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Measurement of the Z boson invisible width at 
√
𝑠 = 13 TeV with the 

ATLAS detector
.The ATLAS Collaboration ⋆

A R T I C L E I N F O A B S T R A C T

Editor: M. Doser A measurement of the invisible width of the 𝑍 boson using events with jets and missing transverse momentum 
is presented using 37 fb−1 of 13 TeV proton–proton data collected by the ATLAS detector in 2015 and 2016. The 
ratio of 𝑍 → inv to 𝑍 → 𝓁𝓁 events, where inv refers to non-detected particles and 𝓁 is either an electron or a 
muon, is measured and corrected for detector effects. Events with at least one energetic central jet with 𝑝T ≥ 110
GeV are selected for both the 𝑍 → inv and 𝑍 → 𝓁𝓁 final states to obtain a similar phase space in the ratio. 
The invisible width is measured to be 506 ± 2 (stat.)± 12 (syst.) MeV and is the single most precise recoil-based 
measurement. The result is in agreement with the most precise determination from LEP and the Standard Model 
prediction based on three neutrino generations.

1. Introduction

Precision measurements of fundamental parameters of the Standard 
Model, such as properties of the 𝑍 boson, are crucial probes of the 
Standard Model and may provide hints of new physics. A measure-
ment of the invisible width of the 𝑍 boson, Γ(𝑍 → inv), reveals the 
number of light neutrinos that couple to the 𝑍 boson and any poten-
tial non-Standard Model contributions. Measurements of Γ(𝑍 → inv)
via different final states and analysis strategies test the consistency of 
the Standard Model as differences amongst measurements would indi-
cate possible sources of new physics.

The most precise measurement of the invisible width of the 𝑍 boson
is that obtained by the LEP experiments via measurements of the total 
𝑍 boson width [1–4] and subtracting the partial width to visible fi-
nal states: pairs of leptons (electrons, muons, taus) and hadrons. The 
invisible width is measured to a precision of 0.3% assuming charged 
lepton universality, and 0.5% without this assumption [5]. Measure-
ments of Γ(𝑍 → inv) using photon-tagged events were also performed 
by the LEP experiments with a combined precision of 3.2% [6–9]. 
The CMS Collaboration measured Γ(𝑍 → inv) using a jet+𝐸miss

T final 
state, where 𝐸miss

T is the missing transverse momentum, with a preci-
sion of 3.2% dominated by systematic uncertainties in the electron and 
muon identification and jet energy scale [10]. Jet+𝐸miss

T final states 
are also sensitive to anomalous production of missing transverse mo-
mentum with dedicated analyses generally targeting regions with large 
𝐸miss
T [11,12].

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

This paper presents a measurement of Γ(𝑍 → inv) using the ratio of 
𝑍(→ inv)+jets to 𝑍(→ 𝓁𝓁)+jets cross sections, defined as

𝑅miss(𝑝T,Z) ≡
(
𝑑𝜎(𝑍(→ inv)+jets)

𝑑𝑝T,Z

)
∕
(
𝑑𝜎(𝑍(→ 𝓁𝓁)+jets)

𝑑𝑝T,Z

)

=
(
𝑑𝜎(𝑍+jets) ×𝐵𝑅(𝑍 → inv)

𝑑𝑝T,Z

)
∕

(
𝑑𝜎(𝑍+jets) ×𝐵𝑅(𝑍 → 𝓁𝓁)

𝑑𝑝T,Z

)
, (1)

where 𝓁 refers to electrons and muons, 𝑝T,Z is the 𝑍 boson 𝑝T, as de-
fined in Section 4 and 𝐵𝑅(𝑍 → 𝓁𝓁) are the leptonic branching ratios 
measured by the LEP experiments. In this ratio, the numerator and the 
denominator are corrected to a common phase space so that many of 
the dominant systematic uncertainties cancel. After all corrections, the 
value of the ratio is constant as a function of 𝑝T,Z. Γ(𝑍 → inv) is deter-
mined by utilising the measured value of the leptonic width [5,9] and 
fitting a constant value of 𝑅miss(𝑝T,Z):

Γ(𝑍 → inv) = 𝑅̂miss ⋅ Γ(𝑍 → 𝓁𝓁), (2)

where Γ(𝑍 → 𝓁𝓁) is the leptonic width and 𝑅̂miss is the result of the fit.
The 𝑍 → inv, 𝑍 → 𝑒𝑒, and 𝑍 → 𝜇𝜇 regions are defined to require at 

least one energetic jet. This criterion is applied to all regions to ensure 
that the dominant systematic uncertainties in the individual processes 
cancel in the ratio. Residual differences in the phase space between the 
numerator and the denominator of Equation (1) are accounted for using 
simulations.
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2. ATLAS detector

The ATLAS experiment [13] at the LHC is a multipurpose particle 
detector with a forward-backward symmetric cylindrical geometry and 
a near 4𝜋 coverage in solid angle.1 It consists of an inner tracking de-
tector surrounded by a thin superconducting solenoid providing a 2 T 
axial magnetic field, electromagnetic and hadron calorimeters, and a 
muon spectrometer. The inner tracking detector covers the pseudora-
pidity range |𝜂| < 2.5. It consists of silicon pixel, silicon microstrip, and 
transition radiation tracking detectors. Lead/liquid-argon (LAr) sam-
pling calorimeters provide electromagnetic (EM) energy measurements 
with high granularity. A steel/scintillator-tile hadron calorimeter covers 
the central pseudorapidity range (|𝜂| < 1.7). The endcap and forward 
regions are instrumented with LAr calorimeters for both the EM and 
hadronic energy measurements up to |𝜂| = 4.9. The muon spectrometer 
surrounds the calorimeters and is based on three large superconduct-
ing air-core toroidal magnets with eight coils each. The field integral of 
the toroids ranges between 2.0 and 6.0 Tm across most of the detector. 
The muon spectrometer includes a system of precision tracking cham-
bers and fast detectors for triggering. A two-level trigger system is used 
to select events. The first-level trigger is implemented in hardware and 
uses a subset of the detector information to accept events at a rate below 
100 kHz. This is followed by a software-based trigger that reduces the 
accepted event rate to 1 kHz on average depending on the data-taking 
conditions. An extensive software suite [14] is used in the reconstruc-
tion and analysis of real and simulated data, in detector operations, and 
in the trigger and data acquisition systems of the experiment.

