < m4� < 130 GeV
for an integrated luminosity of 139 fb−1 collected at

√
s = 13 TeV.

A SM Higgs boson signal with a mass mH = 125 GeV is assumed.
The uncertainty in the prediction is shown by the hatched band, which
includes the theoretical uncertainties of the SM cross section for the
signal and the Z Z∗ background. plead. jet

T and psublead. jet
T are required

to have pT greater than 30 GeV

Fig. 17 The observed and expected (pre-fit) distribution in bins of the
transverse momentum vs. the rapidity of the leading jet, plead. jet

T vs.
|ylead. jet|. The same distribution in the 2D plane is provided in the inset
plot, where the black dots depict data and the blue and pink shaded
areas represent simulated signal and background, respectively. The red
lines depict the bin boundaries, chosen as described in Sect. 7. These
distributions correspond to the mass region 115 < m4� < 130 GeV
for an integrated luminosity of 139 fb−1 collected at

√
s = 13 TeV.

A SM Higgs boson signal with a mass mH = 125 GeV is assumed.
The uncertainty in the prediction is shown by the hatched band, which
includes the theoretical uncertainties of the SM cross section for the
signal and the Z Z∗ background
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Table 7 The fiducial and total cross sections of Higgs boson produc-
tion measured in the 4� final state. The fiducial cross sections are given
separately for each decay final state, and for same- and different-flavour
decays. The inclusive fiducial cross section is measured as the sum of all
final states (σsum), as well as by combining the per-final-state measure-
ments assuming SM Z Z∗ → 4� relative branching ratios (σcomb). For
the total cross section (σtot), the Higgs boson branching ratio at mH =
125 GeV is assumed. The total SM prediction is accurate to N3LO in

QCD and NLO EW for the ggF process. For the fiducial cross-section
predictions, the SM cross sections are multiplied by the acceptances
determined using the NNLOPS sample for ggF. For all the other pro-
duction modes, the cross sections from the samples discussed in Sect. 3
are added. The p-values indicating the probability of compatibility of
the measurement and the SM prediction are shown as well. They do not
include the systematic uncertainty in the theoretical predictions

Cross section
[fb]

Data ( ± (stat.) ± (syst.)) Standard
Model
prediction

p-value
(%)

σ4μ 0.81 ±0.12 ±0.03 0.90 ± 0.05 46

σ4e 0.62 ±0.17 ±0.05 0.90 ± 0.05 14

σ2μ2e 0.74 ±0.15 ±0.05 0.80 ± 0.04 67

σ2e2μ 1.01 ±0.15 ±0.03 0.80 ± 0.04 15

σ4μ+4e 1.43 ±0.21 ±0.05 1.81 ± 0.10 10

σ2μ2e+2e2μ 1.75 ±0.21 ±0.06 1.61 ± 0.09 51

σsum 3.18 ±0.31 ±0.11 3.41 ± 0.18 49

σcomb 3.28 ±0.30 ±0.11 3.41 ± 0.18 67

σtot [pb] 53.5 ±4.9 ±2.1 55.7 ± 2.8 66

(a) (b)

Fig. 18 a The fiducial cross sections (left two panels) and total cross
section (right panel) of Higgs boson production measured in the 4�

final state. The fiducial cross sections are shown separately for each
decay final state, and for same- and different-flavour decays. The inclu-
sive fiducial cross section is measured as the sum of all final states, as
well as by combining the per-final-state measurements assuming SM
Z Z∗ → 4� relative branching ratios. The total SM prediction is accu-
rate to N3LO in QCD for the ggF process. The cross sections for all
other Higgs boson production modes XH are added. For the fiducial
cross-section predictions, the SM cross sections are multiplied by the

acceptances determined using the NNLOPS sample for ggF and the
samples discussed in Sect. 3 for the other production modes. For the
total cross section, the predictions by the generators NNLOPS, Hres,
and MadGraph5_aMC@NLO-FxFx are also shown. The error bars
on the data points show the total uncertainties, while the systematic
uncertainties are indicated by the boxes. The shaded bands around the
theoretical predictions indicate the PDF and scale uncertainties, calcu-
lated as described in Sect. 8.2. b The correlation between the fiducial
cross sections for the four individual decay final states and the Z Z∗
normalisation factor
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Fig. 19 a Differential fiducial cross section for the transverse momen-
tum p4�

T of the Higgs boson, along with b the corresponding correlation
matrix between the measured cross sections and the Z Z∗ background
normalisation factors. The measured cross sections are compared
with ggF predictions by MadGraph5_aMC@NLO-FxFx, NNLOJET,
RadISH, and NNLOPS, where MadGraph5_aMC@NLO-FxFx and
NNLOPS are normalised to the N3LO total cross section with the listed
K -factors while the normalisations for NNLOJET and RadISH are to
their respective predicted cross sections. MC-based predictions for all
other Higgs boson production modes XH are normalised to the SM
predictions. The error bars on the data points show the total uncer-
tainties, while the systematic uncertainties are indicated by the boxes.
The shaded bands on the expected cross sections indicate the PDF and

scale systematic uncertainties, calculated as described in Sect. 8.2. This
includes the uncertainties related to the XH production modes. The p-
values indicating the probability of compatibility of the measurement
and the SM prediction are shown as well. They do not include the sys-
tematic uncertainty in the theoretical predictions. The central panel of a
shows the ratio of different predictions to the data, and the grey area rep-
resents the total uncertainty of the measurement. The bottom panel of a
shows the ratios of the fitted values of the Z Z∗ normalisation factors to
the predictions from MC simulation discussed in Sect. 3. As indicated
by the horizontal error bars, the Z Z∗ normalisation is estimated in each
of the first three p4�

T bins separately, while the next two bins share a
common estimation factor, as do the last five bins
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Fig. 20 Differential fiducial cross sections for a the invariant mass m12 of the leading Z boson and c the invariant mass m34 of the subleading
Z boson, along with the corresponding correlation matrices between the measured cross sections and the Z Z∗ background normalisation factors
(b and d)
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Fig. 21 Differential fiducial cross sections for a the rapidity, |y4�|, of the Higgs boson and c the production angle, |cos θ∗|, of the leading Z boson.
The corresponding correlation matrices between the measured cross sections and the Z Z∗ background normalisation factors are also shown (b and d)
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Fig. 22 Differential fiducial cross sections for a production angle,
cos θ1, of the anti-lepton from the leading Z boson and c the production
angle, cos θ2, of the anti-lepton from the subleading Z boson. The cor-

responding correlation matrices between the measured cross sections
and the Z Z∗ background normalisation factors are also shown (b and d)
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Fig. 23 Differential fiducial cross sections for a the azimuthal angle,
φ, between the decay planes of the two reconstructed Z bosons and c
the azimuthal angle, φ1, between the decay plane of the leading Z boson

and the plane formed by its four-momentum and the z-axis. The corre-
sponding correlation matrices between the measured cross sections and
the Z Z∗ background normalisation factors are also shown (b and d)
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Fig. 24 Differential fiducial cross sections for a the jet multiplicity,
Njets, in the selected events, and c, the inclusive jet multiplicity. In the
Njets distribution in a, the first three bins are exclusive in number of
jets, while the fourth is inclusive. The corresponding correlation matrix

between the measured cross sections and the Z Z∗ background normal-
isation factors is also shown in b. In the Njets distribution in c, all bins
are inclusive, with the first bin including all events, the second including
all events with at least one jet, and so on
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Fig. 25 a Differential fiducial cross section as function of the b-jet
multiplicity, Nb-jets. Three bins are considered. The first bin is filled
with events which do not have any jets, the second is filled with events
with at least one jet but no b-tagged jets, while the third includes all

events with at least one b-tagged jet. The corresponding correlation
matrices between the measured cross sections and the Z Z∗ background
normalisation factors are also shown in (b)
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Fig. 26 Differential fiducial cross sections for a the transverse momen-
tum of the leading jet, plead. jet

T , in events with at least one jet, and c

the transverse momentum of the subleading jet, psublead. jet
T , in events

with at least two jets. Leading and subleading jets refer to the jets with

the highest and second-highest transverse momenta. The first bin con-
tains events which do not pass the jet requirements. The corresponding
correlation matrices between the measured cross sections and the Z Z∗
background normalisation factors are also shown (b and d)
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Fig. 27 Differential fiducial cross sections for a the invariant mass of the two highest-pT jets,mjj, in events with at least two jets. The corresponding
correlation matrix between the measured cross sections and the Z Z∗ background normalisation factors is also provided (b)
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Fig. 28 Differential fiducial cross sections for a the distance between
these two jets in pseudorapidity, 	ηjj, and c the distance between the
two jets in φ, 	φjj. The first bin contains events with fewer than two

jets that pass the jet selection requirements. Finally, the corresponding
correlation matrices between the measured cross sections and the Z Z∗
background normalisation factors are provided (b and d)
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Fig. 29 Differential fiducial cross sections for a the transverse momen-
tum of the four-lepton plus jet system, in events with at least one jet,
and c the transverse momentum of the four-lepton plus dijet system,

in events with at least two jets. The corresponding correlation matrices
between the measured cross sections and the Z Z∗ background normal-
isation factors are also shown (b and d)
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Fig. 30 Differential fiducial cross sections for a the invariant mass of
the four-lepton plus jet system, in events with at least one jet, and c
the invariant mass of the four-lepton plus dijet system, in events with

at least two jets. The corresponding correlation matrices between the
measured cross sections and the Z Z∗ background normalisation factors
are also shown (b and d)
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Fig. 31 a Differential fiducial cross section for the leading vs. subleading Z boson mass, m12 vs. m34, and b the corresponding correlation matrix
between the measured cross sections and the Z Z∗ background normalisation factors. The bin boundaries are defined in Fig. 12
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Fig. 32 Differential fiducial cross sections for the leading vs. subleading Z boson mass, m12 vs. m34, in a ��μμ and b ��ee final states, along with
c their corresponding correlation matrix between the measured cross sections and the Z Z∗ background normalisation factors. The bin boundaries
are defined in Fig. 12
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Fig. 33 aDouble differential fiducial cross sections of the p4�
T distribution in |y4�| bins. The corresponding correlation matrix between the measured

cross sections and the Z Z∗ background normalisation factors is shown in b. The p-values shown are calculated for all bins across both p4�
T and

|y4�| simultaneously

Fig. 34 aDouble differential fiducial cross sections of the p4�
T distribution in Njets bins. The corresponding correlation matrix between the measured

cross sections and the Z Z∗ background normalisation factors is shown in b. The p values shown are calculated for all bins across both p4�
T and

Njets simultaneously
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Fig. 35 a Differential fiducial cross section for the transverse momen-
tum of the four-lepton system vs. the transverse momentum of the four-
lepton plus jet system, p4�

T vs. p4�j
T and b the corresponding correlation

matrix between the measured cross sections and the Z Z∗ background
normalisation factors. The bin boundaries are defined in Fig. 14

Fig. 36 a Double differential fiducial cross section for the transverse
momentum of the four-lepton plus jet system vs. the invariant mass of
the four-lepton plus jet system, p4�j

T vs. m4�j and b the corresponding

correlation matrix between the measured cross sections and the Z Z∗
background normalisation factors. The bin boundaries are defined in
Fig. 13
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Fig. 37 a Double differential fiducial cross section for the transverse
momentum of the four-lepton system vs. the transverse momentum of
the leading jet, p4�

T vs. plead. jet
T , and b the corresponding correlation

matrix between the measured cross sections and the Z Z∗ background
normalisation factors. The bin boundaries are defined in Fig. 15

Fig. 38 a Double differential fiducial cross section for the trans-
verse momentum of the leading jet vs. the rapidity of the lead-
ing jet, plead. jet

T vs. |ylead. jet|, and b the corresponding correlation

matrix between the measured cross sections and the Z Z∗ back-
ground normalisation factors. The bin boundaries are defined in
Fig. 17
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Fig. 39 a Double differential fiducial cross section for the transverse
momentum of leading vs. subleading jet, plead. jet

T vs. psublead. jet
T , and

b the corresponding correlation matrix between the measured cross sec-
tions and the Z Z∗ background normalisation factor. The bin boundaries
are defined in Fig. 16
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10 Interpretation of differential distributions

The measured differential fiducial cross sections can be used
to probe possible effects of physics beyond the SM. Two pos-
sible interpretations of the results are presented. In Sect. 10.1,
the m12 vs. m34 double differential cross section is used
to probe several BSM scenarios within the framework of
pseudo-observables [142], while in Sect. 10.2, the p4�

T differ-
ential cross section is used to constrain the Yukawa couplings
of the Higgs boson with the b- and c-quarks [143].

10.1 Constraints on BSM effects within the
pseudo-observables framework

In this interpretation, the couplings related to the BSM con-
tact interactions of the Higgs boson decaying into four lep-
tons are considered. As defined in Ref. [109], the pseudo-
observables framework introduces modified contact terms
between the Higgs boson, the Z boson, and the left- or
right-handed leptons εZ ,�L and εZ ,�R . In order to reduce the
number of independent parameters considered in the pseudo-
observables framework for the H → 4� decay amplitudes,
specific symmetries are imposed [109]. In all the scenar-
ios considered, the parameters associated with other pseudo-
observables affecting the angular distributions, such as ε

(CP)
Z Z ,

ε
(CP)
Zγ and ε

(CP)
γ γ , are set to zero. Thus, the contact terms con-

sidered have the same Lorentz structure as the SM term and
only affect the dilepton invariant mass distributions.

Four scenarios are investigated [109]. In the first scenario,
referred to as the flavour-universal contact terms, the param-
eters of interest are the εZ ,�L and the εZ ,�R couplings, where
the interactions described by these contact terms have the
same strength for electrons and muons. The second scenario
considered is linear EFT-inspired, where lepton-flavour uni-
versality is again imposed and the Higgs boson is assumed to
be part of a SU (2)L doublet. This is reflected in the condition
εR = 0.48εL [109]. The parameters of interest are εL and the
coupling strength of the Higgs boson to the Z boson, κZ Z . In
the following two scenarios, lepton-flavour universality can
be violated. For the third scenario, referred to as flavour non-
universal vector contact terms, the helicity structure of the
couplings is fixed to be vector (εZ ,eL = εZ ,eR , εZ ,μL = εZ ,μR )
and the independent parameters are the couplings to elec-
trons εZ ,eR and muons εZ ,μR . Finally, a fourth scenario with
flavour non-universal axial-vector contact terms is consid-
ered. In this case the helicity structure of the couplings is
fixed to be axial-vector, with the parameters of interest being
the couplings to electrons εZ ,eR and muons εZ ,μR and the
condition εZ ,�L = −εZ ,�R is imposed. Using the m12 vs.
m34 double differential cross sections for these interpreta-
tions provides sensitivity to distinguish between potential

contributions from the contact terms and those from changes
to the coupling strength of the Higgs boson to the Z boson.

The variation of the fiducial cross section as a function
of the BSM couplings is computed relative to the SM by
MadGraph5_aMC@NLO in each of the bins of the mea-
sured m12 vs. m34 differential cross section. This is done
for a grid of points in the BSM parameter space in each
scenario. These relative variations are then fit to a two-
dimensional quadratic function. The parameterisation, which
also includes any changes in the acceptance, is then encoded
into the likelihood and corresponding limits are set for each
scenario.

Figure 40 shows the limits on BSM interactions of the
Higgs boson for the four considered cases. The correspond-
ing 95% confidence intervals for each of the parameters are
listed in Table 8.

10.2 Constraints on Yukawa couplings

Although the couplings of the Higgs boson to the top and
bottom quarks have been established recently, obtaining evi-
dence for the coupling of the Higgs boson to the charm quark
is more challenging. Direct methods are limited either by
low branching fraction (H → J/ψγ → μ+μ−γ ) or by
large backgrounds (H → cc̄). Nevertheless, it has been
shown recently that it is possible to indirectly constrain
the Yukawa coupling to quarks by analysing the pHT spec-
trum [19,143]. In particular, the effects of BSM contribu-
tions to the coupling modifiers for the Higgs boson to charm
quarks, κc, and for the Higgs boson to bottom quarks, κb, are
investigated.

