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This Letter reports on a search for off-shell production of the Higgs boson using 139 fb−1 of pp collision 
data at 

√
s = 13 TeV collected by the ATLAS detector at the Large Hadron Collider. The signature is a 

pair of Z bosons, with contributions from both the production and subsequent decay of a virtual Higgs 
boson and the interference of that process with other processes. The two observable final states are 
Z Z → 4� and Z Z → 2�2ν with � = e or μ. In the Z Z → 4� final state, a dense Neural Network is used 
to enhance analysis sensitivity with respect to matrix element-based discrimination. The background-
only hypothesis is rejected with an observed (expected) significance of 3.3 (2.2) standard deviations, 
representing experimental evidence for off-shell Higgs boson production. Assuming that no new particles 
enter the production of the virtual Higgs boson, its total width can be deduced from the measurement of 
its off-shell production cross-section. The measured total width of the Higgs boson is 4.5+3.3

−2.5 MeV, and 
the observed (expected) upper limit on the total width is found to be 10.5 (10.9) MeV at 95% confidence 
level.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.

1. Introduction

The discovery of the Higgs boson in 2012 by the ATLAS and 
CMS collaborations at the Large Hadron Collider (LHC) [1,2] was 
a major milestone in particle physics, and since then this particle 
has been put under the spotlight for further scrutiny to uncover 
its fundamental nature. Great progress has been made in measur-
ing the properties and couplings of the Higgs boson [3,4], and to 
date no deviations from the Standard Model (SM) predictions have 
been found. The total width of the Higgs boson (�H ) is a key pre-
diction of the SM. The expected value in the SM (�SM

H ) for a 125 
GeV Higgs boson is only 4.1 MeV [5], which is inaccessible via any 
direct measurement of the width in the resonance region due to 
limited detector resolution. To probe this parameter, a method re-
lying on both off-shell and on-shell production of the Higgs boson 
has been developed, as documented in [6–9]. In this method, the 
relationship between the Higgs boson coupling constants in the 
on-shell and off-shell regimes is assumed to be given by the SM 
prediction, assuming that no new particles enter into the Higgs 
boson production process. On-shell Higgs boson production (only 
gluon-gluon fusion (ggF) is considered in the equations below, but 
the principle is the same in other production modes) is inversely 
proportional to the width:

� E-mail address: atlas .publications @cern .ch.

σ on-shell
gg→H→Z Z ∼ g2

ggF g2
HZZ

mH�H
.

However, off-shell Higgs boson production has no width depen-
dence:

σ off-shell
gg→H→Z Z ∼ g2

ggF g2
HZZ

m2
Z Z

.

Therefore, if the HZZ and effective gg H couplings in the two 
regimes (where the effective coupling is obtained by treating the 
quark loop as a single vertex) have a known relationship, �H can 
be extracted from the ratio of yields of observed Higgs boson 
events. Off-shell production is accessible in the Z Z decay channel 
because the available phase space for the decay increases rapidly 
as the off-shell mass approaches the 2mZ threshold, counteract-
ing the expected drop in the production at higher masses [10–22], 
where mZ is the mass of the Z boson.

Multiple searches for off-shell Higgs boson production have 
been carried out by the ATLAS and CMS collaborations using LHC 
Run 1 and Run 2 data [23–29]. In practice the signal of off-shell 
Higgs boson production is a deficit in gg → Z Z or electroweak 
qq̄ → Z Z production, due to the negative interference between 
the off-shell Higgs boson process and the continuum background. 
Throughout this Letter, the notation gg → (H∗ →)Z Z is used to 
refer to the inclusive process that combines the Higgs boson sig-
nal gg → H∗ → Z Z , the continuum background process gg → Z Z , 
and their interference. Similarly, the notation qq̄ → (H∗ →)Z Z +2 j
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Fig. 1. The leading-order Feynman diagrams for the (a) gg → H∗ → Z Z signal and 
(b) background processes. In the signal process the quark loop is dominated by top 
and bottom, while for the continuum background it is mainly light quarks.

refers to the inclusive electroweak process that combines the pro-
cesses qq̄ → H∗ → Z Z + 2 j, qq̄ → Z Z + 2 j, and their interference.

The corresponding leading-order Feynman diagrams for the sig-
nal and background processes are shown in Figs. 1 and 2. Owing 
to the clean signature and accessible branching fractions, the four-
lepton final states (4� and 2�2ν with � = e or μ), originating 
from the decays of a pair of on-shell Z bosons induced by a vir-
tual Higgs boson, offer the main signal sensitivity. The latest CMS 
search [29], using 138 fb−1 in the 2�2ν channel and 78 fb−1 in the 
4� channel, led to an observed (expected) detection significance of 
about 3.6σ (2.4) standard deviations (σ ) for off-shell Higgs boson 
production and a measured �H of 3.2+2.4

−1.7 MeV. The analysis de-
scribed in this Letter updates the previous ATLAS result [27] with 
more data – the full Run-2 dataset is used in both decay channels 
– a more powerful discriminant in the 4� channel, and a data-
driven approach to estimating the leading qq̄ → Z Z background. 
Additionally, in this analysis for the first time ggF and EW off-shell 
production are probed separately as well as together.

This Letter presents a search for off-shell Higgs boson pro-
duction in four-lepton final states using the full Run 2 data at 
a centre-of-mass energy 

√
s = 13 TeV collected by the ATLAS 

detector. Two decay channels, 4� and 2�2ν , are separately anal-
ysed and then combined to obtain the final results. Events with a 
pair of Z bosons are categorised into several signal regions (SRs) 
to probe off-shell contributions from the two leading production 
modes, ggF and electroweak production (EW), and their respective 
interference with the continuum background gg → Z Z and elec-
troweak qq̄ → Z Z + 2 j processes. Electroweak production includes 
the contributions from vector-boson fusion (VBF) and vector-boson 
associated production (VH), since these two processes both inter-
fere with the electroweak qq̄ → Z Z + 2 j background and hence 
cannot be separated. The main irreducible background is Z bo-
son pair production via quark–antiquark annihilation (qq̄ → Z Z ); 
the interfering backgrounds described above also contribute. In the 
4� channel, these are the only significant backgrounds, with sub-
percent-level contributions from the production of Z bosons with 
associated jets and tt̄ production. In the 2�2ν channel, background 
processes from diboson production (both W Z and W W ), tt̄ and 
single top production, and the production of Z bosons with asso-
ciated jets constitute roughly half of the total background. Control 
regions (CRs) are defined to ensure control of the background mod-
elling. In both channels, the background from the combination of 
vector-boson associated production to a top-quark pair (tt̄ + V , 
V = W or Z ) and triboson production (Z Z Z , W Z Z , or W W Z ) 
is at the percent level. Distributions of discriminating variables are 
fitted simultaneously in all SRs to extract the off-shell contribution 
by measuring the signal strength μoff-shell , the off-shell production 
cross-section normalised to the SM prediction, with the CRs also 
included in the fit to constrain the normalisation of the main back-
ground processes. In the 4� channel, an observable is constructed 
from the output of neural networks (NN) that are trained with 

kinematic variables and matrix-element discriminants sensitive to 
the signal process (see Ref. [27]). The 2�2ν channel uses the trans-
verse mass of the Z Z system,

mZ Z
T ≡

√√√√[√
m2

Z + (
p��

T

)2+
√

m2
Z +

(
Emiss

T

)2
]2

−
∣∣∣ �pT

�� + �Emiss
T

∣∣∣2
,

(1)

where mZ is the Z boson mass [30], �pT
�� and �Emiss

T are the trans-
verse momentum vector of the lepton pair and the missing trans-
verse momentum vector with magnitudes of p��

T and Emiss
T , respec-

tively. Finally, the constraint on �H is derived by using both the 
measured μoff-shell and the signal strength for on-shell Higgs boson 
contributions (μon-shell) in the 4� channel obtained from Ref. [31], 
relying on the equation (valid under the assumptions discussed 
above) μoff-shell/μon-shell = �H/�SM

H . Similarly to the previous AT-
LAS paper [27], this search also reports the ratio of effective Higgs 
boson–gluon couplings (R gg ) and the ratio of Higgs boson and 
vector-boson couplings (R V V ) between the off-shell and on-shell 
regions, assuming that the Higgs boson total width takes its SM 
value.