3. Data set and simulated samples

The data used were recorded with the ATLAS detector from 2015 
to 2016 in 𝑝𝑝 collisions at 

√
𝑠 = 13 TeV and correspond to a total in-

tegrated luminosity of 36.65 ± 0.32 fb−1 [15]. The mean number of 𝑝𝑝
interactions per bunch crossing, including the hard scattering and other 
interactions in the same bunch crossings (pile-up), was ⟨𝜇⟩ = 23.

Monte Carlo (MC) simulation samples are used to correct the data 
for detector effects and to estimate contributions from some background 
events. The generated samples were processed using the GEANT4-based 
ATLAS detector simulation [16,17] and the same event-reconstruction 
algorithms are used for both the MC samples and the data.

The production of 𝑍 bosons in association with jets for all lep-
tonic decay modes was simulated with the ATLAS configuration of
SHERPA 2.2.11 [18], which includes matrix elements for up to five par-
tons at leading order (LO) and up to two partons at next-to-leading 
order (NLO). They are calculated with the COMIX [19] and OPEN-
LOOPS [20–22] libraries and matched with the SHERPA parton shower 
(PS) [23] using the MEPS@NLO prescription [24–27] with a set of 
tuned parameters (‘tune’) developed by the SHERPA authors. It includes 
a modified Catani–Seymour (CS) subtraction scheme [28], the Hessian
NNPDF3.0NNLO Parton Density Function (PDF) set [29], and an ana-
lytic enhancement technique [18]. The prediction from SHERPA 2.2.11 
also includes NLO virtual Electroweak corrections [18] that were found 
to have a negligible effect on the measured width and are therefore not 
considered.

An alternative 𝑍+ jets MC signal sample, referred to as MG5_AMC+
PY8 FXFX [18], was produced with the MADGRAPH5_AMC@NLO 2.6.5 
[30] program to generate matrix elements at NLO accuracy in Quantum-
Chromodynamics (QCD) for up to three additional partons in the final 

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 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).

state. The NNPDF3.1NNLO set [29] was used in the generation. The 
parton showering and subsequent hadronisation were performed using
PYTHIA 8.240 [31] with the A14 tune [32] and the NNPDF2.3LO PDF 
set [33]. The jet multiplicities were merged using the FxFx prescrip-
tion [34].

For background processes, 𝑊+jets production is modelled with the 
same SHERPA configuration as the nominal 𝑍+jets production. Sam-
ples of diboson and triboson final states (𝑉 𝑉 , 𝑉 𝑉 𝑉 , where 𝑉 is either a 
𝑊 or 𝑍 boson and indicates all possible multi-𝑊 or 𝑍 boson combina-
tions) were produced with the SHERPA 2.2.1 or SHERPA 2.2.2 generator 
depending on the process, including off-shell effects and Higgs boson 
contributions where appropriate. Fully leptonic final states and semilep-
tonic final states, where one boson decays leptonically and the other 
hadronically, were simulated using matrix elements at NLO accuracy 
in QCD for up to one additional parton and at LO accuracy for up 
to three additional parton emissions. The matrix element calculations 
were matched and merged with the SHERPA parton shower using the
MEPS@NLO prescription with a set of tuned parameters developed by 
the SHERPA authors, and the NNPDF3.0NNLO set of PDFs was used.

Electroweak production of 𝓁𝓁𝑗𝑗, 𝓁𝜈𝑗𝑗 and 𝜈𝜈𝑗𝑗 final states was 
simulated with SHERPA 2.2.11 [35] using LO matrix elements with up 
to one additional parton emission. The matrix elements were merged 
with the SHERPA parton shower [23] following the MEPS@LO pre-
scription [26] and using the set of tuned parameters developed by the
SHERPA authors. The NNPDF3.0NNLO set of PDFs [29] was employed. 
The samples were produced using the vector-boson-fusion approxima-
tion, which avoids overlap with semileptonic diboson topologies by 
requiring a 𝑡-channel colour-singlet exchange. The starting conditions 
of the CS shower are set according to the large-𝑁𝑐 amplitudes supplied 
by Comix [36] to achieve the correct vector-boson-fusion-appropriate 
radiation pattern.

Production of 𝑡𝑡 is simulated at NLO accuracy in perturbative QCD 
using the POWHEG BOX v2 [37–40] generator with the NNPDF3.0NLO
PDF set and the ℎdamp parameter2 set to 1.5 𝑚top [41]. The events 
were interfaced to PYTHIA 8.230 [31] to model the parton shower, 
hadronisation, and underlying event, with parameters set according to 
the A14 tune and using the NNPDF2.3LO set of PDFs. The 𝑡𝑡 sam-
ple is normalised to the cross-section prediction at next-to-next-to-
leading order (NNLO) accuracy, including the resummation of next-
to-next-to-leading logarithmic (NNLL) soft-gluon terms calculated with
TOP++2.0 [42–48].