The fiducial cross section is parameterised as a function
of the κc and κb values in each measured bin of p4�

T . Both the
gluon-initiated and quark-initiated components of the predic-
tion show a larger variation, different in size and shape, of
the cross section especially at p4�

T < 10 GeV. The theoretical
uncertainties of these predictions are calculated separately
for the gluon-initiated and quark-initiated components by
varying the normalisation and factorisation scales by factors
of two. The configuration with largest uncertainty across all
the p4�

T bins across κc ∈ [−10, 10] and κb ∈ [−2, 2] ranges
is used to define the systematic uncertainty for the predic-
tions. These uncertainties are uncorrelated for each compo-
nent. The impact of this uncertainty is about 20% on the
expected limits.

Three different scenarios are considered, with an increas-
ing level of model dependency. In the first case, the mod-
ified fiducial cross sections in each bin due to the value
of the b- and c-quark Yukawa couplings are fit to the data
together with a global normalisation factor. The correspond-
ing observed limits on κc and κb are shown in Fig. 41a. The
sensitivity in this case comes mainly from the modification
of the shape induced by κc and κb, while possible overall nor-
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(a) (b)

(c) (d)

Fig. 40 Observed limits at 68% and 95% CL on the modified Higgs
boson decays within the framework of the pseudo-observables: a flavour
universal contact terms; b linear EFT-inspired; c flavour non-universal
vector contact terms;d flavour non-universal axial-vector contact terms.
The p values shown represent the probability of compatibility between

the data and the m12 vs. m34 prediction corresponding to the best-fit
values of the parameters of interest for each of the four scenarios con-
sidered. The SM predictions (∗) and the observed best-fit values (+) are
indicated on the plots

malisation effects are factorised out. In a second scenario, no
additional normalisation factor is introduced in the likelihood
and the obtained limits for the Yukawa couplings are shown
in Fig. 41b. Finally, in a third scenario, a modification to the
total width, and correspondingly to the branching ratio as
function of the modified Yukawa couplings, is also encoded
in the likelihood and the corresponding limits are shown in
Fig. 41c. The 95% confidence intervals for the first and sec-
ond scenarios are also listed in Table 9. These are comparable
to results from direct searches in V H, H → cc̄ [144,145].
Constraining κb to the results from Ref. [146] leads to a less
than 5% improvement in the observed limits for κc for the
scenarios considered.

Table 8 Confidence intervals for the scenarios considered in the
pseudo-observables framework. Based on the observed 2D exclusion
contours, 1D exclusion intervals are provided for the EFT-inspired,
flavour non-universal vector, and flavour non-universal axial-vector sce-
narios. The observed limits are calculated while profiling the other
parameters of interest. For the EFT-inspired interpretation, the limits
are derived assuming κZ Z ≥ 0. This constraint has no impact on the
limit as the analysis is not sensitive to the sign of this parameter

Interpretation Parameter best-fit
value

95% confidence
interval

EFT-inspired εL = 0.03 [−0.25, 0.17]
κZ Z = 0.93 [0.51, 1.16]

Flavour non-universal
vector

εZe = −0.005 [−0.097, 0.082]
εZμ = 0.054 [−0.131, 0.114]

Flavour non-universal
axial-vector

εZe = −0.022 [−0.056, 0.012]
εZμ = 0.008 [−0.016, 0.033]
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(a)

(c)

(b)

Fig. 41 Observed limits at 95% CL on Yukawa couplings κc and κb for
the three scenarios considered: a only the p4�

T shape is used to constrain
κc and κb; b the predicted p4�

T differential cross section is used; c both
the prediction of the p4�

T differential cross section and the modification

to the branching ratio due to the κc and κb values are used. The p values
shown represent the probability of compatibility between the data and
the p4�

T prediction corresponding to the best-fit values of κc and κb. The
SM predictions (∗) and the observed best-fit values (+) are indicated on
the plots

Table 9 Confidence intervals for the Yukawa couplings. Based on the
observed 2D exclusion contours, 1D exclusion intervals are only pro-
vided for interpretations where modification to the p4�

T shape and predic-
tions are considered. The observed limits are calculated while profiling
the other parameter of interest

Interpretation Parameter best-fit
value

95% confidence
interval

Modifications to only
p4�

T shape
κc = −1.1 [−11.7, 10.5]
κb = 0.28 [−3.21, 4.50]

Modifications to
p4�

T predictions
κc = 0.66 [−7.46, 9.27]
κb = 0.55 [−1.82, 3.34]

11 Summary

Fiducial inclusive and differential cross-section measure-
ments of the Higgs boson in the H → Z Z∗ → 4� decay
channel are presented. They are based on 139 fb−1 of

√
s =

13 TeV proton-proton collisions recorded by the ATLAS
detector at the LHC in 2015−2018. The inclusive fiducial
cross section in the H → Z Z∗ → 4� decay channel is
measured to be σfid = 3.28 ± 0.30 (stat.) ± 0.11 (syst.) fb,
in agreement with the Standard Model prediction σfid,SM =
3.41 ± 0.18 fb. The measurement is about 40% more pre-
cise than the previous ATLAS result. The inclusive fiducial
cross section is also extrapolated to the full phase space.
Differential cross sections defined in a fiducial region close
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to the reconstructed event selection are measured for sev-
eral variables sensitive to the Higgs boson production and
decay such as the transverse momentum of the Higgs boson,
the number of jets produced in association with the Higgs
boson, the leading and subleading invariant masses of the
lepton pairs. The measured cross sections are compared with
different Standard Model predictions and in general good
agreement is found. The results are also used to set new and
more stringent constraints on BSM scenarios where contact
term interactions in the H → 4� amplitudes are introduced.
In addition, the p4�

T spectrum is used to constrain the b- and c-
quark Yukawa couplings of the Higgs boson. In the scenario
with minimal assumptions, values of κc outside the range
κc ∈ [−12,+11] are excluded at 95% CL.
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Appendix

A Results with regularised unfolding

For all the variables investigated in this paper, the unfold-
ing matrix used is well conditioned and no regularisation is
required, as discussed in Sect. 7. Nevertheless, a Tikhonov
regularisation has been tested for the Njets and plead. jet

T
observables where perceptible off-diagonal terms in the
response matrix are observed. In the Tikhonov regularisa-
tion [147], a prior assumption about the final result of the
measurement is added to the PDF, where the impact of this
assumption is controlled by a tunable parameter, τ . In prac-
tice, this method is implemented by adding a penalty term to
the negative log-likelihood that is minimised in the fit as

τ ·
n−1∑

i=2

((
σi+1

σi+1,truth
− σi

σi,truth

)
−

(
σi

σi,truth
− σi−1

σi−1,truth

))2

,

where σi is the cross section in bin i . Therefore, a second-
derivative expression for the curvature is used, with the
parameters normalised by their expected values from the MC
simulation as done in the SVD unfolding method [148]. As
is done for the main results, only the signal is unfolded.

The unfolded Njets and plead. jet
T distributions using the

regularised unfolding with a τ parameter set to τ = 0.6 and
0.7, respectively, are shown in Fig. 42. The uncertainty which
accounts for a possible bias in this regularisation ranges from
less than 1% to about 10%, depending on the differential
bin. As expected, the comparison of Figs. 42a with 24a and
Figs. 42c with 26a shows that the regularisation tends to
reduce the off-diagonal anti-correlation terms of the corre-
lation matrix among the measured cross sections, reducing
its uncertainty. Nevertheless, the p-values for the different
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Fig. 42 a, c Differential fiducial cross sections as a function of the jet
multiplicity, Njets, and leading jet pT in events with at least one jet,
using a regularised matrix unfolding with the τ parameters set to 0.6

and 0.7 respectively. The corresponding correlation matrix between the
measured cross sections and the Z Z∗ background normalisation factors
are also shown in b and d

predictions are close to the ones obtained with the matrix
unfolding without any regularisation.
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B Invariant mass of the leading lepton pair in
same-flavour and opposite-flavour final states

Figure 43 presents results for the invariant mass of the leading
lepton pair in same-flavour and different-flavour final states.

Fig. 43 Differential fiducial cross sections for the invariant mass m12 of the leading Z boson in a the 4μ and 4e decay channels and b the 2e2μ

and 2μ2e decay channels. The corresponding correlation matrix is shown in c

123



Eur. Phys. J. C           (2020) 80:942 Page 49 of 67   942 

References

1. ATLAS Collaboration, Observation of a new particle in the search
for the Standard Model Higgs boson with the ATLAS detector at
the LHC. Phys. Lett. B 716, 1 (2012). arXiv:1207.7214 [hep-ex]

2. CMS Collaboration, Observation of a new boson at a mass of
125 GeV with the CMS experiment at the LHC. Phys. Lett. B
716, 30 (2012). https://doi.org/10.1016/j.physletb.2012.08.021.
arXiv:1207.7235 [hep-ex]

3. F. Englert, R. Brout, Broken symmetry and the mass of gauge
vector mesons. Phys. Rev. Lett. 13, 321 (1964). https://doi.org/
10.1103/PhysRevLett.13.321

4. P.W. Higgs, Broken symmetries and the masses of gauge
Bosons. Phys. Rev. Lett. 13, 508 (1964). https://doi.org/10.1103/
PhysRevLett.13.508

5. G. Guralnik, C. Hagen, T. Kibble, Global conservation laws and
massless particles. Phys. Rev. Lett. 13, 585 (1964). https://doi.
org/10.1103/PhysRevLett.13.585

6. ATLAS Collaboration, Study of the spin and parity of the
Higgs boson in Diboson decays with the ATLAS detector.
Eur. Phys. J. C 75, 476 (2015). https://doi.org/10.1140/epjc/
s10052-015-3685-1. arXiv:1506.05669 [hep-ex] [Erratum:Eur.
Phys. J. C 76 (2016) 152]

7. CMS Collaboration, Constraints on the spin-parity and anomalous
HVV couplings of the Higgs boson in proton collisions at 7 and
8 TeV. Phys. Rev. D 92, 012004 (2015). https://doi.org/10.1103/
PhysRevD.92.012004. arXiv:1411.3441 [hep-ex]

8. ATLAS Collaboration, Measurements of the Higgs boson pro-
duction and decay rates and coupling strengths using pp collision
data at

√
s = 7 and 8 TeV in the ATLAS experiment. Eur. Phys. J.

C 76, 6 (2016). https://doi.org/10.1140/epjc/s10052-015-3769-y.
arXiv:1507.04548 [hep-ex]

9. CMS Collaboration, Precise determination of the mass of the
Higgs boson and tests of compatibility of its couplings with the
standard model predictions using proton collisions at 7 and 8
TeV. Eur. Phys. J. C 75, 212 (2015). https://doi.org/10.1140/epjc/
s10052-015-3351-7. arXiv:1412.8662 [hep-ex]

10. ATLAS and CMS Collaborations, Measurements of the Higgs
boson production and decay rates and constraints on its couplings
from a combined ATLAS and CMS analysis of the LHC pp colli-
sion data at

√
s = 7 and 8 TeV. JHEP 08, 045 (2016). https://doi.

org/10.1007/JHEP08(2016)045. arXiv:1606.02266 [hep-ex]
11. ATLAS Collaboration, Measurement of inclusive and differen-

tial cross sections in the H → Z Z∗ → 4� decay channel
in pp collisions at

√
s = 13 TeV with the ATLAS detector.

JHEP 10, 132 (2017). https://doi.org/10.1007/JHEP10(2017)132.
arXiv:1708.02810 [hep-ex]

12. ATLAS Collaboration, Measurement of the Higgs boson coupling
properties in the H → Z Z∗ → 4� decay channel at

√
s = 13

TeV with the ATLAS detector. JHEP 03, 095 (2018). https://doi.
org/10.1007/JHEP03(2018)095. arXiv:1712.02304 [hep-ex]

13. ATLAS Collaboration, Evidence for the H → bb̄ decay with the
ATLAS detector, JHEP 12, 024 (2017). https://doi.org/10.1007/
JHEP12(2017)024. arXiv:1708.03299 [hep-ex]

14. ATLAS Collaboration, Evidence for the associated production of
the Higgs boson and a top quark pair with the ATLAS detec-
tor. Phys. Rev. D 97, 072003 (2018). https://doi.org/10.1103/
PhysRevD.97.072003. arXiv:1712.08891 [hep-ex]

15. ATLAS and CMS Collaborations, Combined Measurement of
the Higgs Boson Mass in pp Collisions at

√
s = 7 and 8

TeV with the ATLAS and CMS Experiments. Phys. Rev. Lett.
114, 191803 (2015). https://doi.org/10.1103/PhysRevLett.114.
191803. arXiv:1503.07589 [hep-ex]

16. ATLAS Collaboration, Measurements of Higgs boson proper-
ties in the diphoton decay channel with 36 f b−1 of pp colli-

sion data at
√
s = 13 TeV with the ATLAS detector. Phys.

Rev. D 98, 052005 (2018). https://doi.org/10.1103/PhysRevD.98.
052005. arXiv:1802.04146 [hep-ex]

17. CMS Collaboration, Measurements of properties of the Higgs
boson decaying into the four-lepton final state in pp collisions
at

√
s = 13 TeV. JHEP 11, 047 (2017). https://doi.org/10.1007/

JHEP11(2017)047. arXiv:1706.09936 [hep-ex]
18. CMS Collaboration, Constraints on anomalous Higgs boson cou-

plings using production and decay information in the four-lepton
final state. Phys. Lett. B 775, 1 (2017). https://doi.org/10.1016/j.
physletb.2017.10.021. arXiv:1707.00541 [hep-ex]

19. CMS Collaboration, Measurement and interpretation of differen-
tial cross sections for Higgs boson production at

√
s = 13 TeV.

Phys. Lett. B 792, 369 (2019). https://doi.org/10.1016/j.physletb.
2019.03.059. arXiv:1812.06504 [hep-ex]

20. ATLAS Collaboration, Measurement of the production cross sec-
tion for a Higgs boson in association with a vector boson in the
H → WW ∗ → �ν�ν channel in pp collisions at

√
s = 13 TeV

with the ATLAS detector (2019). arXiv:1903.10052 [hep-ex]
21. ATLAS Collaboration, Measurement of the four-lepton invari-

ant mass spectrum in 13 TeV proton-proton collisions with the
ATLAS detector. JHEP 04, 048 (2019). https://doi.org/10.1007/
JHEP04(2019)048. arXiv:1902.05892 [hep-ex]

22. ATLAS Collaboration, Cross-section measurements of the Higgs
boson decaying into a pair of τ -leptons in proton-proton col-
lisions at

√
s = 13 TeV with the ATLAS detector. Phys.

Rev. D 99, 072001 (2019). https://doi.org/10.1103/PhysRevD.99.
072001. arXiv:1811.08856 [hep-ex]

23. ATLAS Collaboration, Measurements of gluon-gluon fusion and
vector-boson fusion Higgs boson production cross-sections in
the H → WW ∗ → eνμν decay channel in pp collisions
at

√
s = 13 TeV with the ATLAS detector. Phys. Lett. B

789, 508 (2019). https://doi.org/10.1016/j.physletb.2018.11.064.
arXiv:1808.09054 [hep-ex]

24. ATLAS Collaboration, Observation of H → bb̄ decays
and VH production with the ATLAS detector, Phys. Lett. B
786, 59 (2018). https://doi.org/10.1016/j.physletb.2018.09.013.
arXiv:1808.08238 [hep-ex]

25. ATLAS Collaboration, Constraints on off-shell Higgs boson pro-
duction and the Higgs boson total width in Z Z → 4� and
Z Z → 2�2ν final states with the ATLAS detector. Phys. Lett. B
786, 223 (2018). https://doi.org/10.1016/j.physletb.2018.09.048.
arXiv:1808.01191 [hep-ex]

26. ATLAS Collaboration, Observation of Higgs boson production
in association with a top quark pair at the LHC with the ATLAS
detector. Phys. Lett. B 784, 173 (2018). https://doi.org/10.1016/
j.physletb.2018.07.035. arXiv:1806.00425 [hep-ex]

27. ATLAS Collaboration, Measurement of the Higgs boson mass
in the H → Z Z∗ → 4� and H → γ γ channels with

√
s =

13 TeV pp collisions using the ATLAS detector. Phys. Lett. B
784, 345 (2018). https://doi.org/10.1016/j.physletb.2018.07.050.
arXiv:1806.00242 [hep-ex]

28. ATLAS Collaboration, Combined measurement of differential
and total cross sections in the H → γ γ and the H → Z Z∗ → 4�

decay channels at
√
s = 13 TeV with the ATLAS detector. Phys.