2. ATLAS detector

ATLAS is a multipurpose detector with a forward–backward 
symmetric cylindrical geometry and a solid-angle1 coverage of 
nearly 4π , described in detail in Ref. [32]. The inner tracking de-
tector (ID), covering the region |η| < 2.5, consists of a silicon pixel 
detector, a silicon microstrip detector, and a transition-radiation 
tracker. The innermost layer of the pixel detector, the insertable 
B-layer [33], was installed between Run 1 and Run 2 of the 
LHC. The inner detector is surrounded by a thin superconducting 
solenoid providing a 2 T magnetic field, and by a finely segmented 
lead/liquid-argon (LAr) electromagnetic calorimeter covering the 
region |η| < 3.2. A steel/scintillator-tile hadron calorimeter pro-
vides coverage in the central region |η| < 1.7. The endcap and 
forward regions, covering the pseudorapidity range 1.5 < |η| < 4.9, 
are instrumented with LAr electromagnetic and hadron calorime-
ters, with steel, copper, or tungsten as the absorber material. A 
muon spectrometer (MS) system incorporating large superconduct-
ing toroidal air-core magnets surrounds the calorimeters. Three 
layers of precision wire chambers provide muon tracking in the 
range of |η| < 2.7, while dedicated fast chambers are used for 
triggering in the region |η| < 2.4. The trigger system, composed 
of two stages, was upgraded [34] before Run 2. The first stage, 
implemented with custom hardware, uses information from the 
calorimeters and muon chambers to select events from the 40 MHz 
bunch crossings at a maximum rate of 100 kHz. The second stage, 
called the high-level trigger (HLT), reduces the data acquisition rate 
to about 1 kHz on average. The HLT is software-based and runs re-
construction algorithms similar to those used in offline reconstruc-
tion. An extensive software suite [35] is used in data simulation, in 
reconstruction and analysis of real and simulated data, in detector 
operations, and in the trigger and data acquisition systems of the 
experiment.

1 The ATLAS experiment 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 upward. 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).
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Fig. 2. The leading-order Feynman diagrams for (a) the s-channel vector-boson fusion signal, (b) the t-channel vector-boson fusion signal, (c) the vector-boson associated 
production signal, and (d) the vector-boson scattering background.

3. Data and Monte Carlo simulation

The proton–proton (pp) collision data used in this search were 
collected from 2015 to 2018, corresponding to an integrated lu-
minosity of 139 fb−1. Events in the 4� final state were recorded 
with a combination of single-lepton, dilepton and trilepton trig-
gers, while the 2�2ν events were collected via multiple single-
lepton triggers. The overall trigger efficiency for the off-shell signal 
process is more than 98% in each final state after the application 
of the SR selections defined below.

Monte Carlo (MC) simulation is used to predict the normalisa-
tion and event kinematics of the signal process and some of the 
backgrounds. Event samples for each process were first produced 
by a corresponding event generator and then passed through de-
tector simulation [36] within the Geant4 framework [37]. Addi-
tional inelastic pp interactions (pile-up) modelled with Pythia8.186 
[38] were overlaid on the simulated events to mimic the real colli-
sion events, and further corrections were applied to the simulated 
samples to match the pile-up conditions in the data. The lepton 
and jet momentum scale and resolution, and the lepton recon-
struction, identification, isolation and trigger efficiencies in the 
simulation were corrected to match those measured in data.

Separate simulated samples were generated for each of the off-
shell signal from ggF production, the gg → Z Z background, and 
the inclusive production gg → (H∗ →)Z Z , which also includes 
the interference between the two. These loop-induced processes 
were modelled by Sherpa v2.2.2 [39] with OpenLoops [40–42] at 
leading-order (LO) accuracy in quantum chromodynamics (QCD), 
with up to one additional parton in the final state, using the 
NNPDF3.0 parton distribution function (PDF) set [43]. Signal and 
background were simulated separately from the inclusive process 
for NN training and template fitting. The merging with the par-
ton shower was performed using the MEPS@NLO prescription [44]
and the Sherpa built-in algorithm was used for parton showering 
and hadronisation. The samples are corrected to next-to-leading 
order (NLO) in QCD using corrections calculated separately as a 
function of the invariant mass of the Z Z system (mZ Z ) [45,46] for 
the signal, background, and inclusive processes. These corrections 
are similar for each process and range from 1.5 to 2. The total 
normalisation of all three processes was then corrected to next-
to-next-to-next-to-leading order (N3LO) in QCD using a constant 
correction of 1.32, derived for the off-shell signal [47,48]. The use 
of the same correction for all processes is justified as the N3LO 
corrections are expected to be very similar for signal, background, 
and interference [49,50].

EW production of Z Z and two jets, also denoted by qq̄ →
(H∗ →) Z Z + 2 j, contains inclusively the off-shell signal from VBF 
production, VH production, the non-Higgs boson EW Z Z j j process, 
and their interferences. Those processes were modelled by Mad-

Graph5_aMC@NLO [51] at LO QCD accuracy using the NNPDF3.0 
NLO PDF set [52]. Pythia8.244 [38] was used for parton shower-
ing and hadronisation with the A14 set of tuned parameters (tune) 
for the underlying event [53]. The t-channel exchange of the Higgs 
boson is treated as a contribution to the VBF signal process.

The ggF- and VBF-induced contributions can be straightfor-
wardly parameterised as a function of μoff-shell , where the off-shell 
signal and the interference depend on μoff-shell and √

μoff-shell, 
respectively. More details of this parameterisation are given in Sec-
tion 8.

The qq̄ → Z Z background was simulated by Sherpa v2.2.2 with
OpenLoops using the NNPDF3.0 NNLO PDF set. The matrix ele-
ments were calculated to NLO accuracy in QCD for 0- and 1-jet 
final states, and to LO accuracy for 2- and 3-jet final states. The 
merging with the Sherpa parton shower was performed using the 
MEPS@NLO prescription [54]. NLO EW corrections calculated on 
top of the LO QCD prediction were applied as a function of mZ Z for 
the 4� final state [55,56], while the mZ Z -based corrections for the 
2�2ν channel were averaged from the additive (NLO EW + NLO 
QCD) and multiplicative (NLO EW × NLO QCD) approaches fol-
lowing Ref. [57]. A cross-check was performed in the 4� channel, 
and the results of the two approaches were found to agree within 
their uncertainties, while the uncertainties of both approaches (de-
scribed in detail below) were also found to be similar.

The W Z diboson events from both QCD and EW production, 
with the subsequent leptonic decays of both the W and Z bosons, 
were simulated using Sherpa with a similar set-up to that of 
the qq̄ → Z Z background. The W Z events with the Z boson de-
caying leptonically and the W boson decaying hadronically were 
modelled with Sherpa v2.2.1. For the 2�2ν final state, the contri-
bution from W W production was removed in the Sherpa simu-
lation of the qq̄ → Z Z and gg → Z Z processes by requiring the 
charged leptons and the neutrinos to have different lepton flavours 
(the prediction was then scaled up by 1.5 to compensate). The 
qq̄ → W W and gg → W W processes were then modelled with
Powheg Box v2 [58] and Sherpa v2.2.2, respectively. The interfer-
ence between W W and Z Z production in the 2�2ν final state is 
expected to be negligible in the phase space of the analysis [57]
and was therefore not considered.

The Z+jets background was simulated using the Sherpa v2.2.1 
event generator, where the matrix elements were calculated for 
up to two partons at NLO and four partons at LO. The Z+jets 
events were normalised using the NNLO cross-sections [59]. The tt̄
background, as well as single-top (including s-channel, t-channel, 
and the dominant W t component) production, were modelled us-
ing Powheg Boxv2 interfaced to Pythia8.230 with the A14 tune. 
The total cross-sections for tt̄ production and single-top produc-
tion were normalised to the predictions at NNLO and NLO accuracy 
in QCD [60–62], respectively.

The triboson backgrounds Z Z Z , W Z Z , and W W Z with fully 
leptonic decays were modelled with Sherpa v2.2.2 at NLO QCD 
accuracy. The Z Z Z → 4� + 2 j process is included in the qq̄ →
(H∗ →) Z Z + 2 j sample described above. The simulation of tt̄ + V
production (V = W or Z ) with at least one of the top quark de-
caying leptonically and the vector boson decaying inclusively was 
performed with MadGraph5_aMC@NLO interfaced to Pythia8.210 
for parton showering and hadronisation with the A14 tune. The to-
tal cross-sections for the tt̄ + V backgrounds were normalised to 
the NLO QCD and EW predictions from Ref. [63].