Single top quark production in the 𝑠-channel, in the 𝑡-channel, 
and in association with a 𝑊 boson (𝑡𝑊 ) was modelled using the
POWHEG BOX v2 generator at NLO in QCD with the four-flavour scheme 
for the 𝑡-channel and five-flavour scheme for the 𝑠- and 𝑡𝑊 -channels 
and, the NNPDF3.0NLO set of PDFs. The diagram-removal scheme [49]
was used to remove interference and overlap with 𝑡𝑡 production. The 
𝑡𝑊 cross section is corrected to the theory prediction at approximate 
NNLO accuracy [50,51], while the 𝑠- and 𝑡-channel cross sections are 
corrected to the prediction at NLO accuracy [52,53].

For bottom and charm hadron decays, the EVTGEN 1.7.0 pro-
gram [54] was used for MG5_AMC+PY8 FXFX samples, and EVT-
GEN 1.2.0 was used for the POWHEG samples. Pile-up was modelled by 
overlaying the simulated hard-scattering event with inelastic 𝑝𝑝 events 
generated with PYTHIA 8.186 [55] using the NNPDF2.3LO PDF set and 
the A3 tune [56]. The small differences in lepton reconstruction, isola-
tion, and trigger efficiencies between simulation and data are corrected 
in the simulation on an event-by-event basis by applying efficiency scale 
factors for each lepton [57–59].

2 The ℎdamp parameter is a resummation damping factor and one of the pa-
rameters that control the matching of POWHEG matrix elements to the parton 
shower and thus effectively regulates the high-𝑝T radiation against which the 𝑡𝑡
system recoils.
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4. Event selection

This analysis uses only data taken during 2015–2016 to profit from 
lower 𝐸miss

T trigger thresholds. Events are used if they were recorded 
during stable beam conditions and if they satisfy detector and data-
quality requirements [60]. They are required to have a primary vertex, 
defined as the vertex with the highest sum of track 𝑝2T, with at least 
two associated tracks with 𝑝T > 500 MeV [61]. The triggers used to col-
lect 𝑍 → inv and 𝑍 → 𝜇𝜇 events require an 𝐸miss

T threshold between 
70–110 GeV depending on the data-taking period [62–64]. In these trig-
ger algorithms, input from the muon spectrometer is not included and 
therefore muons are treated like non-interacting particles. The trigger 
efficiencies plateau in the region of 𝐸miss

T ≥ 170 GeV. For the 𝑍 → 𝑒𝑒

events, the data were collected using single-electron triggers, with 𝑝T
thresholds ranging from 20 to 26 GeV and varying identification and 
isolation criteria.

Electron candidates are reconstructed from inner-detector tracks 
that come from the primary vertex and are matched to clusters of energy 
deposits in the EM calorimeter. They must satisfy likelihood-based iden-
tification requirements [57] based on EM shower shapes, track quality, 
and track–cluster matching. Baseline electron candidates are used if 
they pass the ‘Loose’ identification requirements, and have 𝑝T ≥ 7 GeV
and |𝜂| < 1.37 or 1.52 < |𝜂| < 2.47. For the signal region, electron can-
didates must in addition satisfy the ‘Tight’ identification requirements 
and the ‘FCHighPtCaloOnly’ [57] isolation requirement, which is based 
on calorimeter information only and has good background rejection in 
the high 𝑝T region. To fulfil the primary-vertex condition, the signal-
region electron track’s transverse impact parameter significance must 
also satisfy |𝑑0|∕𝜎(𝑑0) < 5.0, where 𝑑0 is the transverse impact parame-
ter and 𝜎(𝑑0) its uncertainty, and the longitudinal impact parameter 𝑧0
must satisfy |𝑧0 sin(𝜃)| < 0.5 mm, where 𝜃 is the angle of the track to 
the beamline.

Muon candidates are identified by matching inner-detector tracks 
from the primary vertex to either full tracks or track segments re-
constructed in the muon spectrometer. They are required to satisfy 
identification requirements [58,59] based on quality criteria applied 
to the inner-detector and muon-spectrometer tracks. Baseline muon 
candidates are used in the analysis if they pass the ‘Loose’ identifica-
tion requirements and have 𝑝T ≥ 7 GeV and |𝜂| < 2.5. Signal-region 
muon candidates in addition are required to satisfy ‘Medium’ identi-
fication requirements [58,59] and must satisfy the ‘FCLoose’ isolation 
requirement, built from tracking and calorimeter information, with a 
muon-𝑝T-dependent variable cone size Δ𝑅 [59] for isolation to other 
tracks. The signal region candidates must satisfy the following primary-
vertex requirements: the transverse impact parameter significance must 
satisfy |𝑑0|∕𝜎(𝑑0) < 3.0 and the longitudinal impact parameter must sat-
isfy |𝑧0 sin(𝜃)| < 0.5 mm, where 𝑑0, 𝜎(𝑑0), 𝑧0 and 𝜃 are as defined above 
for the electrons.

Hadronically decaying taus are required to satisfy the
‘JETIDRNNLOOSE’ selection [65], based on a recurrent neural network 
using single-track variables, and reconstructed kinematic and topolog-
ical variables. They must have either one or three tracks associated 
with the tau candidate with an absolute charge of 1. Tau candidates are 
used if they have 𝑝T > 20 GeV and |𝜂| < 1.37 or 1.52 < |𝜂| < 2.47. Tau 
identification is used to reject background events.