Lett. B 786, 114 (2018). https://doi.org/10.1016/j.physletb.2018.
09.019. arXiv:1805.10197 [hep-ex]

29. ATLAS Collaboration, Electron and photon reconstruction
and performance in ATLAS using a dynamical, topologi-
cal cell clustering-based approach, ATL-PHYS-PUB-2017-022
(2017).https://cds.cern.ch/record/2298955

30. ATLAS Collaboration, Electron and photon performance mea-
surements with the ATLAS detector using the 2015–2017 LHC
proton–proton collision data (2019). arXiv:1908.00005 [hep-ex]

31. ATLAS Collaboration, Higgs boson production cross section
measurements and their EFT interpretation in the 4� decay chan-

123

http://arxiv.org/abs/1207.7214
https://doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.321
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.508
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1103/PhysRevLett.13.585
https://doi.org/10.1140/epjc/s10052-015-3685-1
https://doi.org/10.1140/epjc/s10052-015-3685-1
http://arxiv.org/abs/1506.05669
https://doi.org/10.1103/PhysRevD.92.012004
https://doi.org/10.1103/PhysRevD.92.012004
http://arxiv.org/abs/1411.3441
https://doi.org/10.1140/epjc/s10052-015-3769-y
http://arxiv.org/abs/1507.04548
https://doi.org/10.1140/epjc/s10052-015-3351-7
https://doi.org/10.1140/epjc/s10052-015-3351-7
http://arxiv.org/abs/1412.8662
https://doi.org/10.1007/JHEP08(2016)045
https://doi.org/10.1007/JHEP08(2016)045
http://arxiv.org/abs/1606.02266
https://doi.org/10.1007/JHEP10(2017)132
http://arxiv.org/abs/1708.02810
https://doi.org/10.1007/JHEP03(2018)095
https://doi.org/10.1007/JHEP03(2018)095
http://arxiv.org/abs/1712.02304
https://doi.org/10.1007/JHEP12(2017)024
https://doi.org/10.1007/JHEP12(2017)024
http://arxiv.org/abs/1708.03299
https://doi.org/10.1103/PhysRevD.97.072003
https://doi.org/10.1103/PhysRevD.97.072003
http://arxiv.org/abs/1712.08891
https://doi.org/10.1103/PhysRevLett.114.191803
https://doi.org/10.1103/PhysRevLett.114.191803
http://arxiv.org/abs/1503.07589
https://doi.org/10.1103/PhysRevD.98.052005
https://doi.org/10.1103/PhysRevD.98.052005
http://arxiv.org/abs/1802.04146
https://doi.org/10.1007/JHEP11(2017)047
https://doi.org/10.1007/JHEP11(2017)047
http://arxiv.org/abs/1706.09936
https://doi.org/10.1016/j.physletb.2017.10.021
https://doi.org/10.1016/j.physletb.2017.10.021
http://arxiv.org/abs/1707.00541
https://doi.org/10.1016/j.physletb.2019.03.059
https://doi.org/10.1016/j.physletb.2019.03.059
http://arxiv.org/abs/1812.06504
http://arxiv.org/abs/1903.10052
https://doi.org/10.1007/JHEP04(2019)048
https://doi.org/10.1007/JHEP04(2019)048
http://arxiv.org/abs/1902.05892
https://doi.org/10.1103/PhysRevD.99.072001
https://doi.org/10.1103/PhysRevD.99.072001
http://arxiv.org/abs/1811.08856
https://doi.org/10.1016/j.physletb.2018.11.064
http://arxiv.org/abs/1808.09054
https://doi.org/10.1016/j.physletb.2018.09.013
http://arxiv.org/abs/1808.08238
https://doi.org/10.1016/j.physletb.2018.09.048
http://arxiv.org/abs/1808.01191
https://doi.org/10.1016/j.physletb.2018.07.035
https://doi.org/10.1016/j.physletb.2018.07.035
http://arxiv.org/abs/1806.00425
https://doi.org/10.1016/j.physletb.2018.07.050
http://arxiv.org/abs/1806.00242
https://doi.org/10.1016/j.physletb.2018.09.019
https://doi.org/10.1016/j.physletb.2018.09.019
http://arxiv.org/abs/1805.10197
https://cds.cern.ch/record/2298955
http://arxiv.org/abs/1908.00005


  942 Page 50 of 67 Eur. Phys. J. C           (2020) 80:942 

nel at
√
s = 13 TeV with the ATLAS detector, Eur. Phys. J. C.

(2020). https://doi.org/10.1140/epjc/s10052-020-8227-9
32. ATLAS Collaboration, The ATLAS Experiment at the CERN

Large Hadron Collider. JINST 3, S08003 (2008). https://doi.org/
10.1088/1748-0221/3/08/S08003

33. ATLAS Collaboration, ATLAS Insertable B-Layer Tech-
nical Design Report, ATLAS-TDR-19 (2010). https://cds.
cern.ch/record/1291633, https://cds.cern.ch/record/1451888
[Addendum: ATLAS-TDR-19-ADD-1, 2012]

34. B. Abbott et al., Production and integration of the ATLAS
Insertable B-Layer. JINST 13, T05008 (2018). https://doi.org/10.
1088/1748-0221/13/05/T05008. arXiv:1803.00844 [physics.ins-
det]

35. ATLAS Collaboration, Performance of the ATLAS trigger system
in 2015, Eur. Phys. J. C 77, 317 (2017). https://doi.org/10.1140/
epjc/s10052-017-4852-3. arXiv:1611.09661 [hep-ex]

36. S. Alioli, P. Nason, C. Oleari, E. Re, A general framework for
implementing NLO calculations in shower Monte Carlo pro-
grams: the POWHEG BOX. JHEP 06, 043 (2010). https://doi.
org/10.1007/JHEP06(2010)043. arXiv:1002.2581 [hep-ph]

37. S. Frixione, P. Nason, C. Oleari, Matching NLO QCD compu-
tations with parton shower simulations: the POWHEG method.
JHEP 11, 070 (2007). https://doi.org/10.1088/1126-6708/2007/
11/070. arXiv:0709.2092 [hep-ph]

38. P. Nason, A new method for combining NLO QCD with shower
Monte Carlo algorithms. JHEP 11, 040 (2004). https://doi.org/10.
1088/1126-6708/2004/11/040. arXiv:hep-ph/0409146

39. E. Bagnaschi, G. Degrassi, P. Slavich, A. Vicini, Higgs produc-
tion via gluon fusion in the POWHEG approach in the SM and
in the MSSM. JHEP 02, 088 (2012). https://doi.org/10.1007/
JHEP02(2012)088. arXiv:1111.2854 [hep-ph]

40. U. Aglietti, R. Bonciani, G. Degrassi, A. Vicini, Two-loop light
fermion contribution to Higgs production and decays. Phys. Lett.
B 595, 432 (2004). https://doi.org/10.1016/j.physletb.2004.06.
063. arXiv:hep-ph/0404071

41. K. Hamilton, P. Nason, G. Zanderighi, Finite quark-mass
effects in the NNLOPSPOWHEG+MiNLO Higgs generator.
JHEP 05, 140 (2015). https://doi.org/10.1007/JHEP05(2015)140.
arXiv:1501.04637 [hep-ph]

42. P. Nason, C. Oleari, NLO Higgs boson production via
vector-boson fusion matched with shower in POWHEG.
JHEP 02, 037 (2010). https://doi.org/10.1007/JHEP02(2010)037.
arXiv:0911.5299 [hep-ph]

43. G. Luisoni, P. Nason, C. Oleari, F. Tramontano, HW±/HZ + 0
and 1 jet at NLO with the POWHEG BOX interfaced to GoSam
and their merging within MiNLO. JHEP 10, 083 (2013). https://
doi.org/10.1007/JHEP10(2013)083. arXiv:1306.2542 [hep-ph]

44. LHC Higgs Cross Section Working Group, Handbook of
LHC Higgs Cross Sections: 1. Inclusive Observables, CERN-
2011-002 (2011). https://doi.org/10.5170/CERN-2011-002.
arXiv:1101.0593 [hep-ph]

45. LHC Higgs Cross SectionWorking Group, Handbook of LHC
Higgs Cross Sections: 2. Differential Distributions, CERN-
2012-002 (2012). https://doi.org/10.5170/CERN-2012-002.
arXiv:1201.3084 [hep-ph]

46. LHC Higgs Cross Section Working Group, Handbook of
LHC Higgs Cross Sections: 3. Higgs Properties, CERN-
2013-004 (CERN, Geneva, 2013). https://doi.org/10.5170/
CERN-2013-004. arXiv:1307.1347 [hep-ph]

47. C. Anastasiou, C. Duhr, F. Dulat, F. Herzog, B. Mistlberger, Higgs
boson gluon-fusion production in QCD at three loops. Phys. Rev.
Lett. 114, 212001 (2015). https://doi.org/10.1103/PhysRevLett.
114.212001. arXiv:1503.06056 [hep-ph]

48. C. Anastasiou et al., High precision determination of
the gluon fusion Higgs boson cross-section at the LHC.

JHEP 05, 058 (2016). https://doi.org/10.1007/JHEP05(2016)058.
arXiv:1602.00695 [hep-ph]

49. S. Actis, G. Passarino, C. Sturm, S. Uccirati, NLO electroweak
corrections to Higgs boson production at Hadron colliders. Phys.
Lett. B 670, 12 (2008). https://doi.org/10.1016/j.physletb.2008.
10.018. arXiv:0809.1301 [hep-ph]

50. C. Anastasiou, R. Boughezal, F. Petriello, Mixed QCD-
electroweak corrections to Higgs boson production in gluon
fusion. JHEP 04, 003 (2009). https://doi.org/10.1088/1126-6708/
2009/04/003. arXiv:0811.3458 [hep-ph]

51. M. Grazzini, H. Sargsyan, Heavy-quark mass effects in Higgs
boson production at the LHC. JHEP 09, 129 (2013). https://doi.
org/10.1007/JHEP09(2013)129. arXiv:1306.4581 [hep-ph]

52. I.W. Stewart, F.J. Tackmann, Theory uncertainties for Higgs mass
and other searches using jet bins. Phys. Rev. D 85, 034011 (2012).
https://doi.org/10.1103/PhysRevD.85.034011. arXiv:1107.2117
[hep-ph]

53. M. Ciccolini, A. Denner, S. Dittmaier, Strong and electroweak
corrections to the production of a Higgs Boson + 2 jets via weak
interactions at the large Hadron collider. Phys. Rev. Lett. 99,
161803 (2007). https://doi.org/10.1103/PhysRevLett.99.161803.
arXiv:0707.0381 [hep-ph]

54. M. Ciccolini, A. Denner, S. Dittmaier, Electroweak and QCD
corrections to Higgs production via vector-boson fusion at the
LHC. Phys. Rev. D 77, 013002 (2008). https://doi.org/10.1103/
PhysRevD.77.013002. arXiv:0710.4749 [hep-ph]

55. P. Bolzoni, F. Maltoni, S.-O. Moch, M. Zaro, Higgs Boson pro-
duction via vector-Boson fusion at next-to-next-to-leading order
in QCD. Phys. Rev. Lett. 105, 011801 (2010). https://doi.org/10.
1103/PhysRevLett.105.011801. arXiv:1003.4451 [hep-ph]

56. O. Brein, A. Djouadi, R. Harlander, NNLO QCD corrections to
the Higgs-strahlung processes at hadron colliders. Phys. Lett. B
579, 149 (2004). https://doi.org/10.1016/j.physletb.2003.10.112.
arXiv:hep-ph/0307206

57. A. Denner, S. Dittmaier, S. Kallweit, A. Mück, Electroweak cor-
rections to Higgs-strahlung off W/Z bosons at the Tevatron and
the LHC with HAWK. JHEP 03, 075 (2012). https://doi.org/10.
1007/JHEP03(2012)075. arXiv:1112.5142 [hep-ph]

58. L. Altenkamp, S. Dittmaier, R.V. Harlander, H. Rzehak,
T.J.E. Zirke, Gluon-induced Higgs-strahlung at next-to-leading
order QCD. JHEP 02, 078 (2013). https://doi.org/10.1007/
JHEP02(2013)078. arXiv:1211.5015 [hep-ph]

59. W. Beenakker et al., NLO QCD corrections to t t̄ H production in
hadron collisions. Nucl. Phys. B 653, 151 (2003). https://doi.org/
10.1016/S0550-3213(03)00044-0. arXiv:hep-ph/0211352

60. S. Dawson, C. Jackson, L. Orr, L. Reina, D. Wackeroth, Associ-
ated Higgs production with top quarks at the large hadron collider:
NLO QCD corrections. Phys. Rev. D 68, 034022 (2003). https://
doi.org/10.1103/PhysRevD.68.034022. arXiv:hep-ph/0305087

61. Y. Zhang, W.-G. Ma, R.-Y. Zhang, C. Chen, L. Guo, QCD NLO
and EW NLO corrections to t t̄ H production with top quark decays
at hadron collider. Phys. Lett. B 738, 1 (2014). https://doi.org/10.
1016/j.physletb.2014.09.022. arXiv:1407.1110 [hep-ph]

62. S. Frixione, V. Hirschi, D. Pagani, H.-S. Shao, M. Zaro, Elec-
troweak and QCD corrections to top-pair hadroproduction in asso-
ciation with heavy bosons. JHEP 06, 184 (2015). https://doi.org/
10.1007/JHEP06(2015)184. arXiv:1504.03446 [hep-ph]

63. S. Dawson, C. Jackson, L. Reina, D. Wackeroth, Exclusive Higgs
boson production with bottom quarks at hadron colliders. Phys.
Rev. D 69, 074027 (2004). https://doi.org/10.1103/PhysRevD.69.
074027. arXiv:hep-ph/0311067

64. S. Dittmaier, M. Krämer, M. Spira, Higgs radiation off bottom
quarks at the Fermilab Tevatron and the CERN LHC. Phys.
Rev. D 70, 074010 (2004). https://doi.org/10.1103/PhysRevD.70.
074010. arXiv:hep-ph/0309204