3



The ATLAS Collaboration Physics Letters B 846 (2023) 138223

4. Reconstruction of physics objects

To describe the event signature and obtain a good signal-to-
background ratio, this search relies on the successful reconstruc-
tion of collision vertices, electrons, muons, jets, �Emiss

T , as well as 
identification of jets containing b-hadrons (b-jets). The reconstruc-
tion is identical to that in Ref. [64], and briefly summarised as 
follows.

Events are first required to have a collision vertex associated 
with at least two tracks each with transverse momentum pT >

0.5 GeV. The vertex with the highest sum of p2
T of the associated 

tracks is referred to as the primary vertex.
Muons are primarily identified by tracks or segments (tracks 

using the hits of a single MS station) reconstructed in the MS and 
matched to tracks reconstructed in the ID, with exceptions in areas 
where the MS lacks coverage. In the region 2.5 < |η| < 2.7, muons 
can also be identified by tracks from the muon spectrometer alone 
(standalone muons). In the gap region (|η| < 0.1) of the MS, muons 
can be identified by a track from the ID associated with a compat-
ible calorimeter energy deposit (calorimeter-tagged muons). Can-
didate muons are required to have pT > 5 GeV and |η| < 2.7, 
with the exception of calorimeter-tagged muons for which the pT
threshold is raised to 15 GeV. Muons must satisfy the ‘loose’ iden-
tification criterion [65] in the 4� channel with at most one stan-
dalone or calorimeter-tagged muon allowed per Higgs boson can-
didate. In the 2�2ν channel muons are selected with |η| < 2.5 and 
must satisfy the ‘medium’ identification criterion. Electrons are re-
constructed from energy deposits in the electromagnetic calorime-
ter matched to a track in the ID. Candidate electrons must have 
pT > 7 GeV and |η| < 2.47, and satisfy the ‘loose’ and ‘medium’ 
identification criteria [66] in the 4� and 2�2ν channels, respec-
tively. All electrons and muons used in both channels must be iso-
lated and satisfy the ‘FixedCutPFlowLoose’ isolation criteria [65,66]. 
Furthermore, electrons (muons) are required to have associated 
tracks satisfying |d0/σd0 | < 5 (3) and |z0 × sin θ | < 0.5 mm, where 
d0 is the transverse impact parameter relative to the beam line, 
σd0 is its uncertainty, and z0 is the z coordinate of the r-φ im-
pact point, defined relative to the primary vertex. The event is 
rejected if the minimum angular separation between two leptons 
is �R��< 0.1, where �R�� = √

(�φ��)2 + (�η��)2.
Jets are reconstructed from particle-flow objects [67] using the 

anti-kt algorithm [68,69] with radius parameter R = 0.4. The jet-
energy scale is calibrated using simulation and further corrected 
with in situ methods [70]. Candidate jets are required to have pT
> 30 GeV and |η| < 4.5. A jet-vertex tagger [71] is applied to jets 
with pT < 60 GeV and |η| < 2.4 to suppress jets that originate 
from pile-up. To mitigate the impact of pile-up jets in the for-
ward region, another tagger, based on jet shapes and topological 
jet correlations [72], is used to suppress jets originating from the 
pile-up with pT < 50 GeV and 2.5 < |η| < 4.5. In addition, b-jets 
are identified using a multivariate b-tagging algorithm [73] and 
events containing them are rejected. The chosen b-tagging algo-
rithm has an efficiency of 85% for b-jets and a rejection factor of 
33 against light-flavour jets, measured in tt̄ events [74].

The presence of neutrinos is identified using the missing trans-
verse momentum vector �Emiss

T , which is computed as the opposite 
of the vector sum of transverse momenta of all the leptons and 
jets, as well as the tracks originating from the primary vertex 
but not associated with any of the leptons or jets [75]. Missing 
transverse momentum may also arise from the mismeasurement 
of the momentum of particles or jets. To avoid accepting events 
due to the presence of this kind of fake Emiss

T , the statistical signif-
icance of the Emiss

T , S(Emiss
T ), is used. S(Emiss

T ) is calculated from the 
resolution information of the physics objects used in the Emiss

T re-
construction [76].

5. Z Z → 4� analysis

The selection of candidate events used in the signal and con-
trol regions of the 4� channel closely follows that described in 
Ref [64]. The four-lepton invariant mass is required to be above 
the on-shell Z Z production threshold, m4� > 180 GeV. Candidate 
4� quadruplets are formed by selecting two opposite-sign, same-
flavour dilepton pairs in each event. In the 4e and 4μ channels, in 
which there are two possible pairings, the one that includes the 
lepton pair with mass closest to the Z boson mass is chosen. The 
pT thresholds for the three leading leptons are 20, 15 and 10 GeV, 
respectively. In each quadruplet, the lepton pair with mass closest 
to the Z boson mass, m12, is referred to as the leading pair and 
required to have 50 < m12 < 106 GeV. The sub-leading pair, m34, 
must satisfy 50 < m34 < 115 GeV when m4� > 190 GeV. Due to 
the increased probability of one off-shell Z boson at lower values 
of m4� , the lower threshold for m34 decreases linearly to 45 GeV
for 180 < m4� < 190 GeV.

Three SRs are designed to provide sensitivity to both the EW 
and ggF production modes. The SRs are defined such that m4�

is well above the Higgs boson mass, including only events with 
m4� > 220 GeV. Events in the range 180 < m4� < 220 GeV are ex-
pected to have the lowest signal-to-background ratio in the m4�

range of the analysis and so are reserved for the control regions 
defined below. Events containing two or more jets with pT greater 
than 30 GeV, where the two leading jets are well separated in η, 
|�ηjj| > 4, are classified into the EW SR. Events falling outside 
the EW SR but featuring exactly one jet in the forward direction 
(|η j| > 2.2) are assigned to a mixed SR. All the remaining events 
are then assigned to the ggF SR.

The main background in the 4� channel is the qq̄ → Z Z pro-
cess. The overall normalisation of this background is constrained 
by data in three different CRs defined with 180 < m4� < 220
GeV and with zero, one, or ≥ 2 jets. The signal contamination in 
these CRs is below 2%. The kinematic distributions are modelled 
with simulation, described in Section 3. Events in the zero- and 
one-jet CRs are binned in four and two intervals of equal width in 
m4� , respectively, to provide further information about event kine-
matics. The interfering background processes gg → Z Z and EW 
qq̄ → Z Z , as well as the small backgrounds from triboson produc-
tion and tt̄ Z , are estimated from simulation. The contribution of 
the reducible backgrounds where hadrons or their decay products 
are mis-reconstructed as prompt leptons, such as Z +jets, W Z and 
tt̄ processes, are estimated by using data-driven methods described 
in Ref. [64] and found to be negligible.

To maximise the signal sensitivity, a multi-class dense NN 
is employed in the SRs to enhance events with a Higgs boson 
candidate. The NN, implemented using Keras [77] with Tensor-
Flow [78] as the backend, is designed to differentiate among the 
three event classes: the off-shell Higgs boson signal (S), the in-
terfering background (B), and the non-interfering (NI) background. 
The interfering backgrounds to the ggF and EW signals are the 
gg → Z Z and EW qq̄ → Z Z + 2 j processes, respectively. The non-
interfering background is the qq̄ → Z Z process in both production 
modes.

The outputs of the NN use a normalised exponential function so 
that they can be interpreted as probabilities of an event belonging 
to a particular class (PS, PB and PNI) and their ratio is used to 
define the final observable:

O NN = log10

(
PS

PB + PNI

)
.

As the analysis attempts to constrain both the ggF- and EW-
induced off-shell signals independently, two separate NNs are 
trained, one in the ggF SR and the other in the EW SR. The observ-
able from the first NN (O ggF

NN ) is then used as the discriminating 
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variable in both the ggF and mixed SRs, while that of the second 
NN (O EW

NN ) is used in the EW SR.
The first NN is trained to discriminate among the ggF-induced 

signal, the gg → Z Z background, and the qq̄ → Z Z process. The 
features used by this NN include the kinematic information of 
the four leptons from MC simulation and also the square of the 
modulus of the values of the LO matrix element (ME) for the 
four leptons. The LO MEs are calculated for the gluon-induced sig-
nal and background processes and the qq̄ → Z Z process from the 
final-state variables in the Higgs boson rest frame using the MCFM

program [8,27]. The kinematic variables are the leading Z boson 
production angle and four decay angles defined in Ref [79], and 
the three invariant masses m4� , m12 and m34. These are used as 
inputs to the ME calculation, and, along with the transverse mo-
mentum of the four-lepton system, as inputs to the NN as well.