Jets of hadrons are reconstructed using a particle-flow algo-
rithm [66] based on noise-suppressed positive-energy topological clus-
ters in the calorimeter. Energy deposited in the calorimeter by charged 
particles is subtracted and replaced by the momenta of tracks that are 
matched to those topological clusters. The jets are clustered using the 
anti-𝑘𝑡 [67] algorithm implemented in the FASTJET package [68] with 
a radius parameter 𝑅 = 0.4. They are initially calibrated using simula-
tions and corrected using in situ measurements [69]. Jets are required 
to have a calibrated 𝑝T ≥ 30 GeV and |𝑦| < 4.4. Jets with 𝑝T < 60 GeV
and |𝜂| < 2.5 need to satisfy the ‘Tight’ jet vertex tagger (JVT) work-
ing point [70], which uses tracking information to suppress pile-up 

jets. The forward-jet-vertex tagger (fJVT) [71] identifies pile-up jets in 
the forward region with |𝜂| > 2.5 using the ‘Tight’ working point that 
sets constraints on the timing and the momentum of the jet. Events 
in which a jet is removed by the JVT algorithms are vetoed to reduce 
contributions of topologies where a falsely removed jet leads to 𝐸miss

T . 
To reduce calorimeter noise ‘Loose’ jet quality criteria [72] are applied 
rejecting events with any jet potentially originating from anomalous 
energy depositions due to coherent noise and electronic noise bursts in 
the calorimeter [73]. For a further suppression of non-collision back-
grounds either due to beam-induced or cosmic muons, the leading jet 
must satisfy the ‘Tight’ cleaning criteria. This requires the ratio of the 
charge fraction, which is the scalar sum of the 𝑝T of tracks over the 
scalar sum of the calorimeter energy in the jet, to the maximum sam-
pling fraction of the jet energy collected by a single calorimeter layer 
to be larger than 0.1.

Electrons, muons, taus, and jets are reconstructed and identified in-
dependently. An overlap-removal procedure is then applied to uniquely 
identify these objects in an event. Jets are removed if the Δ𝑅 between 
the jet and a lepton is smaller than 0.2. Then, electrons and muons 
closer than Δ𝑅 = 0.4 to any remaining jet are removed.

The 𝐸miss
T is computed as the negative of the vectorial sum of the 

transverse momenta of tracks associated with electrons, muons, hadron-
ically decaying taus and any other object classified as a jet. Tracks in 
the inner detector that are associated to the primary vertex but not with 
any other component are also included [74]. A 𝑝T,Z variable is defined 
to have a common observable between all regions. For the 𝑍 → inv re-
gion, 𝑝T,Z is the 𝐸miss

T . For the 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇 regions, 𝑝T,Z is the 
vectorial sum of the 𝐸miss

T and the 𝑝T of the two electrons or muons. 
For the 𝑊 boson control regions, defined below, the 𝑝T,Z is the vecto-
rial sum of the 𝐸miss

T and the 𝑝T of the electron or muon.
All regions are required to have 𝑝T,Z ≥ 130 GeV and at least one jet 

with 𝑝T ≥ 110 GeV and |𝜂| < 2.4. To suppress the multijet background, 
events are vetoed if the separation in azimuthal angle between any jet 
and the 𝑝T,Z vector, Δ𝜙(jet, 𝑝T,Z), is less than 0.4. For the 𝑍 → inv re-
gion, events are vetoed if any baseline lepton, including any tau lepton, 
is present.

For the 𝑍 → 𝑒𝑒 region, events are required to have exactly two elec-
trons passing the ‘Tight’ likelihood-based identification requirements, 
the ‘FCHighPtCaloOnly’ [57] isolation requirement and the track-to-
vertex association requirements. The leading (sub-leading) electron is 
selected with a 𝑝T larger than 50 (25) GeV. This selection reduces back-
ground processes without removing many 𝑍 → 𝑒𝑒 events as the 𝑝T,Z
criterion selects 𝑍 events where the leading lepton has a high 𝑝T. The 
two electrons must have opposite charges and the invariant mass of 
the di-electron system needs to satisfy 66 < 𝑚𝑒𝑒 < 116 GeV. Events are 
vetoed if any additional baseline lepton, including any tau lepton, is 
present.

For the 𝑍 → 𝜇𝜇 region, events are required to have exactly 
two ‘Medium’, isolated muons from the primary vertex with 𝑝T ≥

50 (25) GeV for the leading (sub-leading) muon. The muons must have 
opposite charges and the invariant mass of the di-muon system must 
satisfy 66 < 𝑚𝜇𝜇 < 116 GeV. Events are vetoed if any additional base-
line lepton, including any tau lepton, is present.

5. Background estimates

The dominant background processes in the 𝑍 → inv region are those 
from 𝑊+jets production (38% of the total number of events), mul-
tijet processes (5%), top-quark production (6%), diboson production, 
𝑍 → 𝓁𝓁 production (less than 2%) and non-collision events (1%). Con-
tributions from the 𝑊+jets production are estimated using simulations 
but constrained by dedicated 𝑊+jets control regions. The multijet 
and non-collision processes are estimated with data-driven methods. 
All other background processes are estimated using simulations. For 
the 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇 regions, the dominant background processes 
are top-quark production (2% of the total number of events), diboson 



Physics Letters B 854 (2024) 138705

4

The ATLAS Collaboration

Fig. 1. Data-to-predictions comparisons in (left) 𝑊 (→ 𝑒𝜈)+jets and (right) 𝑊 (→ 𝜇𝜈)+jets events as a function of 𝑝T,Z in the respective control regions. Statistical 
uncertainties in the data are shown as error bars and the total combined statistical and systematic uncertainties are shown as hashed bands. The theory uncertainties 
in the 𝑊 → 𝑒𝜈 and 𝑊 → 𝜇𝜈 processes are shown by the light grey shaded bands. The experimental and theory uncertainties are shown separately and not added in 
quadrature.

production (less than 2%) and contributions from non-prompt and mis-
reconstructed leptons (1%). The latter is estimated via a data-driven 
method, whereas all others are determined via simulations.