123

https://doi.org/10.1140/epjc/s10052-020-8227-9
https://doi.org/10.1088/1748-0221/3/08/S08003
https://doi.org/10.1088/1748-0221/3/08/S08003
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1291633
https://cds.cern.ch/record/1451888
https://doi.org/10.1088/1748-0221/13/05/T05008
https://doi.org/10.1088/1748-0221/13/05/T05008
http://arxiv.org/abs/1803.00844
https://doi.org/10.1140/epjc/s10052-017-4852-3
https://doi.org/10.1140/epjc/s10052-017-4852-3
http://arxiv.org/abs/1611.09661
https://doi.org/10.1007/JHEP06(2010)043
https://doi.org/10.1007/JHEP06(2010)043
http://arxiv.org/abs/1002.2581
https://doi.org/10.1088/1126-6708/2007/11/070
https://doi.org/10.1088/1126-6708/2007/11/070
http://arxiv.org/abs/0709.2092
https://doi.org/10.1088/1126-6708/2004/11/040
https://doi.org/10.1088/1126-6708/2004/11/040
http://arxiv.org/abs/hep-ph/0409146
https://doi.org/10.1007/JHEP02(2012)088
https://doi.org/10.1007/JHEP02(2012)088
http://arxiv.org/abs/1111.2854
https://doi.org/10.1016/j.physletb.2004.06.063
https://doi.org/10.1016/j.physletb.2004.06.063
http://arxiv.org/abs/hep-ph/0404071
https://doi.org/10.1007/JHEP05(2015)140
http://arxiv.org/abs/1501.04637
https://doi.org/10.1007/JHEP02(2010)037
http://arxiv.org/abs/0911.5299
https://doi.org/10.1007/JHEP10(2013)083
https://doi.org/10.1007/JHEP10(2013)083
http://arxiv.org/abs/1306.2542
https://doi.org/10.5170/CERN-2011-002
http://arxiv.org/abs/1101.0593
https://doi.org/10.5170/CERN-2012-002
http://arxiv.org/abs/1201.3084
https://doi.org/10.5170/CERN-2013-004
https://doi.org/10.5170/CERN-2013-004
http://arxiv.org/abs/1307.1347
https://doi.org/10.1103/PhysRevLett.114.212001
https://doi.org/10.1103/PhysRevLett.114.212001
http://arxiv.org/abs/1503.06056
https://doi.org/10.1007/JHEP05(2016)058
http://arxiv.org/abs/1602.00695
https://doi.org/10.1016/j.physletb.2008.10.018
https://doi.org/10.1016/j.physletb.2008.10.018
http://arxiv.org/abs/0809.1301
https://doi.org/10.1088/1126-6708/2009/04/003
https://doi.org/10.1088/1126-6708/2009/04/003
http://arxiv.org/abs/0811.3458
https://doi.org/10.1007/JHEP09(2013)129
https://doi.org/10.1007/JHEP09(2013)129
http://arxiv.org/abs/1306.4581
https://doi.org/10.1103/PhysRevD.85.034011
http://arxiv.org/abs/1107.2117
https://doi.org/10.1103/PhysRevLett.99.161803
http://arxiv.org/abs/0707.0381
https://doi.org/10.1103/PhysRevD.77.013002
https://doi.org/10.1103/PhysRevD.77.013002
http://arxiv.org/abs/0710.4749
https://doi.org/10.1103/PhysRevLett.105.011801
https://doi.org/10.1103/PhysRevLett.105.011801
http://arxiv.org/abs/1003.4451
https://doi.org/10.1016/j.physletb.2003.10.112
http://arxiv.org/abs/hep-ph/0307206
https://doi.org/10.1007/JHEP03(2012)075
https://doi.org/10.1007/JHEP03(2012)075
http://arxiv.org/abs/1112.5142
https://doi.org/10.1007/JHEP02(2013)078
https://doi.org/10.1007/JHEP02(2013)078
http://arxiv.org/abs/1211.5015
https://doi.org/10.1016/S0550-3213(03)00044-0
https://doi.org/10.1016/S0550-3213(03)00044-0
http://arxiv.org/abs/hep-ph/0211352
https://doi.org/10.1103/PhysRevD.68.034022
https://doi.org/10.1103/PhysRevD.68.034022
http://arxiv.org/abs/hep-ph/0305087
https://doi.org/10.1016/j.physletb.2014.09.022
https://doi.org/10.1016/j.physletb.2014.09.022
http://arxiv.org/abs/1407.1110
https://doi.org/10.1007/JHEP06(2015)184
https://doi.org/10.1007/JHEP06(2015)184
http://arxiv.org/abs/1504.03446
https://doi.org/10.1103/PhysRevD.69.074027
https://doi.org/10.1103/PhysRevD.69.074027
http://arxiv.org/abs/hep-ph/0311067
https://doi.org/10.1103/PhysRevD.70.074010
https://doi.org/10.1103/PhysRevD.70.074010
http://arxiv.org/abs/hep-ph/0309204


Eur. Phys. J. C           (2020) 80:942 Page 51 of 67   942 

65. R.V. Harlander, W.B. Kilgore, Higgs boson production in bot-
tom quark fusion at next-to-next-to leading order. Phys. Rev.
D 68, 013001 (2003). https://doi.org/10.1103/PhysRevD.68.
013001. arXiv:hep-ph/0304035

66. A. Djouadi, J. Kalinowski, M. Spira, HDECAY: a program for
Higgs boson decays in the standard model and its supersymmetric
extension. Comput. Phys. Commun. 108, 56 (1998). https://doi.
org/10.1016/S0010-4655(97)00123-9. arXiv:hep-ph/9704448

67. A. Djouadi, M.M. Mühlleitner, M. Spira, Decays of super-
symmetric particles: The Program SUSY-HIT (SUspect-SdecaY-
Hdecay-InTerface). Acta Phys. Polon. B 38, 635 (2007).
arXiv:hep-ph/0609292 [hep-ph]

68. A. Bredenstein, A. Denner, S. Dittmaier, M.M. Weber, Precise
predictions for the Higgs-boson decay H → WW/Z Z → 4
leptons. Phys. Rev. D 74, 013004 (2006). https://doi.org/10.1103/
PhysRevD.74.013004. arXiv:0604011 [hep-ph]

69. A. Bredenstein, A. Denner, S. Dittmaier, M.M. Weber, Radiative
corrections to the semileptonic and hadronic Higgs-boson decays
H → WW/Z Z → 4 fermions. JHEP 02, 080 (2007). https://doi.
org/10.1088/1126-6708/2007/02/080. arXiv:0611234 [hep-ph]

70. S. Boselli, C.M. Carloni Calame, G. Montagna, O. Nicrosini, F.
Piccinini, Higgs boson decay into four leptons at NLOPS elec-
troweak accuracy. JHEP 06, 023 (2015). https://doi.org/10.1007/
JHEP06(2015)023. arXiv: 1503.07394 [hep-ph]

71. J. Butterworth et al., PDF4LHC recommendations for LHC
Run II. J. Phys. G 43, 023001 (2016). https://doi.org/10.1088/
0954-3899/43/2/023001. arXiv:1510.03865 [hep-ph]

72. S. Dulat et al., New parton distribution functions from a
global analysis of quantum chromodynamics. Phys. Rev. D 93,
033006 (2016). https://doi.org/10.1103/PhysRevD.93.033006.
arXiv:1506.07443 [hep-ph]

73. L.A. Harland-Lang, A.D. Martin, P. Motylinski, R.S. Thorne,
Parton distributions in the LHC era: MMHT 2014 PDFs.
Eur. Phys. J. C 75, 204 (2015). https://doi.org/10.1140/epjc/
s10052-015-3397-6. arXiv:1412.3989 [hep-ph]

74. R.D. Ball et al., Parton distributions for the LHC Run II.
JHEP 04, 040 (2015). https://doi.org/10.1007/JHEP04(2015)040.
arXiv:1410.8849 [hep-ph]

75. K. Hamilton, P. Nason, C. Oleari, G. Zanderighi, Merging H/W/Z
+ 0 and 1 jet at NLO with no merging scale: a path to parton
shower + NNLO matching. JHEP 05, 082 (2013). https://doi.org/
10.1007/JHEP05(2013)082. arXiv:1212.4504 [hep-ph]

76. K. Hamilton, P. Nason, E. Re, G. Zanderighi, NNLOPS simulation
of Higgs boson production. JHEP 10, 222 (2013). https://doi.org/
10.1007/JHEP10(2013)222. arXiv:1309.0017 [hep-ph]

77. S. Catani, M. Grazzini, Next-to-next-to-leading-order subtrac-
tion formalism in Hadron collisions and its application to higgs-
Boson production at the large hadron collider. Phys. Rev. Lett. 98,
222002 (2007). https://doi.org/10.1103/PhysRevLett.98.222002.
arXiv:hep-ph/0703012

78. M. Grazzini, NNLO predictions for the Higgs boson signal in the
H → WW → lνlν and H → Z Z → 4l decay channels. JHEP
02, 043 (2008). https://doi.org/10.1088/1126-6708/2008/02/043.
arXiv:0801.3232 [hep-ph]

79. M. Wiesemann et al., Higgs production in association with
bottom quarks. JHEP 02, 132 (2015). https://doi.org/10.1007/
JHEP02(2015)132. arXiv:1409.5301 [hep-ph]

80. H.-L. Lai et al., New parton distributions for collider physics.
Phys. Rev. D 82, 074024 (2010). https://doi.org/10.1103/
PhysRevD.82.074024. arXiv:1007.2241 [hep-ph]

81. T. Sjöstrand, S. Mrenna, P.Z. Skands, A brief introduction to
PYTHIA 8.1. Comput. Phys. Commun. 178, 852 (2008). https://
doi.org/10.1016/j.cpc.2008.01.036. arXiv:0710.3820 [hep-ph]

82. ATLAS Collaboration, Measurement of the Z/γ ∗ boson trans-
verse momentum distribution in pp collisions at

√
s = 7 TeV

with the ATLAS detector. JHEP 09,145 (2014). https://doi.org/
10.1007/JHEP09(2014)145. arXiv:1406.3660 [hep-ex]

83. ATLAS Collaboration, ATLAS Run 1 Pythia8 tunes, tech. rep.
ATL-PHYS-PUB-2014-021, CERN (2014). https://cds.cern.ch/
record/1966419

84. D.J. Lange, The EvtGen particle decay simulation package. Nucl.
Instrum. Methods A 462, 152 (2001). https://doi.org/10.1016/
S0168-9002(01)00089-4

85. J. Alwall et al., The automated computation of tree-level and next-
to-leading order differential cross sections, and their matching to
parton shower simulations. JHEP 07, 079 (2014). https://doi.org/
10.1007/JHEP07(2014)079. arXiv:1405.0301 [hep-ph]

86. R. Frederix, S. Frixione, Merging meets matching in MC@NLO.
JHEP 12, 061 (2012). https://doi.org/10.1007/JHEP12(2012)061.
arXiv:1209.6215 [hep-ph]

87. R. Frederix, S. Frixione, E. Vryonidou, M. Wiesemann,
Heavy-quark mass effects in Higgs plus jets production.
JHEP 08, 006 (2016). https://doi.org/10.1007/JHEP08(2016)006.
arXiv:1604.03017 [hep-ph]

88. H. Mantler, M. Wiesemann, Hadronic Higgs production through
NLO + PS in the SM, the 2HDM and the MSSM. Eur. Phys. J. C75,
257 (2015). https://doi.org/10.1140/epjc/s10052-015-3462-1.
arXiv:1504.06625 [hep-ph]

89. H. Mantler, M. Wiesemann, Top- and bottom-mass effects in
hadronic Higgs production at small transverse momenta through
LO+NLL. Eur. Phys. J. C 73, 2467 (2013). https://doi.org/10.
1140/epjc/s10052-013-2467-x. arXiv:1210.8263 [hep-ph]

90. S. Frixione, E. Laenen, P. Motylinski, B.R. Webber, Angular cor-
relations of lepton pairs from vector boson and top quark decays
in Monte Carlo simulations. JHEP 04, 081 (2007). https://doi.org/
10.1088/1126-6708/2007/04/081. arXiv:hep-ph/0702198

91. P. Artoisenet, R. Frederix, O. Mattelaer, R. Rietkerk, Auto-
matic spin-entangled decays of heavy resonances in Monte
Carlo simulations. JHEP 03, 015 (2013). https://doi.org/10.1007/
JHEP03(2013)015. arXiv:1212.3460 [hep-ph]

92. A. Banfi, P.F. Monni, G.P. Salam, G. Zanderighi, Higgs-
and Z-boson production with a jet veto. Phys. Rev. Lett.
109, 202001 (2012). https://doi.org/10.1103/PhysRevLett.109.
202001. arXiv:1206.4998 [hep-ph]

93. A. Banfi et al., Jet-vetoed Higgs cross section in gluon
fusion at N 3LO + NNLL with small-R resummation.
JHEP 04, 049 (2016). https://doi.org/10.1007/JHEP04(2016)049.
arXiv:1511.02886 [hep-ph]

94. P.F. Monni, E. Re, P. Torrielli, Higgs transverse-momentum
resummation in direct space. Phys. Rev. Lett. 116, 242001
(2016). https://doi.org/10.1103/PhysRevLett.116.242001.
arXiv:1604.02191 [hep-ph]

95. W. Bizon, P.F. Monni, E. Re, L. Rottoli, P. Torrielli, Momentum-
space resummation for transverse observables and the Higgs p⊥
at N 3LL + NNLO . JHEP 02, 108 (2018). https://doi.org/10.
1007/JHEP02(2018)108. arXiv:1705.09127 [hep-ph]

96. P.F. Monni, L. Rottoli, P. Torrielli, Higgs transverse momen-
tum with a jet veto: a double-differential resummation (2019).
arXiv:1909.04704 [hep-ph]

97. M. Grazzini, S. Kallweit, M. Wiesemann, Fully differential
NNLO computations with MATRIX. Eur. Phys. J. C 78,
537 (2018). https://doi.org/10.1140/epjc/s10052-018-5771-7.
arXiv:1711.06631 [hep-ph]

98. M. Grazzini, S. Kallweit, D. Rathlev, M. Wiesemann, Transverse-
momentum resummation for vector-boson pair production at
NNLL+NNLO. JHEP 08, 154 (2015). https://doi.org/10.1007/
JHEP08(2015)154. arXiv:1507.02565 [hep-ph]

99. X. Chen, T. Gehrmann, E.W.N. Glover, M. Jaquier, Precise QCD
predictions for the production of Higgs + jet final states. Phys.
Lett. B 740, 147 (2015). https://doi.org/10.1016/j.physletb.2014.
11.021. arXiv:1408.5325 [hep-ph]

123

https://doi.org/10.1103/PhysRevD.68.013001
https://doi.org/10.1103/PhysRevD.68.013001
http://arxiv.org/abs/hep-ph/0304035
https://doi.org/10.1016/S0010-4655(97)00123-9
https://doi.org/10.1016/S0010-4655(97)00123-9
http://arxiv.org/abs/hep-ph/9704448
http://arxiv.org/abs/hep-ph/0609292
https://doi.org/10.1103/PhysRevD.74.013004
https://doi.org/10.1103/PhysRevD.74.013004
http://arxiv.org/abs/0604011
https://doi.org/10.1088/1126-6708/2007/02/080
https://doi.org/10.1088/1126-6708/2007/02/080
http://arxiv.org/abs/0611234
https://doi.org/10.1007/JHEP06(2015)023
https://doi.org/10.1007/JHEP06(2015)023
http://arxiv.org/abs/1503.07394
https://doi.org/10.1088/0954-3899/43/2/023001
https://doi.org/10.1088/0954-3899/43/2/023001
http://arxiv.org/abs/1510.03865
https://doi.org/10.1103/PhysRevD.93.033006
http://arxiv.org/abs/1506.07443
https://doi.org/10.1140/epjc/s10052-015-3397-6
https://doi.org/10.1140/epjc/s10052-015-3397-6
http://arxiv.org/abs/1412.3989
https://doi.org/10.1007/JHEP04(2015)040
http://arxiv.org/abs/1410.8849
https://doi.org/10.1007/JHEP05(2013)082
https://doi.org/10.1007/JHEP05(2013)082
http://arxiv.org/abs/1212.4504
https://doi.org/10.1007/JHEP10(2013)222
https://doi.org/10.1007/JHEP10(2013)222
http://arxiv.org/abs/1309.0017
https://doi.org/10.1103/PhysRevLett.98.222002
http://arxiv.org/abs/hep-ph/0703012
https://doi.org/10.1088/1126-6708/2008/02/043
http://arxiv.org/abs/0801.3232
https://doi.org/10.1007/JHEP02(2015)132
https://doi.org/10.1007/JHEP02(2015)132
http://arxiv.org/abs/1409.5301
https://doi.org/10.1103/PhysRevD.82.074024
https://doi.org/10.1103/PhysRevD.82.074024
http://arxiv.org/abs/1007.2241
https://doi.org/10.1016/j.cpc.2008.01.036
https://doi.org/10.1016/j.cpc.2008.01.036
http://arxiv.org/abs/0710.3820
https://doi.org/10.1007/JHEP09(2014)145
https://doi.org/10.1007/JHEP09(2014)145
http://arxiv.org/abs/1406.3660
https://cds.cern.ch/record/1966419
https://cds.cern.ch/record/1966419
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1016/S0168-9002(01)00089-4
https://doi.org/10.1007/JHEP07(2014)079
https://doi.org/10.1007/JHEP07(2014)079
http://arxiv.org/abs/1405.0301
https://doi.org/10.1007/JHEP12(2012)061
http://arxiv.org/abs/1209.6215
https://doi.org/10.1007/JHEP08(2016)006
http://arxiv.org/abs/1604.03017
https://doi.org/10.1140/epjc/s10052-015-3462-1
http://arxiv.org/abs/1504.06625
https://doi.org/10.1140/epjc/s10052-013-2467-x
https://doi.org/10.1140/epjc/s10052-013-2467-x
http://arxiv.org/abs/1210.8263
https://doi.org/10.1088/1126-6708/2007/04/081
https://doi.org/10.1088/1126-6708/2007/04/081
http://arxiv.org/abs/hep-ph/0702198
https://doi.org/10.1007/JHEP03(2013)015
https://doi.org/10.1007/JHEP03(2013)015
http://arxiv.org/abs/1212.3460
https://doi.org/10.1103/PhysRevLett.109.202001
https://doi.org/10.1103/PhysRevLett.109.202001
http://arxiv.org/abs/1206.4998
https://doi.org/10.1007/JHEP04(2016)049
http://arxiv.org/abs/1511.02886
https://doi.org/10.1103/PhysRevLett.116.242001
http://arxiv.org/abs/1604.02191
https://doi.org/10.1007/JHEP02(2018)108
https://doi.org/10.1007/JHEP02(2018)108
http://arxiv.org/abs/1705.09127
http://arxiv.org/abs/1909.04704
https://doi.org/10.1140/epjc/s10052-018-5771-7
http://arxiv.org/abs/1711.06631
https://doi.org/10.1007/JHEP08(2015)154
https://doi.org/10.1007/JHEP08(2015)154
http://arxiv.org/abs/1507.02565
https://doi.org/10.1016/j.physletb.2014.11.021
https://doi.org/10.1016/j.physletb.2014.11.021
http://arxiv.org/abs/1408.5325