The second NN is used to separate the EW-induced off-shell 
signal process from the non-Higgs boson EW qq̄ → Z Z j j back-
ground and the QCD-induced qq̄ → Z Z j j process. In addition to 
the variables used in the first NN, with matrix elements calculated 
specifically for the final state with two jets, several supplemen-
tary variables are included to exploit the kinematics of the dijet 
system: the invariant mass and azimuthal separation of the two 
leading jets, and the two Zeppenfeld angular variables, calculated 
for each Z boson as ηZep = ηZ1 − (η j1 + η j2 )/2 [80].

The two networks have 7 and 9 hidden layers respectively, with 
[90, 80, 80, 75, 75, 40, 40] and [60, 65, 70, 85, 90, 80, 75, 50, 
30] neurons. The sparse categorical cross-entropy loss was used to 
optimise the network structure as well as the learning rate of the 
Adam optimiser. Input features were chosen to fully describe the 
event kinematics. The networks were trained on samples of the 
signal and the interfering and non-interfering backgrounds.

Fig. 3 shows the distributions of the observed and expected NN-
based observables in all three signal regions. The data is shown 
after the simultaneous fit described in Section 8, except that the fit 
is carried out only in the 4� channel and the value of μoff-shell is 
set equal to one. All systematic uncertainties, which are described 
in Section 7, are included.

6. Z Z → 2�2ν analysis

The 2�2ν final state consists of a pair of isolated leptons (e
or μ) and large Emiss

T . It has a larger branching fraction than 
the 4� channel, but is subject to larger background contamina-
tion. Candidate events are preselected by requiring exactly two 
electrons or muons with opposite charges and pT > 20 GeV. The 
leading lepton must have pT > 30 GeV to surpass the trigger 
thresholds. To suppress the W Z background, events containing any 
additional lepton satisfying the loose identification criteria with 
pT > 7 GeV are rejected. Requiring the dilepton invariant mass 
(m��) to be between 76 and 106 GeV largely reduces the con-
tamination from the non-resonant-�� background, originating from 
tt̄ , single-top (dominated by the W t process), and qq̄ → W W
production. Events that satisfy this preselection are then further 
separated into the SRs and CRs. To suppress the remaining back-
ground dominated by the Z + jets and non-resonant-�� processes, 
further selections based on Emiss

T and the topology of the can-
didate events are applied. Candidate events are required to have 
Emiss

T > 120 GeV and S(Emiss
T ) > 10. The azimuthal-angle differ-

ence between the dilepton system and �Emiss
T , �φ(�p��

T , �Emiss
T ), must 

be larger than 2.5 radians, and the selected leptons must be close 
to each other, with the distance �R�� below 1.8. Furthermore, 
the azimuthal-angle difference between any of the selected jets 
with pT > 100 GeV and �Emiss

T must be larger than 0.4 radians to 
suppress events with poorly measured jet energies. Finally, events 
containing one or more b-jets are rejected to further suppress the 

tt̄ and W t backgrounds. The selected events are then categorised 
into three SRs in the same way as for the 4� channel.

The shape and normalisation of the main background contri-
bution from qq̄ → Z Z production are estimated from simulation, 
while in the combined result the overall normalisation factors are 
constrained by the Z Z CRs defined in the 4� channel as described 
in the previous section. As is shown later in Table 4, the measured 
normalisations generally agree fairly well with the simulated ones, 
so this is a safe approach for developing the analysis in this final 
state.

To estimate the background from W Z production, control re-
gions enriched in W Z events, with a purity of over 90%, are de-
fined using the full event selection given above, except that the 
presence of a third lepton with pT > 20 GeV is required. Sev-
eral further selections such as S(Emiss

T ) > 3, a b-jet veto, and 
mW

T > 60 GeV, where mW
T is constructed from the third lepton’s 

transverse momentum and the �Emiss
T vector2, are applied to sup-

press non-W Z contributions. Three separate W Z CRs are defined 
according to the number of jets (zero, one, and ≥ 2 jets), and the 
CRs are included in the statistical fit to separately constrain the 
normalisation of the W Z background in each N jets bin. The shapes 
of the kinematic distributions are estimated from simulation.

To estimate the non-resonant-�� background, arising from qq →
W W , tt̄ , and single-top production, a control region dominated 
by the non-resonant-�� processes (with a purity of about 95%) is 
defined with all the event selection criteria except that the final 
state is required to contain an opposite-sign eμ pair. The non-
resonant-�� contribution with the ee (μμ) pair is quite similar 
to that with the eμ pair, and the difference in lepton reconstruc-
tion is taken into account in the simulation. This CR is then used 
to constrain the total normalisation of the non-resonant-�� back-
ground in all three SRs, and the kinematic shapes are modelled 
with simulation. The Z + jets background contribution is estimated 
from simulation and constrained by a normalisation factor derived 
in a control region enriched in Z + jets events. The control region 
is defined with all event selection criteria except that S(Emiss

T ) is 
required to be less than 9, and no requirements on the azimuthal 
angle difference between jets with pT > 100 GeV and �Emiss

T are 
made. The resulting control region is about 73% pure. The kine-
matic distributions for the Z + jets background are modelled with 
simulation. The CRs for the non-resonant-�� and the Z + jets back-
grounds are not further divided to match the categorisation of SRs 
depending on jet multiplicity, due to insufficient events in the data. 
Finally, minor backgrounds from the V V V and tt̄V processes are 
estimated from simulation.

The distributions of the final observable mZ Z
T in the 2�2ν chan-

nel, as defined in Eq. (1), are presented in Fig. 4. The data is shown 
after the simultaneous fit described in Section 8, except that the fit 
is carried out only in the 2�2ν channel and the value of μoff-shell
is set equal to one. All three SRs are shown together with the total 
systematic uncertainty from the sources described in Section 7.

7. Systematic uncertainties

The sources of systematic uncertainty impacting the analysis of 
both channels can be divided into two categories: uncertainties in 
the theoretical description of the signal and background processes 
and experimental uncertainties related to the detector response.

The largest source of systematic uncertainties arises from the 
theoretical modelling of the signal and background processes, in-
cluding those related to the production of jets associated with the 
Higgs boson. Experimental uncertainties related to the reconstruc-

2 mW
T ≡

√
2p�

T Emiss
T [1 − cos �φ(�p�

T,
�Emiss

T )].
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Fig. 3. The observed and expected Standard Model distributions in the 4� channel for (a) O ggF
NN in the ggF signal region, (b) O ggF

NN in the mixed signal region, and (c) O EW
NN in the 

EW signal region. The observed data are shown following the fit described in Section 8, except that the fit is carried out only in the 4� channel and the off-shell Higgs boson 
signal is fixed to the SM expectation. The total systematic uncertainty, including all uncertainties described in Section 7, is shown as the hatched area including correlations 
between uncertainties. The expectation includes the inclusive (signal plus background plus interference) gg → (H∗ →)Z Z (dark blue) and qq̄ → (H∗ →)Z Z + 2 j (light blue) 
processes, as well as the backgrounds from QCD qq̄ → Z Z production (orange) and other processes (Z+jets, tt̄, triboson and tt̄V ) (yellow). The expected gg → H∗ → Z Z and 
EW qq̄ → H∗ → Z Z + 2 j signals are also shown as red and blue lines. The first and last bins include the underflow and overflow, respectively. The lower panel of each plot 
shows the ratio of data to expectation (black points) and the total systematic uncertainty (hatched area), as well as the ratio of the signal (solid lines) and the interference 
(dashed lines) to the expectation for ggF (red) and EW (blue) production. (For ease of display, for the last four curves one plus the ratio is plotted.)

tion of jets are also prominent while other experimental uncer-
tainties are generally small. To help understand the impact of the 
leading uncertainties, their relative size before the statistical fit for 
a specific process is provided in this section, with the largest un-
certainties for the main processes in the signal and control regions 
summarised in Table 1. The impact of these uncertainties on the 
observed upper limits of μoff-shell is given in Section 8.

The theoretical uncertainties arise from the choice of PDF, from 
the missing higher-order corrections in both QCD and EW pertur-
bative calculations, and from the modelling of the parton shower.