The 𝑊 → 𝑒𝜈 and 𝑊 → 𝜇𝜈 control regions are defined using the 
same 𝑝T,Z, jet and Δ𝜙(jet, 𝑝T,Z) criteria as in the 𝑍 → inv region. The 
𝑊 → 𝑒𝜈 control region definition requires in addition one electron 
with the same characteristics as the leading electron in the 𝑍 → 𝑒𝑒

region, 𝐸miss
T > 50 GeV and a transverse mass 50 ≤ 𝑚T ≤ 110 GeV, 

where 𝑚T =
√

2𝑝𝓁T𝐸
miss
T (1 − cos (𝜙𝓁 −𝜙𝐸missT )), 𝜙𝓁 and 𝜙𝐸missT are the 

azimuthal angles of the lepton and the 𝐸miss
T respectively. The 𝑊 → 𝜇𝜈

region requires exactly one muon as defined in the 𝑍 → 𝜇𝜇 region 
with 𝑝T > 50 GeV and 50 ≤ 𝑚T ≤ 110 GeV. In both the control re-
gions, backgrounds from non-prompt and mis-reconstructed leptons are 
estimated via the matrix method, as described below. All other back-
grounds, which amount to less than 25% of the total number of events, 
are estimated using simulations. Fig. 1 shows the number of events as a 
function of 𝑝T,Z for the 𝑊 → 𝑒𝜈 and 𝑊 → 𝜇𝜈 control regions.

The 𝑊 → 𝑒𝜈 (𝑊 → 𝜇𝜈) simulations in the 𝑍 → inv region are 
scaled by the ratio of data to simulations obtained in the 𝑊 → 𝑒𝜈

(𝑊 → 𝜇𝜈)-enhanced control region in each bin of the 𝑝T,Z distribu-
tions. The 𝑝T,Z-integrated scale factors for both channels are within 1% 
of unity and agree with each other within their systematic uncertain-
ties. For contributions from 𝑊 → 𝜏𝜈, where obtaining a sufficiently 
pure control region is difficult, the 𝑊 → 𝜏𝜈 simulation is scaled by the 
average value of those obtained in the 𝑊 → 𝑒𝜈 and 𝑊 → 𝜇𝜈 control 
regions. This average value was checked in a tau-enhanced region, de-
fined by selecting hadronically decaying taus with a 𝑝T > 30 GeV. The 
average value was found to be appropriate in this region.

The multijet background in the 𝑍 → inv region originates largely 
from the mis-reconstruction of the energy of a jet in the calorimeter 
and, to a lesser extent, the presence of neutrinos in the final state from 
heavy-flavour hadron decays. The multijet background is determined 
from data, using the jet smearing method as described in Ref. [11,75]. 
It relies on the assumption that the 𝐸miss

T value of multijet events is 
dominated by fluctuations in the jet response in the detector, which 
can be measured in the data. The method was validated using a re-
gion where events were selected as in the 𝑍 → inv region, except for 
a modified requirement that the minimum azimuthal distance between 
a jet and 𝐸miss

T is between 0.3 and 0.4, which indicates events with 
mis-measured jets. After the event selection, the multijet background is 
estimated to be about 8% in the lowest 𝑝T,Z bin and falls below 1% for 
𝑝T,Z above 250 GeV.

Non-collision backgrounds in the 𝑍 → inv region, which arise when 
beam-halo protons intercept the LHC collimators resulting in muon-
producing particle cascades are estimated via the method outlined in 

Ref. [73]. In particular, the jet timing, 𝑡𝑗 , calculated from the energy-
weighted average of the time of the jet energy deposits, defined relative 
to the event time in nominal collisions, is used. A dedicated region 
enhanced in beam-induced background, defined by inverting the tight 
jet-quality selection imposed on the leading jet, is used to estimate the 
amount of non-collision background from the fraction of events with 
a leading-jet timing |𝑡𝑗 | > 5 ns. The results indicate a contribution of 
1.2% from non-collision backgrounds in the signal region again steeply 
falling with 𝑝T,Z.

In the 𝑍 → 𝑒𝑒, 𝑍 → 𝜇𝜇 regions and the 𝑊+jets control regions, 
contributions from non-prompt and mis-reconstructed electrons and 
muons are determined using the matrix method [76]. In this approach, 
the number of events with a mis-identified electron or muon is deter-
mined via a set of linear equations, based on the number of events in 
the signal region, the number of events in a sample where the lepton se-
lection criteria are loosened to ensure a high fraction of mis-identified 
leptons and the efficiencies of real and mis-identified leptons to sat-
isfy the signal region lepton criteria. The sample with loosened lepton 
criteria is defined as events that satisfy the baseline lepton selection 
but fail to meet the additional signal region lepton criteria. The effi-
ciency of real leptons to satisfy the signal region lepton criteria relative 
to the loosened lepton criteria is determined from MC samples. The 
efficiency for mis-identified leptons is determined in an independent 
control region. For the mis-identified electrons, this control region uses 
the same criteria as with the 𝑊 → 𝑒𝜈 region but without applying the 
𝑝T,Z and 𝑚T selection criteria and inverting the 𝐸miss

T criterion. For the 
mis-identified muons, the control region uses the same criteria as with 
the 𝑊 → 𝜇𝜈 region but without applying the 𝑚𝑇 selection criterion. 
With this method, the non-prompt and mis-reconstructed backgrounds 
are estimated to be about 1.0% and 0.7% in the 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇

regions, respectively. The background is roughly 1% in the 𝑊+jets
control regions.

The matrix method is cross-checked for 𝑊 → 𝑒𝜈 events using a data-
driven template fit approach. Here, the 𝐸miss

T distribution for the mis-
identified electron background is derived from data in a background-
enriched control region. This region is defined by inverting the identifi-
cation criteria and dropping the track-to-vertex association criteria. The 
contributions to the background template that do not originate from 
mis-identified electrons are evaluated and subtracted using simulation. 
A fit to the 𝐸miss

T distribution is performed to determine the number 
of events with non-prompt and mis-reconstructed electrons. The result-
ing fraction of mis-identified electron events in the signal region agrees 
within the respective uncertainties to that obtained from the matrix 
method.