  942 Page 52 of 67 Eur. Phys. J. C           (2020) 80:942 

100. X. Chen, J. Cruz-Martinez, T. Gehrmann, E.W.N. Glover, M.
Jaquier, NNLO QCD corrections to Higgs boson production at
large transverse momentum. JHEP 10, 066 (2016). https://doi.
org/10.1007/JHEP10(2016)066. arXiv:1607.08817 [hep-ph]

101. X. Chen, T. Gehrmann, E.W.N. Glover, A. Huss, Fiducial cross
sections for the four-lepton decay mode in Higgs-plus-jet produc-
tion up to NNLO QCD. JHEP 07, 052 (2019). https://doi.org/10.
1007/JHEP07(2019)052. arXiv:1905.13738 [hep-ph]

102. S. Boselli et al., Higgs decay into four charged leptons in the pres-
ence of dimension-six operators. JHEP 01, 096 (2018). https://doi.
org/10.1007/JHEP01(2018)096. arXiv:1703.06667 [hep-ph]

103. A. Bredenstein, A. Denner, S. Dittmaier, M.M. Weber, Precision
calculations for the Higgs decays H → Z Z/WW → 4 leptons.
Nucl. Phys. Proc. Suppl. 160, 131 (2006). https://doi.org/10.1016/
j.nuclphysbps.2006.09.104. arXiv:0607060 [hep-ph]

104. L. Altenkamp, S. Dittmaier, H. Rzehak, Renormalization schemes
for the two-Higgs-doublet model and applications to h →
WW/Z Z → 4 fermions. JHEP 09, 134 (2017). https://doi.org/
10.1007/JHEP09(2017)134. arXiv:1704.02645 [hep-ph]

105. L. Altenkamp, S. Dittmaier, H. Rzehak, Precision calculations for
h → WW/Z Z → 4 fermions in the Two-Higgs-Doublet Model
with Prophecy4f. JHEP 03, 110 (2018). https://doi.org/10.1007/
JHEP03(2018)110. arXiv:1710.07598 [hep-ph]

106. L. Altenkamp, M. Boggia, S. Dittmaier, Precision calculations for
h → WW/Z Z → 4 fermions in a singlet extension of the Stan-
dard Model with PROPHECY4F. JHEP 04, 062 (2018). https://
doi.org/10.1007/JHEP04(2018)062. arXiv:1801.07291 [hep-ph]

107. A. Denner, S. Dittmaier, J.-N. Lang, Renormalization of mix-
ing angles. JHEP 11, 104 (2018). https://doi.org/10.1007/
JHEP11(2018)104. arXiv:1808.03466 [hep-ph]

108. LHC Higgs Cross SectionWorking Group, Handbook of LHC
Higgs Cross Sections: 4. Deciphering the nature of the Higgs
sector, CERN-2017-002-M (CERN, Geneva, 2016). https://doi.
org/10.23731/CYRM-2017-002. arXiv:1610.07922 [hep-ph]

109. J.S. Gainer et al., Adding pseudo-observables to the four-lepton
experimentalist’s toolbox. JHEP 10, 073 (2018). https://doi.org/
10.1007/JHEP10(2018)073. arXiv:1808.00965 [hep-ph]

110. A. Alloul, N.D. Christensen, C. Degrande, C. Duhr, B. Fuks,
FeynRules 2.0—A complete toolbox for tree-level phenomenol-
ogy, Comput. Phys. Commun. 185, 2250 (2014). arXiv:1310.1921
[hep-ph]. https://doi.org/10.1016/j.cpc.2014.04.012

111. T. Gleisberg et al., Event generation with SHERPA 1.1, JHEP
02, 007 (2009). https://doi.org/10.1088/1126-6708/2009/02/007.
arXiv:0811.4622 [hep-ph]

112. T. Gleisberg, S. Höche, Comix, a new matrix element generator.
JHEP 12, 039 (2008). https://doi.org/10.1088/1126-6708/2008/
12/039. arXiv:0808.3674 [hep-ph]

113. F. Cascioli, P. Maierhofer, S. Pozzorini, Scattering amplitudes
with open loops. Phys. Rev. Lett. 108, 111601 (2012). https://doi.
org/10.1103/PhysRevLett.108.111601. arXiv:1111.5206 [hep-
ph]

114. S. Schumann, F. Krauss, A parton shower algorithm based
on Catani–Seymour dipole factorisation. JHEP 03, 038
(2008). https://doi.org/10.1088/1126-6708/2008/03/038.
arXiv:0709.1027 [hep-ph]

115. S. Höche, F. Krauss, M. Schönherr, F. Siegert, QCD matrix
elements + parton showers. The NLO case. JHEP 04, 027 (2013).
https://doi.org/10.1007/JHEP04(2013)027. arXiv:1207.5030
[hep-ph]

116. B. Biedermann, A. Denner, S. Dittmaier, L. Hofer, B. Jäger,
Electroweak corrections to pp → μ+μ−e+e− + X at the
LHC: A Higgs Boson Background Study. Phys. Rev. Lett.
116, 161803 (2016). https://doi.org/10.1103/PhysRevLett.116.
161803. arXiv:1601.07787 [hep-ph]

117. B. Biedermann, A. Denner, S. Dittmaier, L. Hofer, B. Jäger, Next-
to-leading-order electroweak corrections to the production of four

charged leptons at the LHC. JHEP 01, 033 (2017). https://doi.org/
10.1007/JHEP01(2017)033. arXiv:1611.05338 [hep-ph]

118. F. Caola, K. Melnikov, R. Röntsch, L. Tancredi, QCD cor-
rections to ZZ production in gluon fusion at the LHC. Phys.
Rev. D 92, 094028 (2015). https://doi.org/10.1103/PhysRevD.92.
094028. arXiv:1509.06734 [hep-ph]

119. F. Caola, K. Melnikov, R. Röntsch, L. Tancredi, QCD correc-
tions to W+W− production through gluon fusion. Phys. Lett. B
754, 275 (2016). https://doi.org/10.1016/j.physletb.2016.01.046.
arXiv:1511.08617 [hep-ph]

120. J.M. Campbell, R.K. Ellis, M. Czakon, S. Kirchner, Two loop cor-
rection to interference in gg → Z Z . JHEP 08, 011 (2016). https://
doi.org/10.1007/JHEP08(2016)011. arXiv:1605.01380 [hep-ph]

121. K. Melnikov, M. Dowling, Production of two Z-bosons in gluon
fusion in the heavy top quark approximation. Phys. Lett. B
744, 43 (2015). https://doi.org/10.1016/j.physletb.2015.03.030.
arXiv:1503.01274 [hep-ph]

122. M. Bonvini, F. Caola, S. Forte, K. Melnikov, G. Ridolfi, Signal-
background interference effects for gg → H → W+W− beyond
leading order. Phys. Rev. D 88, 034032 (2013). https://doi.org/10.
1103/PhysRevD.88.034032. arXiv:1304.3053 [hep-ph]

123. C.S. Li, H.T. Li, D.Y. Shao, J. Wang, Soft gluon resummation in
the signal-background interference process of gg(→ h∗) → Z Z .
JHEP 08, 065 (2015). https://doi.org/10.1007/JHEP08(2015)065.
arXiv:1504.02388 [hep-ph]

124. ATLAS Collaboration, Studies on top-quark Monte Carlo mod-
elling for Top2016, ATL-PHYSPUB-2016-020 (2016). https://
cds.cern.ch/record/2216168

125. ATLAS Collaboration, The ATLAS Simulation Infrastructure,
Eur. Phys. J. C 70, 823 (2010). https://doi.org/10.1140/epjc/
s10052-010-1429-9. arXiv:1005.4568 [physics.ins-det]

126. S. Agostinelli et al., GEANT4—a simulation toolkit. Nucl.
Instrum. Methods A 506, 250 (2003). https://doi.org/10.1016/
S0168-9002(03)01368-8

127. R.D. Ball et al., Parton distributions with LHC data. Nucl. Phys.
B 867, 244 (2013). https://doi.org/10.1016/j.nuclphysb.2012.10.
003. arXiv:1207.1303 [hep-ph]

128. ATLAS Collaboration, The Pythia 8 A3 tune description of
ATLAS minimum bias and inelastic measurements incorporating
the Donnachie–Landshoff diffractive model. ATL-PHYS-PUB-
2016- 017 (2016). https://cds.cern.ch/record/2206965

129. ATLAS Collaboration, Jet reconstruction and performance using
particle flow with the ATLAS Detector, Eur. Phys. J. C 77,
466 (2017). https://doi.org/10.1140/epjc/s10052-017-5031-2.
arXiv:1703.10485 [hep-ex]

130. ATLAS Collaboration, Expected performance of the ATLAS b-
tagging algorithms in Run-2. ATL-PHYS-PUB-2015-022 (2015).
https://cds.cern.ch/record/2037697

131. ATLAS Collaboration, Measurements of b-jet tagging efficiency
with the ATLAS detector using t t̄ events at

√
s = 13 TeV.

JHEP 08, 089 (2018). https://doi.org/10.1007/JHEP08(2018)089.
arXiv:1805.01845 [hep-ex]

132. Y. Gao et al., Spin determination of single-produced resonances
at Hadron colliders. Phys. Rev. D 81, 075022 (2010). https://doi.
org/10.1103/PhysRevD.81.075022. arXiv:1001.3396 [hep-ph]

133. M. Pivk, F.R. Le Diberder, SPlot: A statistical tool to unfold data
distributions. Nucl. Instrum. Methods A 555, 356 (2005). https://
doi.org/10.1016/j.nima.2005.08.106. arXiv:physics/0402083

134. I.W. Stewart, F.J. Tackmann, J.R. Walsh, S. Zuberi, Jet pT
resummation in Higgs production at NNLL′ + NNLO . Phys.
Rev. D 89, 054001 (2014). https://doi.org/10.1103/PhysRevD.89.
054001. arXiv:1307.1808 [hep-ph]

135. X. Liu, F. Petriello, Reducing theoretical uncertainties for exclu-
sive Higgs-boson plus one-jet production at the LHC. Phys.
Rev. D 87, 094027 (2013). https://doi.org/10.1103/PhysRevD.87.
094027. arXiv:1303.4405 [hep-ph]

123

https://doi.org/10.1007/JHEP10(2016)066
https://doi.org/10.1007/JHEP10(2016)066
http://arxiv.org/abs/1607.08817
https://doi.org/10.1007/JHEP07(2019)052
https://doi.org/10.1007/JHEP07(2019)052
http://arxiv.org/abs/1905.13738
https://doi.org/10.1007/JHEP01(2018)096
https://doi.org/10.1007/JHEP01(2018)096
http://arxiv.org/abs/1703.06667
https://doi.org/10.1016/j.nuclphysbps.2006.09.104
https://doi.org/10.1016/j.nuclphysbps.2006.09.104
http://arxiv.org/abs/0607060
https://doi.org/10.1007/JHEP09(2017)134
https://doi.org/10.1007/JHEP09(2017)134
http://arxiv.org/abs/1704.02645
https://doi.org/10.1007/JHEP03(2018)110
https://doi.org/10.1007/JHEP03(2018)110
http://arxiv.org/abs/1710.07598
https://doi.org/10.1007/JHEP04(2018)062
https://doi.org/10.1007/JHEP04(2018)062
http://arxiv.org/abs/1801.07291
https://doi.org/10.1007/JHEP11(2018)104
https://doi.org/10.1007/JHEP11(2018)104
http://arxiv.org/abs/1808.03466
https://doi.org/10.23731/CYRM-2017-002
https://doi.org/10.23731/CYRM-2017-002
http://arxiv.org/abs/1610.07922
https://doi.org/10.1007/JHEP10(2018)073
https://doi.org/10.1007/JHEP10(2018)073
http://arxiv.org/abs/1808.00965
http://arxiv.org/abs/1310.1921
https://doi.org/10.1016/j.cpc.2014.04.012
https://doi.org/10.1088/1126-6708/2009/02/007
http://arxiv.org/abs/0811.4622
https://doi.org/10.1088/1126-6708/2008/12/039
https://doi.org/10.1088/1126-6708/2008/12/039
http://arxiv.org/abs/0808.3674
https://doi.org/10.1103/PhysRevLett.108.111601
https://doi.org/10.1103/PhysRevLett.108.111601
http://arxiv.org/abs/1111.5206
https://doi.org/10.1088/1126-6708/2008/03/038
http://arxiv.org/abs/0709.1027
https://doi.org/10.1007/JHEP04(2013)027
http://arxiv.org/abs/1207.5030
https://doi.org/10.1103/PhysRevLett.116.161803
https://doi.org/10.1103/PhysRevLett.116.161803
http://arxiv.org/abs/1601.07787
https://doi.org/10.1007/JHEP01(2017)033
https://doi.org/10.1007/JHEP01(2017)033
http://arxiv.org/abs/1611.05338
https://doi.org/10.1103/PhysRevD.92.094028
https://doi.org/10.1103/PhysRevD.92.094028
http://arxiv.org/abs/1509.06734
https://doi.org/10.1016/j.physletb.2016.01.046
http://arxiv.org/abs/1511.08617
https://doi.org/10.1007/JHEP08(2016)011
https://doi.org/10.1007/JHEP08(2016)011
http://arxiv.org/abs/1605.01380
https://doi.org/10.1016/j.physletb.2015.03.030
http://arxiv.org/abs/1503.01274
https://doi.org/10.1103/PhysRevD.88.034032
https://doi.org/10.1103/PhysRevD.88.034032
http://arxiv.org/abs/1304.3053
https://doi.org/10.1007/JHEP08(2015)065
http://arxiv.org/abs/1504.02388
https://cds.cern.ch/record/2216168
https://cds.cern.ch/record/2216168
https://doi.org/10.1140/epjc/s10052-010-1429-9
https://doi.org/10.1140/epjc/s10052-010-1429-9
http://arxiv.org/abs/1005.4568
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/S0168-9002(03)01368-8
https://doi.org/10.1016/j.nuclphysb.2012.10.003
https://doi.org/10.1016/j.nuclphysb.2012.10.003
http://arxiv.org/abs/1207.1303
https://cds.cern.ch/record/2206965
https://doi.org/10.1140/epjc/s10052-017-5031-2
http://arxiv.org/abs/1703.10485
https://cds.cern.ch/record/2037697
https://doi.org/10.1007/JHEP08(2018)089
http://arxiv.org/abs/1805.01845
https://doi.org/10.1103/PhysRevD.81.075022
https://doi.org/10.1103/PhysRevD.81.075022
http://arxiv.org/abs/1001.3396
https://doi.org/10.1016/j.nima.2005.08.106
https://doi.org/10.1016/j.nima.2005.08.106
http://arxiv.org/abs/physics/0402083
https://doi.org/10.1103/PhysRevD.89.054001
https://doi.org/10.1103/PhysRevD.89.054001
http://arxiv.org/abs/1307.1808
https://doi.org/10.1103/PhysRevD.87.094027
https://doi.org/10.1103/PhysRevD.87.094027
http://arxiv.org/abs/1303.4405