The PDF uncertainties are evaluated using the NNPDF prescrip-
tion with MC replicas. The PDF covariance matrix between each 
channel of the analysis is estimated from the 100 replicas from 
the NNPDF3.0 NNLO set. Only the principal component of the co-
variance matrix has a non-negligible impact on the yields and it 
is used as a representation of the PDF uncertainty including its 
bin-by-bin correlations. The uncertainties due to missing higher-
order QCD corrections are estimated by varying the renormalisa-
tion and factorisation scales independently, ranging from a fac-
tor of one-half to two (excluding the cases in which one scale 

is varied down by one-half and the other up by two). For the 
qq̄ → Z Z background, the uncertainty is evaluated independently 
in bins of Njets. For the gluon-induced processes, including the 
signal, the gg → Z Z background, and their interference, the miss-
ing higher-order uncertainties are evaluated by their impact on 
the respective NLO K -factors [81]. The uncertainties are increased 
in the kinematic regions of the SRs where the K -factor calcula-
tions are less precise due to missing effects from on-shell top 
quarks and high-pT jets [27]: the uncertainty is doubled in the 
phase space containing a jet with pT > 150 GeV and increased 
by 50% for mZ Z around twice the top-quark mass. In both the 
4� and 2�2ν channels, the uncertainty from missing higher order 
corrections in the qq̄ → Z Z background is one of the largest un-
certainties, ranging from a few percent up to 40% depending on jet 
multiplicity and observable bin. In both channels, the same uncer-
tainty in the gluon–gluon processes ranges from 10% to 20%.

The uncertainties due to missing higher-order EW corrections 
(HOEW) are considered for the main qq̄ → Z Z background and 
handled differently in the two channels. For the 2�2ν channel, the 
difference in the NLO EW correction between the multiplicative 
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Fig. 4. The observed and expected Standard Model mZ Z
T distributions in the 2�2ν channel for (a) the ggF SR, (b) the mixed SR, and (c) the EW SR. The data are shown after 

the simultaneous fit described in Section 8, except that the fit is carried out only in the 2�2ν channel and the off-shell Higgs boson signal is fixed to the SM expectation. 
The hatched area shows the total systematic uncertainty after the fit, comprising all uncertainties described in Section 7 and including correlations between uncertainties. 
The expectation includes the inclusive (signal plus background plus interference) gg → (H∗ →)Z Z (dark blue) and EW qq̄ → (H∗ →)Z Z + 2 j (light blue) production, as well 
as the backgrounds from QCD qq̄ → Z Z production (orange), W Z (pink), non-resonant �� (dark green), Z +jets (light green), and other (triboson and tt̄V ) (yellow) processes. 
The expected gg → H∗ → Z Z and qq̄ → H∗ → Z Z + 2 j signals are also shown as red and blue lines. The last bins include the overflow. The lower panel shows the ratio of 
data to expectation (black points) and the total systematic uncertainty (hatched area), as well as the ratio of the signal (solid lines) and the interference (dashed lines) to the 
expectation for ggF (red) and EW (blue) production. (For ease of display, for the last four curves one plus the ratio is plotted.)

and additive methods as a function of mZ Z is assigned as the un-
certainty [57]. This uncertainty ranges from 1% to at most 20% of 
the cross-section depending on the bins of observables. For the 
4� channel, the NLO EW corrections are calculated on top of the 
LO QCD cross-section. Therefore, a specific prescription [82], also 
applied in Ref. [27], is used to derive the uncertainty to account 
for missing NLO QCD+EW diagrams. A study of the compatibility 
between the two methods in the 4� channel shows that the cen-
tral values agree to within a few percent while the uncertainties 
have a similar size.

The uncertainties due to the modelling of the parton shower 
and hadronisation play an important role in this search, as jet mul-
tiplicity, a key variable used to define both the SRs and the CRs, 
is particularly sensitive to the modelling of matrix elements, par-
ton showering, and the merging and matching between the two. 
The parton shower (PS) uncertainties are evaluated by varying re-
summation and matching scales for the processes simulated with 
the Sherpa generator. These variations for Sherpa samples are ex-

pected to further account for the shape uncertainties relating to 
missing high-order QCD effects beyond those from the usual QCD 
scale variations, i.e. migrations between jet bins. For those pro-
cesses simulated with the Pythia shower program, the uncertainty 
is assessed by varying the Pythia configurations, such as the pa-
rameter values of the A14 tune, the multi-parton models and the 
final-state radiation models. For ggF production, the PS uncertain-
ties are correlated between the signal and background processes. 
The uncertainties are split into shape and normalisation compo-
nents, with the latter being more significant.

In the 2�2ν channel, the systematic uncertainties arising from 
the PS are parameterised using only the Z Z transverse momen-
tum. In this channel, the PS uncertainty in the ggF processes is 
quite important: it is about 25% in the yields and ranges from 
a few percent to a maximum of 15% in the observable shapes. 
For the EW processes, this uncertainty reaches 15% in the yields 
and a few percent in the shapes. The PS uncertainties for the 
qq̄ → Z Z background are at percentage level for the bulk of ob-
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Table 1
The dominant uncertainties in the leading processes in the signal and background 
regions. Uncertainties may depend on the value of the observable: if so, a range is 
given in the table. Detailed descriptions of the uncertainties are given in the text.

Process Uncertainty Final State Value (%)

ggF Signal Region

qq̄ → Z Z QCD Scale 2�2ν 4–40
qq̄ → Z Z QCD Scale 4� 21–28
qq̄ → Z Z HOEW 4� 1–7
qq̄ → Z Z HOEW 2�2ν 2–20
qq̄ → Z Z Parton Shower 2�2ν 1–67
qq̄ → Z Z + 2 j Parton Shower 2�2ν 1–33
qq̄ → Z Z + 2 j Parton Shower 4� 2–10
gg → H∗ → Z Z Parton Shower 4� 27
gg → H∗ → Z Z Parton Shower 2�2ν 8–45
gg → Z Z Parton Shower 4� 38
gg → Z Z Parton Shower 2�2ν 6–43
W Z + 0 j QCD Scale 2�2ν 1–54

1-jet Signal Region

gg → H∗ → Z Z Parton Shower 4� 27
gg → H∗ → Z Z QCD Scale 2�2ν 13–18
gg → Z Z Parton Shower 4� 38
gg → Z Z QCD Scale 2�2ν 18–20
qq̄ → Z Z + 2 j QCD Scale 2�2ν 7–18
qq̄ → Z Z + 2 j QCD Scale 4� 3–10

2-jet Signal Region

qq̄ → Z Z QCD Scale 4� 18–26
qq̄ → Z Z QCD Scale 2�2ν 8–32
gg → H∗ → Z Z Parton Shower 4� 27
gg → H∗ → Z Z QCD Scale 2�2ν 14-18
gg → Z Z Parton Shower 4� 38
gg → Z Z QCD Scale 2�2ν 18–20
W Z + 2 j QCD Scale 2�2ν 20–22
qq̄ → Z Z + 2 j QCD Scale 4� 8–14
qq̄ → Z Z + 2 j QCD Scale 2�2ν 8–16

qq → Z Z Control Regions

qq̄ → Z Z QCD Scale 4� 26

Three-lepton Control Regions

W Z + 2 j QCD Scale 2�2ν 28

servable bins but can reach up to 30% in some parts of the phase 
space.

In the 4� channel, these uncertainties are parameterised using 
the 4� invariant mass, transverse momentum, and the kinemat-
ics of the leading jets. NNs are trained to estimate the density 
ratio between the nominal and the varied samples in this multi-
dimensional space [83]. This novel method ensures a detailed de-
scription of the systematic uncertainty while reducing statistical 
fluctuations due to the interpolation provided by the differentiable 
NN. In the 4� channel, PS uncertainties are the leading source of 
uncertainties for the gluon–gluon processes in the SRs, and are 
about 30% and 40% in the yields of the signal and the background. 
The impact of PS uncertainties in the shape of observables is found 
to be no more than 10% in the 4� channel. The PS uncertainties for 
the EW processes are less significant, ranging from a few percent 
to 10%. The PS uncertainties for the QCD qq̄ → Z Z background are 
generally smaller, at percentage level for most observable bins.

Experimental systematic uncertainties are generally less impor-
tant than the theoretical ones. However, uncertainties related to jet 
reconstruction are important in the 2�2ν channel as mismeasure-
ment of the jet energy can mimic Emiss

T . The main jet uncertainties 
are those in the jet energy scale (JES) and resolution (JER), which 
can amount to about 10% for processes in the EW SRs. The ef-
fect of pile-up and the differences between the energy responses 
for jets with different hadron flavour compositions are particularly 
important. Uncertainties originating from the electron and muon 
reconstruction and selection, and from Emiss

T reconstruction are 

less important. The uncertainty in the Run-2 luminosity measure-
ment is 1.7% [84], obtained using the LUCID-2 detector [85] for the 
primary luminosity measurements.