Distributions of the 𝑝T,Z for the 𝑍 → inv, 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇 re-
gions are shown in Fig. 2. The predictions agree well with the data 
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Fig. 2. Data-to-predictions comparisons in the 𝑍 → inv (top), 𝑍 → 𝑒𝑒 (bottom left) and 𝑍 → 𝜇𝜇 (bottom right) signal regions as a function of 𝑝T,Z . In the 𝑍 → inv, 
the 𝑊 boson scale factors are applied as described in the text. Statistical uncertainties in the data are shown as error bars and the total combined statistical and 
systematic uncertainties are shown as hashed bands. The theory uncertainties in the 𝑍 → inv, 𝑍 → 𝑒𝑒, and 𝑍 → 𝜇𝜇 processes are shown by the light grey shaded 
bands. The experimental and theory uncertainties are shown separately and not added in quadrature.

within the experimental and theoretical uncertainties. The binning is 
optimised such that the bin width is at least two times the detector res-
olution. The highest 𝑝T,Z bin in each region has at least 20 events and 
the bin ends at 2600 GeV above which the expected number of events 
is small.

6. Systematic uncertainties

Systematic uncertainties in the measured distributions and ratio 
stem from experimental and simulation modelling uncertainties. The 
uncertainties are estimated by applying them to simulation, and then 
re-estimating the background contributions and the detector-correction 
factors. The impact of the systematic uncertainties in the measured 
width is summarised in Table 1 and the relative uncertainties are shown 
in Fig. 6 in the appendix.

Systematic uncertainties associated with jet reconstruction are ad-
dressed via jet-energy-scale (JES) variations in a 29 nuisance-parameter 
scheme and jet-energy-resolution (JER) variations in a 13 nuisance-
parameter scheme [69]. The uncertainty in the efficiency to satisfy 
the (f)JVT requirement for pile-up suppression was derived in 𝑍(→
𝜇𝜇)+jets events and is also considered [77]. The uncertainty in 𝐸miss

T
due to a possible miscalibration of its soft-track component was de-
rived from data–simulation comparisons of the 𝑝T balance between the 
hard and soft 𝐸miss

T components [74]. Imperfect modelling of the effects 
of pile-up leads to acceptance changes for different jet multiplicities. 
To assess this uncertainty, the average number of pile-up interactions 
is varied in simulation. The uncertainty in the combined 2015–2016 
integrated luminosity is 0.87% [15], obtained using the LUCID-2 de-
tector [78] for the primary luminosity measurements; this uncertainty 
cancels in the ratio, apart from small residual dependencies on the lu-
minosity in the background estimates.

Systematic uncertainties in the lepton selection are related to the re-
construction, identification, isolation, and trigger [57–59] efficiencies 
and scale factors. Uncertainties in the electron energy scale and res-
olution are also taken into account [79]. The largest impact on this 
result is that from the uncertainties on the electron identification and 
then to a lesser extent that from the uncertainties on the isolation. For 
the muons, the uncertainties are related to the muon momentum scale, 
inner-detector and muon-spectrometer resolution, and sagitta-bias cor-
rection [80]. The largest impact due to the muon uncertainties are those 
from the isolation and reconstruction. For the 𝜏-leptons, energy scale 
uncertainties are included [81].

Modelling uncertainties in MC samples used in the signal and con-
trol regions are taken into account by varying the QCD scales and the 
PDF parameterisation. The effect of QCD scale uncertainties is defined 
by the envelope of variations resulting from changing the renormal-
isation (𝜇r ) and factorisation (𝜇f ) scales by factors of two with an 
additional constraint of 0.5 ≤ 𝜇r∕𝜇f ≤ 2. Uncertainties due to the PDF 
parameterisation are evaluated using sets of PDF variations [82] and 
consistent variations of 𝛼s in the PDF and in the hard scatter based on
NNPDF3.0NNLO [29]. The diagram-removal scheme [49] is used to re-
move interference and overlap between 𝑡𝑊 and 𝑡𝑡 production. A related 
uncertainty was estimated by comparing to an alternative sample sim-
ulated using the diagram-subtraction scheme [41,49]. The uncertainty 
in Γ(𝑍 → 𝓁𝓁) is taken from the Particle Data Group combination [9].

For the 𝑊 → 𝑒𝜈 and 𝑊 → 𝜇𝜈-enhanced control regions, these un-
certainties are applied to all simulation-based contributions. For the 
non-prompt and mis-reconstructed electrons and muons control regions, 
only scale uncertainties in the simulation-based contributions are signif-
icant and therefore considered. For these control regions, an additional 
uncertainty is estimated by varying the selection criteria. For the multi-
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Table 1

Impact on Γ(𝑍 → inv) of different sources of systematic uncertainties, their 
total, the statistical uncertainty in the data and the overall total uncertainty 
in MeV and percentage. The individual systematic uncertainties do not sum 
in quadrature to the total systematic uncertainty due to correlations between 
uncertainty sources.
Systematic Uncertainty Impact on Γ(𝑍 → inv) in [MeV] in [%]

Muon efficiency 7.4 1.5
Renormalisation & factorisation scales 5.9 1.2
Electron efficiency 4.9 1.0
Detector correction 4.4 0.9
QCD multijet 3.2 0.6
𝐸miss
T 2.4 0.5