Eur. Phys. J. C           (2020) 80:942 Page 53 of 67   942 

136. R. Boughezal, X. Liu, F. Petriello, F.J. Tackmann, J.R. Walsh,
Combining resummed Higgs predictions across jet bins. Phys.
Rev. D 89, 074044 (2014). https://doi.org/10.1103/PhysRevD.89.
074044. arXiv:1312.4535 [hep-ph]

137. S. Gangal, F.J. Tackmann, Next-to-leading-order uncertainties in
Higgs+2 jets from gluon fusion. Phys. Rev. D 87, 093008 (2013).
https://doi.org/10.1103/PhysRevD.87.093008. arXiv:1302.5437
[hep-ph]

138. J. Bendavid et al., Les Houches 2017: Physics at TeV colliders
standard model working group report (2018). arXiv:1803.07977
[hep-ph]

139. G. Cowan, K. Cranmer, E. Gross, O. Vitells, Asymptotic formu-
lae for likelihood-based tests of new physics. Eur. Phys. J. C 71,
1554 (2011). https://doi.org/10.1140/epjc/s10052-011-1554-0.
arXiv:1007.1727 [hep-ex] [Erratum: Eur. Phys. J. C 73 (2013)
2501]

140. D. de Florian, G. Ferrera, M. Grazzini, D. Tommasini, Higgs
boson production at the LHC: transverse momentum resum-
mation effects in the H → γ γ, H → WW → �ν�ν and
H → Z Z → 4� decay modes. JHEP 06, 132 (2012). https://
doi.org/10.1007/JHEP06(2012)132. arXiv:1203.6321 [hep-ph]

141. A.L. Read, Presentation of the search results: the CLs technique.
J. Phys. G 28, 2693 (2002). https://doi.org/10.1088/0954-3899/
28/10/313

142. M. González-Alonso, A. Greljo, G. Isidori, D. Marzocca,
Pseudo-observables in Higgs decays. Eur. Phys. J. C 75,

128 (2015). https://doi.org/10.1140/epjc/s10052-015-3345-5.
arXiv:1412.6038 [hep-ph]

143. F. Bishara, U. Haisch, P.F. Monni, E. Re, Constraining light-
quark Yukawa couplings from Higgs distributions. Phys. Rev.
Lett. 118, 121801 (2017). https://doi.org/10.1103/PhysRevLett.
118.121801. arXiv:1606.09253 [hep-ph]

144. CMS Collaboration, A search for the standard model Higgs boson
decaying to charm quarks (2019). arXiv:1912.01662 [hep-ex]

145. ATLAS Collaboration, Search for the Decay of the Higgs Boson
to Charm Quarks with the ATLAS Experiment. Phys. Rev. Lett.
120, 211802 (2018). https://doi.org/10.1103/PhysRevLett.120.
211802. arXiv:1802.04329 [hep-ex]

146. ATLAS Collaboration, Combined measurements of Higgs boson
production and decay using up to 80 f b−1 of proton-proton colli-
sion data at

√
s = 13 TeV collected with the ATLAS experiment

(2019). arXiv:1909.02845 [hep-ex]
147. A. Tikhonov, Solution of incorrectly formulated problems and the

regularization method. Soviet Math. Dokl. 5, 1035/1038 (1963)
148. A. Höcker, V. Kartvelishvili, SVD approach to data unfolding.

Nucl. Instrum. Methods Ar53 372, 469 (1996). https://doi.org/
10.1016/0168-9002(95)01478-0. arXiv: 9509307 [hep-ph]

149. ATLAS Collaboration, ATLAS Computing Acknowledgements.
ATL-GEN-PUB-2016-002 (2016). https://cds.cern.ch/record/
2202407

ATLAS Collaboration

G. Aad102 , B. Abbott128 , D. C. Abbott103, A. Abed Abud36 , K. Abeling53 , D. K. Abhayasinghe94 ,
S. H. Abidi166 , O. S. AbouZeid40 , N. L. Abraham155, H. Abramowicz160 , H. Abreu159 , Y. Abulaiti6 ,
B. S. Acharya67a,67b,n , B. Achkar53 , L. Adam100 , C. Adam Bourdarios5 , L. Adamczyk84a , L. Adamek166 ,
J. Adelman121 , M. Adersberger114, A. Adiguzel12c , S. Adorni54 , T. Adye143 , A. A. Affolder145 , Y. Afik159 ,
C. Agapopoulou65 , M. N. Agaras38 , A. Aggarwal119 , C. Agheorghiesei27c , J. A. Aguilar-Saavedra139a,ad,139f ,
A. Ahmad36, F. Ahmadov80 , W. S. Ahmed104 , X. Ai18 , G. Aielli74a,74b , S. Akatsuka86 , T. P. A. Åkesson97 ,
E. Akilli54 , A. V. Akimov111, K. Al Khoury65 , G. L. Alberghi23a,23b , J. Albert175 , M. J. Alconada Verzini160 ,
S. Alderweireldt36 , M. Aleksa36 , I. N. Aleksandrov80 , C. Alexa27b , T. Alexopoulos10, A. Alfonsi120 ,
F. Alfonsi23a,23b , M. Alhroob128 , B. Ali141 , S. Ali157 , M. Aliev165 , G. Alimonti69a , C. Allaire36 ,
B. M. M. Allbrooke155 , B. W. Allen131 , P. P. Allport21 , A. Aloisio70a,70b , F. Alonso89 , C. Alpigiani147 ,
E. Alunno Camelia74a,74b, M. Alvarez Estevez99 , M. G. Alviggi70a,70b , Y. Amaral Coutinho81b , A. Ambler104,
L. Ambroz134 , C. Amelung26, D. Amidei106 , S. P. Amor Dos Santos139a , S. Amoroso46 , C. S. Amrouche54,
F. An79 , C. Anastopoulos148 , N. Andari144 , T. Andeen11 , J. K. Anders20 , S. Y. Andrean45a,45b ,
A. Andreazza69a,69b , V. Andrei61a, C. R. Anelli175, S. Angelidakis9 , A. Angerami39 , A. V. Anisenkov122a,122b ,
A. Annovi72a , C. Antel54 , M. T. Anthony148 , E. Antipov129 , M. Antonelli51 , D. J. A. Antrim170 ,
F. Anulli73a , M. Aoki82 , J. A. Aparisi Pozo173, M. A. Aparo155, L. Aperio Bella46 , N. Aranzabal Barrio36 ,
V. Araujo Ferraz81a , R. Araujo Pereira81b, C. Arcangeletti51 , A. T. H. Arce49 , F. A. Arduh89, J-F. Arguin110 ,
S. Argyropoulos52 , J.-H. Arling46 , A. J. Armbruster36 , A. Armstrong170 , O. Arnaez166 , H. Arnold120 ,
Z. P. Arrubarrena Tame114, G. Artoni134 , K. Asai126, S. Asai162 , T. Asawatavonvanich164, N. Asbah59 ,
E. M. Asimakopoulou171 , L. Asquith155 , J. Assahsah35d , K. Assamagan29, R. Astalos28a , R. J. Atkin33a ,
M. Atkinson172, N. B. Atlay19 , H. Atmani65, K. Augsten141 , V. A. Austrup181 , G. Avolio36 , M. K. Ayoub15a ,
G. Azuelos110,al , H. Bachacou144 , K. Bachas161 , M. Backes134 , F. Backman45a,45b, P. Bagnaia73a,73b ,
M. Bahmani85 , H. Bahrasemani151, A. J. Bailey173 , V. R. Bailey172 , J. T. Baines143 , C. Bakalis10, O. K. Baker182 ,
P. J. Bakker120 , E. Bakos16 , D. Bakshi Gupta8 , S. Balaji156 , E. M. Baldin122a,122b , P. Balek179 , F. Balli144 ,
W. K. Balunas134 , J. Balz100 , E. Banas85 , M. Bandieramonte138 , A. Bandyopadhyay24 , Sw. Banerjee180,i ,
L. Barak160 , W. M. Barbe38 , E. L. Barberio105 , D. Barberis55a,55b , M. Barbero102 , G. Barbour95,
T. Barillari115 , M-S. Barisits36 , J. Barkeloo131 , T. Barklow152 , R. Barnea159, B. M. Barnett143 , R. M. Barnett18 ,
Z. Barnovska-Blenessy60a , A. Baroncelli60a , G. Barone29 , A. J. Barr134 , L. Barranco Navarro45a,45b ,

123

https://doi.org/10.1103/PhysRevD.89.074044
https://doi.org/10.1103/PhysRevD.89.074044
http://arxiv.org/abs/1312.4535
https://doi.org/10.1103/PhysRevD.87.093008
http://arxiv.org/abs/1302.5437
http://arxiv.org/abs/1803.07977
https://doi.org/10.1140/epjc/s10052-011-1554-0
http://arxiv.org/abs/1007.1727
https://doi.org/10.1007/JHEP06(2012)132
https://doi.org/10.1007/JHEP06(2012)132
http://arxiv.org/abs/1203.6321
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.1140/epjc/s10052-015-3345-5
http://arxiv.org/abs/1412.6038
https://doi.org/10.1103/PhysRevLett.118.121801
https://doi.org/10.1103/PhysRevLett.118.121801
http://arxiv.org/abs/1606.09253
http://arxiv.org/abs/1912.01662
https://doi.org/10.1103/PhysRevLett.120.211802
https://doi.org/10.1103/PhysRevLett.120.211802
http://arxiv.org/abs/1802.04329
http://arxiv.org/abs/1909.02845
https://doi.org/10.1016/0168-9002(95)01478-0
https://doi.org/10.1016/0168-9002(95)01478-0
http://arxiv.org/abs/9509307
https://cds.cern.ch/record/2202407
https://cds.cern.ch/record/2202407
http://orcid.org/0000-0002-6665-4934
http://orcid.org/0000-0002-5888-2734
http://orcid.org/0000-0002-2788-3822
http://orcid.org/0000-0002-1002-1652
http://orcid.org/0000-0002-2987-4006
http://orcid.org/0000-0002-8496-9294
http://orcid.org/0000-0002-8279-9324
http://orcid.org/0000-0001-5329-6640
http://orcid.org/0000-0002-1599-2896
http://orcid.org/0000-0003-0403-3697
http://orcid.org/0000-0002-8588-9157
http://orcid.org/0000-0002-0288-2567
http://orcid.org/0000-0001-6005-2812
http://orcid.org/0000-0002-2634-4958
http://orcid.org/0000-0002-5859-2075
http://orcid.org/0000-0003-1562-3502
http://orcid.org/0000-0002-1041-3496
http://orcid.org/0000-0001-6644-0517
http://orcid.org/0000-0003-3620-1149
http://orcid.org/0000-0003-0627-5059
http://orcid.org/0000-0002-9058-7217
http://orcid.org/0000-0001-8102-356X
http://orcid.org/0000-0002-2368-0147
http://orcid.org/0000-0002-4355-5589
http://orcid.org/0000-0002-1922-2039
http://orcid.org/0000-0003-3695-1847
http://orcid.org/0000-0002-5475-8920
http://orcid.org/0000-0003-3644-540X
http://orcid.org/0000-0003-0128-3279
http://orcid.org/0000-0003-3856-2415
http://orcid.org/0000-0002-0573-8114
http://orcid.org/0000-0002-1681-6405
http://orcid.org/0000-0003-4141-5408
http://orcid.org/0000-0003-1309-5937
http://orcid.org/0000-0002-0547-8199
http://orcid.org/0000-0003-2388-987X
http://orcid.org/0000-0003-0253-2505
http://orcid.org/0000-0003-2212-7830
http://orcid.org/0000-0002-8224-7036
http://orcid.org/0000-0002-1936-9217
http://orcid.org/0000-0001-7381-6762
http://orcid.org/0000-0003-0922-7669
http://orcid.org/0000-0001-7406-4531
http://orcid.org/0000-0002-0966-0211
http://orcid.org/0000-0001-7569-7111
http://orcid.org/0000-0001-8653-5556
http://orcid.org/0000-0001-5216-3133
http://orcid.org/0000-0002-9012-3746
http://orcid.org/0000-0002-7128-9046
http://orcid.org/0000-0003-4745-538X
http://orcid.org/0000-0002-5738-2471
http://orcid.org/0000-0002-1783-2685
http://orcid.org/0000-0001-7303-2570
http://orcid.org/0000-0002-3883-6693
http://orcid.org/0000-0001-9431-8156
http://orcid.org/0000-0002-7641-5814
http://orcid.org/0000-0002-8181-6532
http://orcid.org/0000-0003-0026-982X
http://orcid.org/0000-0002-1798-7230
http://orcid.org/0000-0002-0987-6637
http://orcid.org/0000-0002-6814-0355
http://orcid.org/0000-0001-7566-6067
http://orcid.org/0000-0001-5450-0447
http://orcid.org/0000-0002-3675-5670
http://orcid.org/0000-0003-1587-5830
http://orcid.org/0000-0002-4935-4753
http://orcid.org/0000-0002-4413-871X
http://orcid.org/0000-0002-1846-0262
http://orcid.org/0000-0002-9766-2670
http://orcid.org/0000-0001-5161-5759
http://orcid.org/0000-0002-8274-6118
http://orcid.org/0000-0001-7834-8750
http://orcid.org/0000-0002-7201-5936
http://orcid.org/0000-0002-4649-4398
http://orcid.org/0000-0001-9683-0890
http://orcid.org/0000-0002-5270-0143
http://orcid.org/0000-0002-6678-7665
http://orcid.org/0000-0002-2293-5726
http://orcid.org/0000-0001-8084-7786
http://orcid.org/0000-0003-2734-130X
http://orcid.org/0000-0001-7498-0097
http://orcid.org/0000-0003-3942-1702
http://orcid.org/0000-0001-9013-2274
http://orcid.org/0000-0003-1177-7563
http://orcid.org/0000-0001-8648-2896
http://orcid.org/0000-0002-7255-0832
http://orcid.org/0000-0003-0229-3858
http://orcid.org/0000-0001-7748-1429
http://orcid.org/0000-0002-1577-5090
http://orcid.org/0000-0002-9007-530X
http://orcid.org/0000-0001-8505-4232
http://orcid.org/0000-0002-6096-0893
http://orcid.org/0000-0003-3578-2228
http://orcid.org/0000-0002-3477-4499
http://orcid.org/0000-0001-5279-2298
http://orcid.org/0000-0001-8381-2255
http://orcid.org/0000-0003-2127-373X
http://orcid.org/0000-0001-8035-7162
http://orcid.org/0000-0002-3207-9783
http://orcid.org/0000-0001-5095-605X
http://orcid.org/0000-0002-1972-1006
http://orcid.org/0000-0003-1094-4825
http://orcid.org/0000-0001-8324-0576
http://orcid.org/0000-0001-6918-9065
http://orcid.org/0000-0003-2664-3437
http://orcid.org/0000-0001-5265-2674
http://orcid.org/0000-0003-4241-022X
http://orcid.org/0000-0002-2256-4515
http://orcid.org/0000-0002-9047-6517
http://orcid.org/0000-0003-2409-9829
http://orcid.org/0000-0003-4578-2651
http://orcid.org/0000-0003-4173-0926
http://orcid.org/0000-0002-3301-2986
http://orcid.org/0000-0001-8291-5711
http://orcid.org/0000-0003-0770-2702
http://orcid.org/0000-0003-1346-5774
http://orcid.org/0000-0002-3479-1125
http://orcid.org/0000-0002-1110-4433
http://orcid.org/0000-0002-6580-008X
http://orcid.org/0000-0002-5364-2109
http://orcid.org/0000-0002-9854-975X
http://orcid.org/0000-0002-0942-1966
http://orcid.org/0000-0003-0844-4207
http://orcid.org/0000-0002-7048-4915
http://orcid.org/0000-0003-2866-9446
http://orcid.org/0000-0001-5325-6040
http://orcid.org/0000-0003-2014-9489
http://orcid.org/0000-0002-5256-839X
http://orcid.org/0000-0001-8852-2409
http://orcid.org/0000-0002-3436-2726
http://orcid.org/0000-0003-1969-7226
http://orcid.org/0000-0002-3111-0910
http://orcid.org/0000-0002-3938-4553
http://orcid.org/0000-0002-7824-3358
http://orcid.org/0000-0001-7326-0565
http://orcid.org/0000-0003-0253-106X
http://orcid.org/0000-0002-5132-4887
http://orcid.org/0000-0002-7709-037X
http://orcid.org/0000-0002-5361-2823
http://orcid.org/0000-0002-7210-9887
http://orcid.org/0000-0002-5107-3395
http://orcid.org/0000-0001-7090-7474
http://orcid.org/0000-0001-5163-5936
http://orcid.org/0000-0002-3533-3740
http://orcid.org/0000-0002-3380-8167