8. Results and interpretations

The statistical model used to translate the results into con-
straints on the off-shell signal strength μoff-shell is based on the 
profile likelihood technique [86]. A binned likelihood function is 
constructed as a product of Poisson probability terms over all 
bins in all the SRs and CRs considered in the analysis, as intro-
duced in Sections 5 and 6. The likelihood depends on the param-
eters of interest and a set of nuisance parameters θ that include 
the effects of systematic uncertainties and statistical uncertain-
ties from the limited number of simulated events. They are con-
strained using Gaussian and Poisson terms, respectively. Different 
parameters of interest are used depending on the interpretation. 
The first interpretation explores two signal strength parameters 
(μggF

off-shell = κ2
g, off-shellκ

2
V , off-shell and μEW

off-shell = κ4
V , off-shell) corre-

sponding to the ggF- and EW-induced off-shell contributions, re-
spectively. Here, κg (κV ) refers to the Higgs boson coupling to 
gluons (vector bosons) normalised to the SM prediction. In the 
second interpretation, a single off-shell signal-strength parame-
ter (μoff-shell) is applied for all production modes, assuming that 
μ

ggF
off-shell = μEW

off-shell = μoff-shell.
Given the sizeable interference effects, the off-shell signal can-

not be treated independently of the interfering backgrounds. The 
interference term, which is proportional to √

μoff-shell, must be 
taken into account when building the probability model. The ex-
pected number of events from the gg → (H∗ →)Z Z process for a 
given μggF

off-shell, referred as νggF, can be obtained for a bin of the 
input distributions from the following parameterisation:

νggF(μ
ggF
off-shell, θ)

= μ
ggF
off-shell · nggF

S (θ)

+
√

μ
ggF
off-shell · (nggF

SBI (θ) − nggF
S (θ) − nggF

B (θ)) + nggF
B (θ)

= (μ
ggF
off-shell −

√
μ

ggF
off-shell) · nggF

S (θ)

+
√

μ
ggF
off-shell · nggF

SBI (θ) + (1 −
√

μ
ggF
off-shell) · nggF

B (θ)

where nggF
S , nggF

B and nggF
SBI represent the corresponding expected 

yields of the signal, the gg → Z Z background and the full gg →
(H∗ →)Z Z process, respectively. The expected number of events 
from the EW qq̄ → (H∗ →)Z Z + 2 j process for a given μEW

off-shell
can be modelled similarly, and the parameterisation is deter-
mined by using three simulation samples: that for the full process 
qq̄ → (H∗ →)Z Z + 2 j with μEW

off-shell set to 1, that for the same 
process with μEW

off-shell set to 10, and the non-Higgs boson EW 
qq̄ → Z Z + 2 j background3. The description in terms of a single 
signal component as performed for ggF production is not possi-
ble in the EW case because the requirement on high mZ Z , used 
to ensure that the Higgs boson is off-shell, does not apply to the 
t-channel Higgs boson exchange in EW production, even though 
it is also off-shell (with t<0). The parameterisation described here 
ensures that this component scales with μEW

off-shell .
The total normalisation of the qq̄ → Z Z background is left as 

a free parameter in the profile likelihood fit, separately for each 
jet multiplicity. Three parameters are introduced in the likelihood 

3 The values of μEW
off-shell = 0, 1, and 10 are chosen for technical reasons involving 

the production of simulated samples but in principle any three numbers could be 
used.
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Fig. 5. Comparisons between data and the SM prediction for the (a) m4� and (b) mZ Z
T distributions in the inclusive off-shell signal regions in the Z Z → 4� and Z Z → 2�2ν

channels, respectively. The scenario with the off-shell signal strength equal to one is considered in the fit. The hatched area represents the total systematic uncertainty. The 
last bin in both figures contains the overflow.

model to constrain the normalisation of this dominant background 
in both final states, a normalisation factor for 0-jet events, μqqZ Z , 
and two additional parameters to represent the relative contribu-
tions of higher jet multiplicities, μ1 j

qqZ Z , and μ2 j
qqZ Z . The expected 

yield of 0-jet qq̄ → Z Z events is scaled by μqqZ Z , that of 1-jet 
events by μqqZ Z · μ1 j

qqZ Z , and that of events with at least two jets 
by μqqZ Z · μ1 j

qqZ Z · μ2 j
qqZ Z . These parameters are largely constrained 

by the three CRs defined in Section 5, especially at high jet multi-
plicity.

The normalisations of the W Z , Z + jets and non-resonant-��
backgrounds are also obtained from the simultaneous fit, using the 
dedicated control regions described in Section 6. Similarly to the 
qq̄ → Z Z background, events from the W Z process are treated 
separately for each jet multiplicity. Five additional free parame-
ters, μ3� , μ1 j

3� , μ2 j
3� , μZ j , and μeμ , are therefore introduced in the 

likelihood model specifically for the 2�2ν channel and for its com-
bination with the 4� channel.

The likelihood function for the combination of both channels 
is built as a product of the likelihoods of the individual channels. 
Theoretical and experimental uncertainties with common sources 
are treated as correlated between the two channels. The NLO EW 
uncertainty is uncorrelated between the two channels, due to the 
different schemes used to derive the uncertainties. The hypothe-
sis of systematic uncertainty correlation between the 4� and 2�2ν

channels is tested for the dominant sources of uncertainties, in-
cluding the PS uncertainties that use models with different com-
plexity in the two channels, and the NLO EW uncertainty. The 
difference in the result when using different correlation hypothe-
ses is found to be negligible.

The m4� distribution for the 4� channel and the mZ Z
T distribu-

tion for the 2�2ν channel are shown in Fig. 5 after the full fit to 
data with μoff-shell = 1. The total systematic uncertainty from the 
sources described in Section 7 are shown in the figure. The distri-
butions of the NN observables used in the 4� channel are shown 
in Fig. 3.

The expected numbers of events in the SRs after the maximum-
likelihood fit to the data performed in all SRs and CRs, together 
with the corresponding observed yields, are shown in Tables 2
and 3 for the Z Z → 4� and Z Z → 2�2ν channels, respectively. The 
fitted background normalisation factors together with their total 
uncertainties are summarised in Table 4.

Table 2
The observed and expected yields together with their uncertainties, for the ggF-
and EW-enriched categories in the 4� channel. The results are obtained after the si-
multaneous fit to both the 4� and 2�2ν channels with μoff-shell = 1. The first row 
represents the inclusive Z Z process from gg production, including the signal, back-
ground, and interference components. The signal and background components are 
shown separately in rows 2–3: they do not add up to match the inclusive yield due 
to the presence of negative interference. The other backgrounds include contribu-
tions from tt̄V and V V V processes. The uncertainties in the expected number of 
events include the statistical and systematic uncertainties. The uncertainties in the 
qq → Z Z background are quoted as the sum in quadrature of all three jet multiplic-
ity contributions for purposes of illustration.

Process ggF SR Mixed SR EW SR

gg → (H∗ →)Z Z 341 + 117 42.5 + 14.9 11.8 + 4.3
gg → H∗ → Z Z 32.6 + 9.07 3.68 + 1.03 1.58 + 0.47
gg → Z Z 345 + 119 43.0 + 15.2 11.9 + 4.4

qq̄ → (H∗ →)Z Z + 2 j 23.2 + 1.0 2.03 + 0.16 9.89 + 0.96

qq̄ → Z Z 1878 + 151 135 + 23 22.0 + 8.3
Other backgrounds 50.6 + 2.5 1.79 + 0.16 1.65 + 0.16

Total expected (SM) 2293 + 209 181 + 29 45.3 + 10.0
Observed 2327 178 50

To obtain the results for a given parameter of interest, profile 
likelihood ratios (denoted by λ) are computed for different values 
of each parameter. The −2 ln λ curve as a function of μoff-shell is 
presented in Fig. 6(a). The expected curve is constructed from a 
fit to an Asimov dataset which is built from the SM expectation. 
The expected curve is flatter than the observed due to the effect 
of a downward fluctuation in the data and the parabolic shape of 
the yield versus μ curve, which arises due to the √μ dependence 
of the interference. In particular, for electroweak production, the 
expected yield is minimised at the value of μ = 0.8, close to the 
value μ = 1 at which the expected −2 ln λ curve is minimised. In 
this case, a downward fluctuation in the data, observed for this 
production mode, does not appreciably move the minimum, be-
cause a lower yield cannot reduce the best-fit value of μ below 
0.8. Instead, the lower yield makes values further from the mini-
mum less likely, thus narrowing the profile likelihood.