𝑍(→ 𝜇𝜇)+jets misid. lepton estimate 1.9 0.4
Jet energy resolution 1.6 0.3
𝑊 (→ 𝓁𝜈)+jets normalisation 1.5 0.3
Pile-up reweighting 1.5 0.3
Non-collision background estimate 1.3 0.3
Jet energy scale 1.3 0.3
𝛾∗-correction 1.0 0.2
𝑍(→ 𝑒𝑒)+jets misid. lepton estimate 1.0 0.2
Luminosity 1.0 0.2
Parton distribution functions+ 𝛼𝑠 0.7 0.1
Γ(𝑍 → 𝓁𝓁) [5,9] 0.5 0.1
Tau energy scale 0.4 0.1
Muon momentum scale 0.3 0.1
𝑊 (→ 𝓁𝜈)+jets misid. lepton estimate 0.3 0.1
(Forward) jet vertex tagging 0.2 < 0.1
Top subtraction scheme 0.2 < 0.1
Electron energy scale 0.1 < 0.1

Systematic 12 2.4
Statistical 2 0.4
Total 13 2.5

jet background and non-collision background estimates, a conservative 
100% uncertainty is assigned.

To account for uncertainties on the detector correction, an uncer-
tainty in the correction method itself is estimated by taking the differ-
ence between the corrected ratio using these bin-wise correction factors, 
as detailed below in Equation (3), and when using two iterations of 
Bayesian unfolding [83].

7. Invisible width measurement

The value of Γ(𝑍 → inv) is determined via the ratio defined in 
Equations (1) and (2). In the 𝑅miss ratio, both the numerator and de-
nominator are extrapolated to a common phase space and are corrected 
to account for detector-related effects. The particle-level phase space is 
defined as:

• at least one jet, where the leading jet must have 𝑝T ≥ 110 GeV and |𝜂| < 2.4,
• 𝑝T,Z ≥ 130 GeV.

Electrons and muons are defined as before any final-state radiation, 
the so-called ‘Born’ level, to ensure consistency between the electron, 
muon, and neutrino regions. Particle-level jets are found by applying 
the anti-𝑘𝑡 algorithm with radius parameter 𝑅 = 0.4 to final-state par-
ticles with decay length 𝑐𝜏 > 10 mm, excluding the decay products 
from the 𝑍 boson decay. The 𝑝T,Z is defined as the 𝑍 boson 𝑝T, cal-
culated from either the two neutrinos or the two charged leptons from 
the 𝑍 boson decay.

For each bin, 𝑖, as a function of 𝑝T,Z, the ratios of 𝑍(→ inv) + 
jets∕𝑍(→ 𝑒𝑒)+jets and 𝑍(→ inv)+jets/𝑍(→ 𝜇𝜇)+jets are corrected 
for detector effects using a bin-wise correction factor, defined as

𝑈𝑖,𝓁 =
(
𝑁𝑖(𝑍(→ inv)+jets)
𝑁𝑖(𝑍(→ 𝓁𝓁)+jets)

) detector-level/
(
𝑁𝑖(𝑍(→ inv)+jets)
𝑁𝑖(𝑍(→ 𝓁𝓁)+jets)

) particle-level

, (3)

where 𝓁 is either an electron or muon and 𝑁𝑖 is the number of simu-
lated events in that bin for a given process at either detector-level or 
particle-level. For the 𝑍 → 𝑒𝑒 region, the value of 𝑈 ranges from 0.3 
at low 𝑝T,Z to 0.6 at high 𝑝T,Z. For the 𝑍 → 𝜇𝜇 region, it ranges from 
0.4 to 0.7. These factors are shown as a function of the 𝑝T,Z in Fig. 7 of 
the appendix. They are dominated by the corrections to the full phase 
space, which range from 0.5 at low 𝑝T,Z to 0.9 at high 𝑝T,Z. A bin-
wise correction of the ratio is justified as the migrations across bins, 
which are around 30%, are similar between the 𝑍(→ inv)+jets and 
𝑍(→ 𝓁𝓁)+jets processes and therefore largely cancel. This assump-
tion was checked using a Bayesian unfolding method to correct the 
𝑍(→ inv)+jets, 𝑍(→ 𝑒𝑒)+jets and 𝑍(→ 𝜇𝜇)+jets distributions in-
dividually and then form the ratio. In addition, the correction factors 
derived from SHERPA 2.2.11 are validated against those determined us-
ing MG5_AMC+PY8 FXFX simulations and found to be consistent.

An additional correction is applied to the 𝑍 → 𝓁𝓁 regions to extrap-
olate to a phase space with no 𝑍 boson 𝑚𝓁𝓁 criterion and to remove 
contributions from 𝛾∗ production, which is only present in charged lep-
ton final states. The correction is derived by comparing PYTHIA simula-
tions where the 𝛾∗ interference and a 𝑍 boson 𝑚𝓁𝓁 selection is included 
to 𝑍 boson production without interference and no mass selection. This 
correction factor is roughly 2% and is applied to the measured ratio and 
the predictions. Statistical uncertainties from the MC sample and the 
theoretical scale uncertainties, as described above, are included as un-
certainties in the correction factor. The QCD scale uncertainties are on 
the sub-percent level.

The measured values of 𝑅miss with electrons and muons final states 
are shown in Fig. 3. In the electron channel, the increase in the bin at 
around 600 GeV is attributed to a statistical fluctuation and is found to 
diminish with the additional Run 2 data. The data is fully corrected for 
detector-effects and compared with predictions from SHERPA 2.2.11 and
MG5_AMC+PY8 FXFX. Both the predictions agree well with the data.