  942 Page 54 of 67 Eur. Phys. J. C           (2020) 80:942 

F. Barreiro99 , J. Barreiro Guimarães da Costa15a , U. Barron160 , S. Barsov137 , F. Bartels61a , R. Bartoldus152 ,
G. Bartolini102 , A. E. Barton90 , P. Bartos28a , A. Basalaev46 , A. Basan100 , A. Bassalat65,ai , M. J. Basso166 ,
R. L. Bates57 , S. Batlamous35e, J. R. Batley32 , B. Batool150 , M. Battaglia145, M. Bauce73a,73b , F. Bauer144 ,
K. T. Bauer170, H. S. Bawa31, A. Bayirli12c , J. B. Beacham49 , T. Beau135 , P. H. Beauchemin169 ,
F. Becherer52 , P. Bechtle24 , H. C. Beck53, H. P. Beck20,p , K. Becker177 , C. Becot46 , A. Beddall12d,
A. J. Beddall12a , V. A. Bednyakov80 , M. Bedognetti120 , C. P. Bee154 , T. A. Beermann181, M. Begalli81b ,
M. Begel29 , A. Behera154 , J. K. Behr46 , F. Beisiegel24 , M. Belfkir5 , A. S. Bell95 , G. Bella160 ,
L. Bellagamba23b , A. Bellerive34 , P. Bellos9 , K. Beloborodov122b,122a, K. Belotskiy112 , N. L. Belyaev112 ,
D. Benchekroun35a , N. Benekos10 , Y. Benhammou160 , D. P. Benjamin6 , M. Benoit54 , J. R. Bensinger26 ,
S. Bentvelsen120 , L. Beresford134 , M. Beretta51 , D. Berge19 , E. Bergeaas Kuutmann171 , N. Berger5 ,
B. Bergmann141 , L. J. Bergsten26 , J. Beringer18 , S. Berlendis7 , G. Bernardi135 , C. Bernius152 ,
F. U. Bernlochner24 , T. Berry94 , P. Berta100 , C. Bertella15a , A. Berthold48 , I. A. Bertram90 ,
O. Bessidskaia Bylund181 , N. Besson144 , A. Bethani101 , S. Bethke115 , A. Betti42 , A. J. Bevan93 ,
J. Beyer115 , D. S. Bhattacharya176 , P. Bhattarai26, V. S. Bhopatkar6 , R. Bi138, R. M. Bianchi138 , O. Biebel114 ,
D. Biedermann19 , R. Bielski36 , K. Bierwagen100 , N. V. Biesuz72a,72b , M. Biglietti75a , T. R. V. Billoud110 ,
M. Bindi53 , A. Bingul12d , C. Bini73a,73b , S. Biondi23a,23b , C. J. Birch-sykes101, M. Birman179 ,
T. Bisanz53, J. P. Biswal3 , D. Biswas180,i , A. Bitadze101 , C. Bittrich48 , K. Bjørke133 , T. Blazek28a ,
I. Bloch46 , C. Blocker26 , A. Blue57 , U. Blumenschein93 , G. J. Bobbink120 , V. S. Bobrovnikov122a,122b ,
S. S. Bocchetta97, D. Boerner46 , D. Bogavac14 , A. G. Bogdanchikov122a,122b , C. Bohm45a, V. Boisvert94 ,
P. Bokan53,171 , T. Bold84a , A. E. Bolz61b , M. Bomben135 , M. Bona93 , J. S. Bonilla131 , M. Boonekamp144,
C. D. Booth94, H. M. Borecka-Bielska91 , L. S. Borgna95, A. Borisov123, G. Borissov90 , J. Bortfeldt36 ,
D. Bortoletto134 , D. Boscherini23b , M. Bosman14 , J. D. Bossio Sola104 , K. Bouaouda35a , J. Boudreau138 ,
E. V. Bouhova-Thacker90 , D. Boumediene38 , S. K. Boutle57 , A. Boveia127 , J. Boyd36 , D. Boye33c ,
I. R. Boyko80 , A. J. Bozson94 , J. Bracinik21 , N. Brahimi60d , G. Brandt181, O. Brandt32 , F. Braren46,
B. Brau103 , J. E. Brau131 , W. D. Breaden Madden57, K. Brendlinger46 , L. Brenner36 , R. Brenner171 ,
S. Bressler179 , B. Brickwedde100 , D. L. Briglin21 , D. Britton57 , D. Britzger115 , I. Brock24 , R. Brock107 ,
G. Brooijmans39 , W. K. Brooks146d , E. Brost29 , P. A. Bruckman de Renstrom85 , B. Brüers46 , D. Bruncko28b ,
A. Bruni23b , G. Bruni23b , L. S. Bruni120 , S. Bruno74a,74b , M. Bruschi23b , N. Bruscino73a,73b ,
L. Bryngemark152 , T. Buanes17 , Q. Buat36 , P. Buchholz150 , A. G. Buckley57 , I. A. Budagov80 ,
M. K. Bugge133 , F. Bührer52 , O. Bulekov112 , B. A. Bullard59 , T. J. Burch121 , S. Burdin91 , C. D. Burgard120 ,
A. M. Burger129 , B. Burghgrave8 , J. T. P. Burr46 , C. D. Burton11 , J. C. Burzynski103, V. Büscher100 ,
E. Buschmann53, P. J. Bussey57 , J. M. Butler25 , C. M. Buttar57 , J. M. Butterworth95 , P. Butti36, W. Buttinger36 ,
C. J. Buxo Vazquez107, A. Buzatu157 , A. R. Buzykaev122a,122b , G. Cabras23a,23b , S. Cabrera Urbán173 ,
D. Caforio56 , H. Cai138 , V. M. M. Cairo152 , O. Cakir4a , N. Calace36 , P. Calafiura18 , G. Calderini135 ,
P. Calfayan66 , G. Callea57 , L. P. Caloba81b, A. Caltabiano74a,74b, S. Calvente Lopez99 , D. Calvet38 ,
S. Calvet38 , T. P. Calvet102 , M. Calvetti72a,72b , R. Camacho Toro135 , S. Camarda36 , D. Camarero Munoz99 ,
P. Camarri74a,74b , M. T. Camerlingo75a,75b , D. Cameron133 , C. Camincher36 , S. Campana36, M. Campanelli95 ,
A. Camplani40 , V. Canale70a,70b , A. Canesse104 , M. Cano Bret78 , J. Cantero129 , T. Cao160 , Y. Cao172 ,
M. D. M. Capeans Garrido36 , M. Capua41b,41a , R. Cardarelli74a , F. Cardillo148 , G. Carducci41a,41b ,
I. Carli142 , T. Carli36 , G. Carlino70a , B. T. Carlson138 , E. M. Carlson167a,175 , L. Carminati69a,69b ,
R. M. D. Carney152 , S. Caron119 , E. Carquin146d , S. Carrá46 , G. Carratta23a,23b , J. W. S. Carter166 ,
T. M. Carter50 , M. P. Casado14,f , A. F. Casha166, F. L. Castillo173 , L. Castillo Garcia14 , V. Castillo Gimenez173 ,
N. F. Castro139a,139e , A. Catinaccio36 , J. R. Catmore133, A. Cattai36, V. Cavaliere29 , V. Cavasinni72a,72b ,
E. Celebi12b, F. Celli134, K. Cerny130 , A. S. Cerqueira81a , A. Cerri155 , L. Cerrito74a,74b , F. Cerutti18 ,
A. Cervelli23a,23b , S. A. Cetin12b , Z. Chadi35a, D. Chakraborty121 , J. Chan180 , W. S. Chan120 , W. Y. Chan91 ,
J. D. Chapman32 , B. Chargeishvili158b , D. G. Charlton21 , T. P. Charman93 , C. C. Chau34 , S. Che127 ,
S. Chekanov6 , S. V. Chekulaev167a , G. A. Chelkov80,ag , B. Chen79 , C. Chen60a, C. H. Chen79 , H. Chen29 ,
J. Chen60a , J. Chen39 , J. Chen26, S. Chen136 , S. J. Chen15c , X. Chen15b, Y. Chen60a , Y-H. Chen46 ,
H. C. Cheng63a , H. J. Cheng15a , A. Cheplakov80 , E. Cheremushkina123, R. Cherkaoui El Moursli35e , E. Cheu7 ,
K. Cheung64 , T. J. A. Chevalérias144 , L. Chevalier144 , V. Chiarella51 , G. Chiarelli72a , G. Chiodini68a ,
A. S. Chisholm21 , A. Chitan27b , I. Chiu162 , Y. H. Chiu175 , M. V. Chizhov80 , K. Choi11 , A. R. Chomont73a,73b,
Y. S. Chow120, L. D. Christopher33e , M. C. Chu63a , X. Chu15a,15d , J. Chudoba140 , J. J. Chwastowski85 ,
L. Chytka130, D. Cieri115 , K. M. Ciesla85 , D. Cinca47 , V. Cindro92 , I. A. Cioară27b , A. Ciocio18 ,