Due to the quadratic parameterisation of the yield as a function 
of the parameter of interest, the distribution of the test statistic 
−2 ln λ is slightly different from the asymptotic χ2 distribution 
predicted by Wilks’ theorem [87]. Therefore confidence intervals 
on μoff-shell are built based on the Neyman construction [88] using 
the distribution of −2 ln λ for different values of the parameter of 
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Table 3
The observed and expected yields together with their uncertainties, for the ggF- and 
EW-enriched categories in the 2�2ν channel. The results are obtained after the si-
multaneous fit to both the 4� and 2�2ν channels with μoff-shell = 1. The first row 
represents the inclusive Z Z process from gg production, including the signal, back-
ground, and interference components. The signal and background components are 
shown separately in rows 2–3: they do not add up to match the inclusive yield 
due to the presence of negative interference. The other backgrounds include con-
tributions from V V V , W +jets and top quark processes other than pair production. 
The uncertainties in the expected number of events include the statistical and sys-
tematic uncertainties. The uncertainties in the qq → Z Z and W Z backgrounds are 
quoted as the sum in quadrature of all three jet multiplicity contributions for pur-
poses of illustration.

Process ggF SR Mixed SR EW SR

gg → (H∗ →)Z Z 210 + 53 19.7 + 4.9 4.29 + 1.10
gg → H∗ → Z Z 111 + 26 10.9 + 2.5 3.26 + 0.82
gg → Z Z 251 + 66 23.4 + 6.2 5.31 + 1.46

qq̄ → (H∗ →)Z Z + 2 j 14.0 + 3.0 1.63 + 0.17 4.46 + 0.50

qq̄ → Z Z 1422 + 112 80.4 + 11.9 7.74 + 2.99
W Z 678 + 54 51.9 + 6.9 7.89 + 2.50
Z+jets 62.3 + 24.3 7.51 + 6.94 0.62 + 0.54
Non-resonant-�� 106 + 39 9.17 + 2.73 1.55 + 0.42
Other backgrounds 22.6 + 5.2 1.62 + 0.25 1.40 + 0.10

Total expected (SM) 2515 + 165 172 + 17 28.0 + 4.1
Observed 2496 181 27

Table 4
The fitted normalisation factors for the dominant 
qq̄ → Z Z background as well as the W Z , Z +jets 
and non-resonant-�� type backgrounds.

Normalisation factor Fitted value

μqqZZ 1.11 ± 0.07

μ
1 j
qqZZ 0.90 ± 0.10

μ
2 j
qqZZ 0.88 ± 0.26

μ3� 1.06 ± 0.03

μ
1 j
3� 0.92 ± 0.10

μ
2 j
3� 0.75 ± 0.19

μZj 0.90 ± 0.19
μeμ 1.08 ± 0.09

Table 5
The impact of most important systematic uncertainties on the observed upper value 
of μoff-shell for which −2 lnλ = 4, obtained by the combined fit. This value corre-
sponds to the two standard deviation upper limit of μoff-shell with the asymptotic 
method. The first column denotes the systematic uncertainty that was excluded 
from the fit. The last row gives the nominal upper limit, where all uncertainties 
are included. The further the upper limit is deviating from the last row value, the 
more important that uncertainty is.

Systematic Uncertainty Fixed μoff-shell value at which 
−2 lnλ(μoff-shell) = 4

Parton shower uncertainty for gg → Z Z
(normalisation)

2.26

Parton shower uncertainty for gg → Z Z
(shape)

2.29

NLO EW uncertainty for qq̄ → Z Z 2.27
NLO QCD uncertainty for gg → Z Z 2.29
Parton shower uncertainty for qq̄ → Z Z
(shape)

2.29

Jet energy scale and resolution uncertainty 2.26

None 2.30

interest. The distributions of −2 ln λ are estimated using simulated 
events sampled from the likelihood model of the analysis, profiled 
to the best fit results from data. The resulting confidence inter-
vals are 5–10% more conservative than those obtained by assum-
ing that the asymptotic assumption is correct. The intersections 
of the 1-sigma and 2-sigma curves in Fig. 6(a) with the likeli-
hood curves allow the true 68 and 95% confidence intervals to be 
estimated. The expected uncertainty in μoff-shell , also obtained us-

ing the 1σ confidence intervals from the Neyman construction, is 
±0.9. The observed value of μoff-shell with the 1σ confidence inter-
vals from the Neyman construction is μoff-shell = 1.1+0.7

−0.6. The ob-
served (expected) 95% confidence level (CL) upper limit on μoff-shell
is 2.4 (2.6). The background-only hypothesis (μoff-shell= 0) is re-
jected at an observed (expected) significance of 3.3σ (2.2σ ). The 
−2 ln λ = 2.30 and −2 ln λ = 5.99 2D contours for μggF

off-shell and 
μEW

off-shell, which correspond to the 68% and 95% CL limits in the 
asymptotic approximation, are shown in Fig. 6(b).

To estimate the importance of the most relevant sources of sys-
tematic uncertainty to the result, Table 5 shows the value of the 
largest μoff-shell for which −2 ln λ = 4 when each source of un-
certainty is removed one at a time. Due to the unusual shape of 
the yield curve, the impact of nuisance parameters on the best-
fit value of μoff-shell can be difficult to interpret. Additionally, the 
correlations between the nuisance parameters, and between the 
nuisance parameters and the normalisation parameters for the 
backgrounds, make it difficult to extract uncertainty components. 
Table 5 indicates the magnitude of the systematic uncertainties 
and shows their relative importance. The most important ones are 
the PS uncertainties, the NLO EW uncertainties, and the jet-related 
uncertainties.

The combination with the on-shell H → Z Z∗ → 4� analy-
sis [89], where the on-shell signal strength is measured to be 
μon-shell = 1.01 ± 0.11, allows these results to be translated into 
limits on the width of the Higgs boson normalised to its SM 
expectation (μoff-shell/μon-shell = �H/�SM

H ) as well as the ratio of 
off-shell to on-shell couplings for ggF (R gg ≡ κ2

g, off-shell/κ
2
g, on-shell) 

and EW (R V V ≡ κ2
V , off-shell/κ

2
V , on-shell) production. The experimen-

tal uncertainties are correlated between the two measurements, 
while the theoretical uncertainties are assumed to be uncorrelated, 
considering that differences could exist in the structure of high-
order corrections at different mass scales. The difference in the 
statistical results between the correlated and uncorrelated schemes 
is found to be negligible. The �H/�SM

H interpretation assumes that 
the off- and on-shell coupling modifiers are the same for both ggF 
and EW production modes. The R gg and R V V interpretations as-
sume that the total width of the Higgs boson is equal to its SM 
prediction, and that the scattering phase also follows the SM. Ad-
ditionally, in the R gg case it is assumed that the coupling scale 
factors associated with the on- and off-shell EW production are 
the same, while in the R V V case the t-channel Higgs boson ex-
change process is assumed to scale in the same way as for the 
off-shell signal.

For the combination with the on-shell analysis, the combined 
likelihood is built as the product of the likelihood models for the 
two analyses. The values of −2 ln λ as a function of �H /�SM

H , R gg

and R V V are shown in Figs. 7(a), 7(b) and 7(c), respectively. The 
deviation of −2 ln λ from a smooth parabolic curve in the region 
close to zero in Fig. 7(b) is due to the √

μ dependence in the 
yield that arises from the interference, as discussed earlier in this 
section, combined with a slight excess observed in the data in 
the 4� ggH SR, which leads to a maximum near μ = 0. Confi-
dence intervals are obtained using the Neyman construction, as de-
scribed above. The corresponding measured values are the follow-
ing: �H/�SM

H = 1.1+0.7
−0.6, R gg = 1.4+1.1

−1.4 and R V V = 0.9+0.3
−0.3. Multi-

plying the measured �H/�SM
H by the width of the SM Higgs boson, 

the measured �H is 4.5+3.3
−2.5 MeV. The total uncertainty is domi-

nated by its statistical component. The observed (expected) upper 
limit on �H/�SM

H is 2.6 (2.7) at 95% confidence level using the Ney-
man construction, and the corresponding lower limit is 0.1 (0.01). 
Thus observed (expected) upper and lower limits can be placed on 
the total width of the Higgs boson of 0.5(0.1) < �H < 10.5(10.9)

MeV.
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Fig. 6. The likelihood profile, −2 lnλ, as a function of (a) the off-shell Higgs boson signal strength, μoff-shell, for the combination of the Z Z → 4� and Z Z → 2�2ν off-shell 
analyses, and (b) two off-shell signal strength parameters for the ggF and EW production modes, plotted in a plane (μggF

off-shell , μEW
off-shell). In (a) the dotted curves correspond 

to the one and two standard deviation confidence intervals on the measurement obtained using the Newyman construction while (b) shows two-dimensional contours for 
μ

ggF
off-shell and μEW

off-shell corresponding to −2 lnλ = 2.30 and −2 lnλ = 5.99, which correspond to the 68% and 95% CL limits in the asymptotic approximation.