123

http://orcid.org/0000-0002-3021-0258
http://orcid.org/0000-0003-2387-0386
http://orcid.org/0000-0002-3455-7208
http://orcid.org/0000-0003-2872-7116
http://orcid.org/0000-0002-3407-0918
http://orcid.org/0000-0001-5317-9794
http://orcid.org/0000-0002-9313-7019
http://orcid.org/0000-0001-9696-9497
http://orcid.org/0000-0003-1419-3213
http://orcid.org/0000-0001-5623-2853
http://orcid.org/0000-0001-8021-8525
http://orcid.org/0000-0002-0129-1423
http://orcid.org/0000-0001-9278-3863
http://orcid.org/0000-0002-6923-5372
http://orcid.org/0000-0001-7658-7766
http://orcid.org/0000-0001-6544-9376
http://orcid.org/0000-0002-9148-4658
http://orcid.org/0000-0003-2258-2892
http://orcid.org/0000-0003-3542-7242
http://orcid.org/0000-0003-3623-3335
http://orcid.org/0000-0002-2022-2140
http://orcid.org/0000-0003-4889-8748
http://orcid.org/0000-0003-0562-4616
http://orcid.org/0000-0003-3479-2221
http://orcid.org/0000-0001-7212-1096
http://orcid.org/0000-0002-6691-6498
http://orcid.org/0000-0003-0473-512X
http://orcid.org/0000-0002-8451-9672
http://orcid.org/0000-0003-4864-8909
http://orcid.org/0000-0003-1345-2770
http://orcid.org/0000-0001-6294-6561
http://orcid.org/0000-0003-4868-6059
http://orcid.org/0000-0002-1634-4399
http://orcid.org/0000-0002-7739-295X
http://orcid.org/0000-0002-5501-4640
http://orcid.org/0000-0002-7659-8948
http://orcid.org/0000-0001-9974-1527
http://orcid.org/0000-0003-0714-9118
http://orcid.org/0000-0002-4009-0990
http://orcid.org/0000-0001-7098-9393
http://orcid.org/0000-0001-6775-0111
http://orcid.org/0000-0003-2049-9622
http://orcid.org/0000-0003-4617-8819
http://orcid.org/0000-0002-1131-7121
http://orcid.org/0000-0001-5196-8327
http://orcid.org/0000-0001-7831-8762
http://orcid.org/0000-0002-0392-1783
http://orcid.org/0000-0001-9338-4581
http://orcid.org/0000-0002-8623-1699
http://orcid.org/0000-0002-6117-4536
http://orcid.org/0000-0003-3280-0953
http://orcid.org/0000-0002-3080-1824
http://orcid.org/0000-0002-7026-8171
http://orcid.org/0000-0002-2918-1824
http://orcid.org/0000-0002-1253-8583
http://orcid.org/0000-0002-7963-9725
http://orcid.org/0000-0002-8076-5614
http://orcid.org/0000-0002-0398-2228
http://orcid.org/0000-0002-9975-1781
http://orcid.org/0000-0003-1911-772X
http://orcid.org/0000-0002-2837-2442
http://orcid.org/0000-0003-3433-1687
http://orcid.org/0000-0001-8153-2719
http://orcid.org/0000-0002-9569-8231
http://orcid.org/0000-0003-0780-0345
http://orcid.org/0000-0002-3160-147X
http://orcid.org/0000-0002-3824-409X
http://orcid.org/0000-0003-4073-4941
http://orcid.org/0000-0003-2011-3005
http://orcid.org/0000-0001-9248-6252
http://orcid.org/0000-0002-8150-7043
http://orcid.org/0000-0003-0073-3821
http://orcid.org/0000-0003-0839-9311
http://orcid.org/0000-0002-4105-9629
http://orcid.org/0000-0002-2942-1330
http://orcid.org/0000-0003-3837-4166
http://orcid.org/0000-0003-3024-587X
http://orcid.org/0000-0001-7345-7798
http://orcid.org/0000-0002-8663-6856
http://orcid.org/0000-0003-4368-2630
http://orcid.org/0000-0002-2079-5344
http://orcid.org/0000-0002-0799-2626
http://orcid.org/0000-0003-3004-0946
http://orcid.org/0000-0001-5442-1351
http://orcid.org/0000-0002-6280-3306
http://orcid.org/0000-0001-6172-545X
http://orcid.org/0000-0002-2455-8039
http://orcid.org/0000-0001-6674-7869
http://orcid.org/0000-0002-1492-6715
http://orcid.org/0000-0002-3835-0968
http://orcid.org/0000-0001-8361-2309
http://orcid.org/0000-0002-7543-3471
http://orcid.org/0000-0001-7979-1092
http://orcid.org/0000-0003-3628-5995
http://orcid.org/0000-0003-3485-0321
http://orcid.org/0000-0002-2645-0283
http://orcid.org/0000-0002-6696-5169
http://orcid.org/0000-0001-6898-5633
http://orcid.org/0000-0002-7716-5626
http://orcid.org/0000-0002-6134-0303
http://orcid.org/0000-0001-8462-351X
http://orcid.org/0000-0002-2003-0261
http://orcid.org/0000-0003-4087-1575
http://orcid.org/0000-0003-2138-9062
http://orcid.org/0000-0002-8635-9342
http://orcid.org/0000-0002-7736-0173
http://orcid.org/0000-0002-2668-889X
http://orcid.org/0000-0002-2432-411X
http://orcid.org/0000-0002-4033-9223
http://orcid.org/0000-0002-9807-861X
http://orcid.org/0000-0002-9660-580X
http://orcid.org/0000-0002-6982-6121
http://orcid.org/0000-0002-5702-739X
http://orcid.org/0000-0002-4226-9521
http://orcid.org/0000-0002-0777-985X
http://orcid.org/0000-0002-1287-4712
http://orcid.org/0000-0001-9207-6413
http://orcid.org/0000-0002-7290-643X
http://orcid.org/0000-0002-7134-8077
http://orcid.org/0000-0002-7723-5030
http://orcid.org/0000-0002-9314-5860
http://orcid.org/0000-0002-5103-1558
http://orcid.org/0000-0002-7809-3118
http://orcid.org/0000-0002-8732-2963
http://orcid.org/0000-0002-6647-6699
http://orcid.org/0000-0001-7360-0726
http://orcid.org/0000-0002-2704-835X
http://orcid.org/0000-0002-3355-4662
http://orcid.org/0000-0003-2354-4812
http://orcid.org/0000-0001-5762-3477
http://orcid.org/0000-0003-0992-3509
http://orcid.org/0000-0001-5219-1417
http://orcid.org/0000-0001-9726-4376
http://orcid.org/0000-0003-1292-9725
http://orcid.org/0000-0002-9096-780X
http://orcid.org/0000-0001-5350-7081
http://orcid.org/0000-0002-8204-4124
http://orcid.org/0000-0003-4194-2734
http://orcid.org/0000-0003-3518-3057
http://orcid.org/0000-0002-3048-8153
http://orcid.org/0000-0001-9998-4342
http://orcid.org/0000-0002-9246-7366
http://orcid.org/0000-0003-0903-8948
http://orcid.org/0000-0002-4556-9212
http://orcid.org/0000-0002-3354-1810
http://orcid.org/0000-0001-6161-3570
http://orcid.org/0000-0002-6800-9808
http://orcid.org/0000-0002-0206-1160
http://orcid.org/0000-0002-1479-2112
http://orcid.org/0000-0003-0208-2372
http://orcid.org/0000-0003-4806-0718
http://orcid.org/0000-0001-5667-7748
http://orcid.org/0000-0001-7616-0236
http://orcid.org/0000-0001-5422-8228
http://orcid.org/0000-0002-4319-4023
http://orcid.org/0000-0002-6168-689X
http://orcid.org/0000-0002-8420-3408
http://orcid.org/0000-0002-8977-121X
http://orcid.org/0000-0001-7318-5251
http://orcid.org/0000-0002-4049-0134
http://orcid.org/0000-0001-8355-9237
http://orcid.org/0000-0002-3711-148X
http://orcid.org/0000-0002-8650-8125
http://orcid.org/0000-0002-9274-5004
http://orcid.org/0000-0002-5687-2073
http://orcid.org/0000-0001-7148-6536
http://orcid.org/0000-0002-3234-9042
http://orcid.org/0000-0003-4831-4132
http://orcid.org/0000-0002-6900-825X
http://orcid.org/0000-0003-0685-4122
http://orcid.org/0000-0001-5686-0948
http://orcid.org/0000-0001-6726-6362
http://orcid.org/0000-0002-3427-6537
http://orcid.org/0000-0001-9196-0629
http://orcid.org/0000-0003-0988-7878
http://orcid.org/0000-0003-2834-836X
http://orcid.org/0000-0003-0188-6491
http://orcid.org/0000-0002-5905-5394
http://orcid.org/0000-0002-5116-1897
http://orcid.org/0000-0001-5519-9879
http://orcid.org/0000-0002-5458-5564
http://orcid.org/0000-0002-8467-8235
http://orcid.org/0000-0001-7640-7913
http://orcid.org/0000-0001-7808-8442
http://orcid.org/0000-0001-7575-3603
http://orcid.org/0000-0002-0758-7575
http://orcid.org/0000-0002-9016-138X
http://orcid.org/0000-0002-1494-9538
http://orcid.org/0000-0002-1692-1678
http://orcid.org/0000-0002-9495-9145
http://orcid.org/0000-0003-1600-464X
http://orcid.org/0000-0001-5969-3786
http://orcid.org/0000-0002-7668-5275
http://orcid.org/0000-0002-9953-5333
http://orcid.org/0000-0002-2531-3463
http://orcid.org/0000-0002-3342-3566
http://orcid.org/0000-0003-0125-2165
http://orcid.org/0000-0002-9192-8028
http://orcid.org/0000-0003-0479-7689
http://orcid.org/0000-0002-2855-7738
http://orcid.org/0000-0002-5732-5645
http://orcid.org/0000-0002-9417-8613
http://orcid.org/0000-0001-6097-2256
http://orcid.org/0000-0001-5929-1357
http://orcid.org/0000-0001-6746-3374
http://orcid.org/0000-0002-6386-9788
http://orcid.org/0000-0003-2303-9306
http://orcid.org/0000-0002-9227-5217
http://orcid.org/0000-0002-8880-434X
http://orcid.org/0000-0001-8449-1019
http://orcid.org/0000-0001-6784-0694
http://orcid.org/0000-0001-8747-2809
http://orcid.org/0000-0001-7727-9175
http://orcid.org/0000-0002-2443-6525
http://orcid.org/0000-0003-4541-4189
http://orcid.org/0000-0002-4478-3524
http://orcid.org/0000-0002-4376-4911
http://orcid.org/0000-0002-0411-1141
http://orcid.org/0000-0003-4058-5376
http://orcid.org/0000-0002-3924-0445
http://orcid.org/0000-0002-7550-7821
http://orcid.org/0000-0002-4139-9543
http://orcid.org/0000-0003-4535-2926
http://orcid.org/0000-0001-5659-4440
http://orcid.org/0000-0003-2941-2829
http://orcid.org/0000-0002-7863-1166
http://orcid.org/0000-0001-8650-942X
http://orcid.org/0000-0002-8846-2714
http://orcid.org/0000-0002-7836-4264
http://orcid.org/0000-0003-2966-6036
http://orcid.org/0000-0002-0394-5646
http://orcid.org/0000-0002-1172-1052
http://orcid.org/0000-0003-1396-2826
http://orcid.org/0000-0002-8245-1790
http://orcid.org/0000-0001-8491-4376
http://orcid.org/0000-0001-8774-8887
http://orcid.org/0000-0002-4297-8539
http://orcid.org/0000-0001-6203-9347
http://orcid.org/0000-0003-0683-2177
http://orcid.org/0000-0002-4300-703X
http://orcid.org/0000-0002-1904-6661
http://orcid.org/0000-0002-8077-7850
http://orcid.org/0000-0001-9669-9642
http://orcid.org/0000-0002-0518-1459
http://orcid.org/0000-0001-5050-8441
http://orcid.org/0000-0002-9865-4146
http://orcid.org/0000-0001-7069-0295
http://orcid.org/0000-0003-2150-1296
http://orcid.org/0000-0002-5369-8540
http://orcid.org/0000-0002-2926-8962
http://orcid.org/0000-0002-5376-2397
http://orcid.org/0000-0003-0211-2041
http://orcid.org/0000-0001-6288-5236
http://orcid.org/0000-0002-8049-771X
http://orcid.org/0000-0003-2709-7546
http://orcid.org/0000-0001-7314-7247
http://orcid.org/0000-0002-4034-2326
http://orcid.org/0000-0002-3468-9761
http://orcid.org/0000-0002-3034-8943
http://orcid.org/0000-0003-1589-9955
http://orcid.org/0000-0002-9936-0115
http://orcid.org/0000-0002-2554-2725
http://orcid.org/0000-0001-7293-6420
http://orcid.org/0000-0001-7987-9764
http://orcid.org/0000-0003-0447-5348
http://orcid.org/0000-0001-6793-3604
http://orcid.org/0000-0002-2720-1115
http://orcid.org/0000-0002-8912-4389
http://orcid.org/0000-0001-6456-7178
http://orcid.org/0000-0002-0967-2351
http://orcid.org/0000-0002-5842-2818
http://orcid.org/0000-0002-2562-9724
http://orcid.org/0000-0003-2176-4053
http://orcid.org/0000-0002-3950-5300
http://orcid.org/0000-0003-3762-7264
http://orcid.org/0000-0002-4210-2924
http://orcid.org/0000-0001-9851-4816
http://orcid.org/0000-0002-2458-9513
http://orcid.org/0000-0001-9214-8528
http://orcid.org/0000-0003-2262-4773
http://orcid.org/0000-0003-4924-0278
http://orcid.org/0000-0002-9487-9348
http://orcid.org/0000-0001-5841-3316
http://orcid.org/0000-0003-0748-694X
http://orcid.org/0000-0002-2509-0132
http://orcid.org/0000-0002-1971-0403
http://orcid.org/0000-0003-2848-0184
http://orcid.org/0000-0002-6425-2579
http://orcid.org/0000-0002-6190-8376
http://orcid.org/0000-0002-3533-3847
http://orcid.org/0000-0003-2751-3474
http://orcid.org/0000-0003-0944-8998
http://orcid.org/0000-0002-2037-7185
http://orcid.org/0000-0002-9224-3784
http://orcid.org/0000-0002-3081-4879


Eur. Phys. J. C           (2020) 80:942 Page 55 of 67   942 

F. Cirotto70a,70b , Z. H. Citron179,j , M. Citterio69a , D. A. Ciubotaru27b, B. M. Ciungu166, A. Clark54 ,
M. R. Clark39 , P. J. Clark50 , S. E. Clawson101 , C. Clement45a,45b , Y. Coadou102 , M. Cobal67a,67c ,
A. Coccaro55b , J. Cochran79, R. Coelho Lopes De Sa103 , H. Cohen160, A. E. C. Coimbra36 , B. Cole39 ,
A. P. Colijn120, J. Collot58 , P. Conde Muiño139a,139h , S. H. Connell33c , I. A. Connelly57 , S. Constantinescu27b,
F. Conventi70a,am , A. M. Cooper-Sarkar134 , F. Cormier174, K. J. R. Cormier166, L. D. Corpe95 , M. Corradi73a,73b ,
E. E. Corrigan97 , F. Corriveau104,ab , M. J. Costa173 , F. Costanza5 , D. Costanzo148 , G. Cowan94 ,
J. W. Cowley32 , J. Crane101 , K. Cranmer125 , R. A. Creager136 , S. Crépé-Renaudin58 , F. Crescioli135 ,
M. Cristinziani24 , V. Croft169 , G. Crosetti41a,41b , A. Cueto5 , T. Cuhadar Donszelmann170 , H. Cui15a,15d,
A. R. Cukierman152 , W. R. Cunningham57 , S. Czekierda85 , P. Czodrowski36 , M. M. Czurylo61b ,
M. J. Da Cunha Sargedas De Sousa60b , J. V. Da Fonseca Pinto81b , C. Da Via101 , W. Dabrowski84a , F. Dachs36,
T. Dado47 , S. Dahbi33e , T. Dai106 , C. Dallapiccola103 , M. Dam40 , G. D’amen29 , V. D’Amico75a,75b ,
J. Damp100 , J. R. Dandoy136 , M. F. Daneri30 , M. Danninger151 , V. Dao36 , G. Darbo55b , O. Dartsi5,
A. Dattagupta131, T. Daubney46, S. D’Auria69a,69b , C. David167b , T. Davidek142 , D. R. Davis49 , I. Dawson148 ,
K. De8 , R. De Asmundis70a , M. De Beurs120, S. De Castro23a,23b , N. De Groot119 , P. de Jong120 ,
H. De la Torre107 , A. De Maria15c , D. De Pedis73a , A. De Salvo73a , U. De Sanctis74a,74b , M. De Santis74a,74b,
A. De Santo155 , J. B. De Vivie De Regie65 , C. Debenedetti145 , D. V. Dedovich80, A. M. Deiana42 , J. Del Peso99 ,
Y. Delabat Diaz46 , D. Delgove65 , F. Deliot144 , C. M. Delitzsch7 , M. Della Pietra70a,70b , D. Della Volpe54 ,
A. Dell’Acqua36 , L. Dell’Asta74a,74b , M. Delmastro5 , C. Delporte65, P. A. Delsart58 , D. A. DeMarco166 ,
S. Demers182 , M. Demichev80 , G. Demontigny110, S. P. Denisov123, L. D’Eramo121 , D. Derendarz85 ,
J. E. Derkaoui35d , F. Derue135 , P. Dervan91 , K. Desch24 , K. Dette166 , C. Deutsch24 , M. R. Devesa30,
P. O. Deviveiros36 , F. A. Di Bello73a,73b , A. Di Ciaccio74a,74b , L. Di Ciaccio5 , W. K. Di Clemente136 ,
C. Di Donato70a,70b , A. Di Girolamo36 , G. Di Gregorio72a,72b , B. Di Micco75a,75b , R. Di Nardo75a,75b ,
K. F. Di Petrillo59 , R. Di Sipio166 , C. Diaconu102 , F. A. Dias40 , T. Dias Do Vale139a , M. A. Diaz146a,
F. G. Diaz Capriles24 , J. Dickinson18 , M. Didenko165 , E. B. Diehl106 , J. Dietrich19 , S. Díez Cornell46 ,
A. Dimitrievska18 , W. Ding15b , J. Dingfelder24, S. J. Dittmeier61b , F. Dittus36 , F. Djama102 , T. Djobava158b ,
J. I. Djuvsland17 , M. A. B. Do Vale81c , M. Dobre27b , D. Dodsworth26 , C. Doglioni97 , J. Dolejsi142 ,
Z. Dolezal142 , M. Donadelli81d , B. Dong60c , J. Donini38 , A. D’onofrio15c , M. D’Onofrio91 , J. Dopke143 ,
A. Doria70a , M. T. Dova89 , A. T. Doyle57 , E. Drechsler151 , E. Dreyer151 , T. Dreyer53 , A. S. Drobac169 ,
D. Du60b , T. A. du Pree120 , Y. Duan60d , F. Dubinin111 , M. Dubovsky28a , A. Dubreuil54 , E. Duchovni179 ,
G. Duckeck114 , O. A. Ducu36 , D. Duda115 , A. Dudarev36 , A. C. Dudder100 , E. M. Duffield18, M. D’uffizi101 ,
L. Duflot65 , M. Dührssen36 , C. Dülsen181 , M. Dumancic179 , A. E. Dumitriu27b, M. Dunford61a ,
A. Duperrin102 , H. Duran Yildiz4a , M. Düren56 , A. Durglishvili158b , D. Duschinger48, B. Dutta46 ,
D. Duvnjak1, G. I. Dyckes136 , M. Dyndal36 , S. Dysch101 , B. S. Dziedzic85 , M. G. Eggleston49, T. Eifert8 ,
G. Eigen17 , K. Einsweiler18 , T. Ekelof171 , H. El Jarrari35e , V. Ellajosyula171 , M. Ellert171 , F. Ellinghaus181 ,
A. A. Elliot93 , N. Ellis36 , J. Elmsheuser29 , M. Elsing36 , D. Emeliyanov143 , A. Emerman39 , Y. Enari162 ,
M. B. Epland49 , J. Erdmann47 , A. Ereditato20 , P. A. Erland85 , M. Errenst36 , M. Escalier65 , C. Escobar173 ,
O. Estrada Pastor173 , E. Etzion160 , H. Evans66 , M. O. Evans155 , A. Ezhilov137 , F. Fabbri57 , L. Fabbri23b,23a ,
V. Fabiani119 , G. Facini177 , R. M. Faisca Rodrigues Pereira139a , R. M. Fakhrutdinov123, S. Falciano73a ,
P. J. Falke24 , S. Falke36 , J. Faltova142 , Y. Fang15a , Y. Fang15a , G. Fanourakis44 , M. Fanti69a,69b ,
M. Faraj67a,67c,q , A. Farbin8 , A. Farilla75a , E. M. Farina71a,71b , T. Farooque107 , S. M. Farrington50 ,
P. Farthouat36 , F. Fassi35e , P. Fassnacht36 , D. Fassouliotis9 , M. Faucci Giannelli50 , W. J. Fawcett32 ,
L. Fayard65 , O. L. Fedin137,o , W. Fedorko174 , A. Fehr20 , M. Feickert172 , L. Feligioni102 , A. Fell148 ,
C. Feng60b , M. Feng49 , M. J. Fenton170 , A. B. Fenyuk123, S. W. Ferguson43, J. Ferrando46 , A. Ferrante172,
A. Ferrari171 , P. Ferrari120 , R. Ferrari71a , D. E. Ferreira de Lima61b , A. Ferrer173 , D. Ferrere54 , C. Ferretti106 ,
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