Fig. 7. The likelihood profile, −2 lnλ, as a function of (a) �H /�SM
H , (b) R gg and (c) R V V for the combination with the on-shell signal strength measurement. The dotted curves 

correspond to the one and two standard deviation confidence intervals on the measurement obtained using the Neyman construction. For R gg there are two additional 
negative crossings, near −1.2 and −0.84 from the best fit value: as these are very close to the 1-σ level, they are neglected.
11
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9. Conclusion

This Letter presents a search for off-shell Higgs boson produc-
tion in the Z Z → 4� and the Z Z → 2�2ν final states with the 
ATLAS detector using 139 fb−1 of pp collision data. The search is 
optimised for sensitivity to both the ggF- and EW-induced signal, 
and a simultaneous fit to all SRs and CRs is performed to ex-
tract the signal contribution. No deviations from the SM prediction 
are observed. The data reject the background-only hypothesis with 
an observed (expected) significance of 3.3σ (2.2σ ). The observed 
(expected) upper limit at 95% confidence interval on the signal 
strength μoff-shell is found to be 2.4 (2.6). A combination with the 
on-shell Higgs boson measurement gives a measured total width of 
the Higgs boson of 4.5+3.3

−2.5 MeV, and the observed (expected) up-
per limit on the total width is found to be 10.5 (10.9) MeV at 95% 
CL. These results are compatible with those previously obtained 
by the CMS experiment. Together with that result, this means that 
both experiments have observed evidence of off-shell Higgs boson 
production.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to 
influence the work reported in this paper.

Data availability

The data for this manuscript are not available. The values in the 
plots and tables associated to this article are stored in HEPDATA 
(https://hepdata .cedar.ac .uk).

Acknowledgements

We thank CERN for the very successful operation of the LHC, 
as well as the support staff from our institutions without whom 
ATLAS could not be operated efficiently.

We acknowledge the support of ANPCyT, Argentina; YerPhI, Ar-
menia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azerbai-
jan; CNPq and FAPESP, Brazil; NSERC, NRC and CFI, Canada; CERN; 
ANID, Chile; CAS, MOST and NSFC, China; Minciencias, Colombia; 
MEYS CR, Czech Republic; DNRF and DNSRC, Denmark; IN2P3-
CNRS and CEA-DRF/IRFU, France; SRNSFG, Georgia; BMBF, HGF and 
MPG, Germany; GSRI, Greece; RGC and Hong Kong SAR, China; ISF 
and Benoziyo Center, Israel; INFN, Italy; MEXT and JSPS, Japan; 
CNRST, Morocco; NWO, Netherlands; RCN, Norway; MEiN, Poland; 
FCT, Portugal; MNE/IFA, Romania; MESTD, Serbia; MSSR, Slovakia; 
ARRS and MIZŠ, Slovenia; DSI/NRF, South Africa; MICINN, Spain; 
SRC and Wallenberg Foundation, Sweden; SERI, SNSF and Can-
ton of Bern and Geneva, Switzerland; MOST, Taiwan; TENMAK, 
Türkiye; STFC, United Kingdom; DOE and NSF, United States of 
America. In addition, individual groups and members have re-
ceived support from BCKDF, CANARIE, Compute Canada and CRC, 
Canada; PRIMUS 21/SCI/017 and UNCE SCI/013, Czech Republic; 
COST, ERC, ERDF, Horizon 2020 and Marie Skłodowska-Curie Ac-
tions, European Union; Investissements d’Avenir Labex, Investisse-
ments d’Avenir Idex and ANR, France; DFG and AvH Foundation, 
Germany; Herakleitos, Thales and Aristeia programmes co-financed 
by EU-ESF and the Greek NSRF, Greece; BSF-NSF and MINERVA, 
Israel; Norwegian Financial Mechanism 2014-2021, Norway; NCN 
and NAWA, Poland; La Caixa Banking Foundation, CERCA Pro-
gramme Generalitat de Catalunya and PROMETEO and GenT Pro-
grammes Generalitat Valenciana, Spain; Göran Gustafssons Stif-
telse, Sweden; The Royal Society and Leverhulme Trust, United 
Kingdom.

The crucial computing support from all WLCG partners is ac-
knowledged gratefully, in particular from CERN, the ATLAS Tier-1 
facilities at TRIUMF (Canada), NDGF (Denmark, Norway, Sweden), 
CC-IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-
T1 (Netherlands), PIC (Spain), ASGC (Taiwan), RAL (UK) and BNL 
(USA), the Tier-2 facilities worldwide and large non-WLCG resource 
providers. Major contributors of computing resources are listed in 
Ref. [90].

References

[1] ATLAS Collaboration, Observation of a new particle in the search for the Stan-
dard Model Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 
(2012) 1, 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 (2012) 30, arXiv:1207.7235
[hep -ex].

[3] ATLAS Collaboration, A detailed map of Higgs boson interactions by the ATLAS 
experiment ten years after the discovery, Nature 607 (2022) 52, arXiv:2207.
00092 [hep -ex].

[4] CMS Collaboration, A portrait of the Higgs boson by the CMS experiment ten 
years after the discovery, Nature 607 (2022) 60, arXiv:2207.00043 [hep -ex].

[5] LHC Higgs Cross Section Working Group, Handbook of LHC Higgs cross sec-
tions: 4. Deciphering the nature of the Higgs sector, arXiv:1610 .07922 [hep -
ph], 2016, 2/2017.

[6] N. Kauer, G. Passarino, Inadequacy of zero-width approximation for a light 
Higgs boson signal, J. High Energy Phys. 08 (2012) 116, arXiv:1206 .4803
[hep -ph].

[7] F. Caola, K. Melnikov, Constraining the Higgs boson width with ZZ production 
at the LHC, Phys. Rev. D 88 (2013) 054024, arXiv:1307.4935 [hep -ph].

[8] J.M. Campbell, R.K. Ellis, C. Williams, Bounding the Higgs width at the LHC 
using full analytic results for gg → e−e+μ−μ+ , J. High Energy Phys. 04 (2014) 
060, arXiv:1311.3589 [hep -ph].

[9] J.M. Campbell, R.K. Ellis, C. Williams, Bounding the Higgs width at the LHC: 
complementary results from H → W W , Phys. Rev. D 89 (2014) 053011, arXiv:
1312 .1628 [hep -ph].

[10] C. Englert, M. Spannowsky, Limitations and opportunities of off-shell coupling 
measurements, Phys. Rev. D 90 (2014) 053003, arXiv:1405 .0285 [hep -ph].

[11] G. Cacciapaglia, A. Deandrea, G.D. La Rochelle, J.-B. Flament, Higgs couplings: 
disentangling new physics with off-shell measurements, Phys. Rev. Lett. 113 
(2014) 201802, arXiv:1406 .1757 [hep -ph].

[12] A. Azatov, C. Grojean, A. Paul, E. Salvioni, Taming the off-shell Higgs boson, J. 
Exp. Theor. Phys. 120 (2015) 354, arXiv:1406 .6338 [hep -ph].

[13] M. Ghezzi, G. Passarino, S. Uccirati, Bounding the Higgs width using effective 
field theory, PoS LL2014 072 (2014), arXiv:1405 .1925 [hep -ph].

[14] M. Buschmann, et al., Mass effects in the Higgs-gluon coupling: boosted vs off-
shell production, J. High Energy Phys. 02 (2015) 038, arXiv:1410 .5806 [hep -ph].

[15] J.S. Gainer, J. Lykken, K.T. Matchev, S. Mrenna, M. Park, Beyond geolocating: 
constraining higher dimensional operators in H → 4� with off-shell production 
and more, Phys. Rev. D 91 (2015) 035011, arXiv:1403 .4951 [hep -ph].

[16] C. Englert, Y. Soreq, M. Spannowsky, Off-shell Higgs coupling measurements in 
BSM scenarios, J. High Energy Phys. 05 (2015) 145, arXiv:1410 .5440 [hep -ph].

[17] D. Goncalves, T. Han, S. Mukhopadhyay, Off-shell Higgs probe of naturalness, 
Phys. Rev. Lett. 120 (2018) 111801, arXiv:1710 .02149 [hep -ph].
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