The value of 𝑅̂miss is determined via a 𝜒2 minimisation. Determin-
ing the value of 𝑅̂miss via a constant fit helps to reduce the systematic 
uncertainties as the Standard Model predicts that 𝑅miss should be flat 
as a function of 𝑝T,Z. The value of Γ(𝑍 → inv) is then determined using 
Equation (2), utilising the Γ(𝑍 → 𝓁𝓁) value, assuming lepton univer-
sality, obtained by the LEP experiments [5,9]. The function is defined 
as 𝜒2 = (𝑦data,𝐼 − 𝑦̄)𝑇𝐕−1(𝑦data,𝐼 − 𝑦̄), where the index 𝐼 runs over all 
𝑝T,Z bins and both the 𝑍 → inv/𝑍 → 𝑒𝑒 and 𝑍 → inv/𝑍 → 𝜇𝜇 ratios, 
𝑦data,𝐼 is the measured 𝑍 → inv/𝑍 → 𝑒𝑒 or 𝑍 → inv/𝑍 → 𝜇𝜇 ratio, 
𝑦̄ is the predicted ratio, which is independent of 𝐼 , and 𝐕−1 is the in-
verse covariance matrix. Statistical and systematic correlations between 
the 𝑍 → inv, 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇 regions are accounted for via the 
covariance matrix. The lowest 𝑝T,Z bin from 130 to 170 GeV is not con-
sidered in the minimisation due to large uncertainties in the multijet 
background.

The value of Γ(𝑍 → inv) obtained is 506 ± 2 (stat.) ± 12 (syst.) MeV
with a 𝜒2 value from the fit of 17.3 for 19 degrees of freedom. The 
values of Γ(𝑍 → inv) obtained using 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇 individually 
are 490 ± 3 (stat.) ± 16 (syst.) MeV and 511 ± 2 (stat.) ± 13 (syst.) MeV
respectively. They are in agreement with each other and with the com-
bined result and also have good 𝜒2 values. The result is dominated by 
systematic uncertainties, mainly driven by lepton uncertainties in the 
denominator of the ratio. The muon channel is more precise and there-
fore has greater impact in the combination. This is the most precise 
recoil-based determination of Γ(𝑍 → inv). Fig. 4 summarises this re-
sult and other recoil-based results. Also shown are the combined value 
determined from fits of the lineshape of the 𝑍 resonance from LEP, 
499.0 ± 1.5 MeV [5] (assuming lepton universality), and the Standard 
Model prediction of 501.445 ± 0.047 MeV [9], which is based on inputs 
such as the Higgs boson and top quark masses. The LEP combination 
of the photon-tagged results and the result from the lineshape measure-
ments only quote their total uncertainty. The result is compatible with 
LEP and CMS results and with the Standard Model prediction.
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Fig. 3. Measured 𝑅miss of (left) electrons and (right) muons as a function of 𝑝T,Z in the corrected phase space as defined in Section 7. The error bars on the measured 
red points show the statistical uncertainty and the grey hashed bands show the combined statistical and systematic uncertainties. The results are compared with the 
prediction for the SHERPA 2.2.11 (red) and for the MG5_AMC+PY8 FXFX (blue) samples. For both the predictions, statistical uncertainties and uncertainties due to 
the 𝛾∗ correction are shown by the vertical bars.

Fig. 4. Γ(𝑍 → inv) measured in this paper and by the LEP experiments L3, 
OPAL, ALEPH and the photon-tagged combination and by the CMS experiment. 
The total uncertainties are represented by the black error bars and the system-
atic uncertainty as the blue bands. The LEP combination of the photon-tagged 
results and the result from the lineshape measurements only quote their total 
uncertainty. The Standard Model prediction is shown by the solid red line.

8. Conclusion

A measurement of the invisible width of the 𝑍 boson using 37 
fb−1 of 13 TeV proton–proton data collected by the ATLAS detector 
is presented. Measurements of Γ(𝑍 → inv) in multiple final states are 
an important consistency test of the Standard Model and thereby a 
probe of new physics. The ratio of the number of 𝑍(→ inv)+jets to 
𝑍(→ 𝓁𝓁)+jets events corrected for detector effects is used. Events 
with at least one energetic central jet with 𝑝T ≥ 110 GeV are selected 
for both the 𝑍 → inv and 𝑍 → 𝓁𝓁 processes to obtain a similar phase 
space between the numerator and the denominator of the ratio.

The obtained value of 506 ± 2 (stat.) ± 12 (syst.) MeV is the most 
precise experimental result for recoil-based final states to date. The re-
sult is in agreement with other recoil-based measurements, with the 
most precise determination of Γ(𝑍 → inv) from LEP and with the 
Standard Model prediction based on three neutrino generations. The 
dominant uncertainties of this result are due to lepton uncertainties in 
the denominator of the ratio. A future combination of the recoil-based 
measurements could further improve the precision of this fundamental 
parameter of the Standard Model.

Declaration of competing interest

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

Data availability

Data will be made available on request.

Acknowledgements

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

The crucial computing support from all WLCG partners is acknowl-
edged gratefully, in particular from CERN, the ATLAS Tier-1 facilities at 
TRIUMF/SFU (Canada), NDGF (Denmark, Norway, Sweden), CC-IN2P3 
(France), KIT/GridKA (Germany), INFN-CNAF (Italy), NL-T1 (Nether-
lands), PIC (Spain), 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. [84].

We gratefully acknowledge the support of ANPCyT, Argentina; Yer-
PhI, Armenia; ARC, Australia; BMWFW and FWF, Austria; ANAS, Azer-
baijan; 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, Por-
tugal; MNE/IFA, Romania; MESTD, Serbia; MSSR, Slovakia; ARRS and 
MIZŠ, Slovenia; DSI/NRF, South Africa; MICINN, Spain; SRC and Wal-
lenberg Foundation, Sweden; SERI, SNSF and Cantons of Bern and 
Geneva, Switzerland; MOST, Taipei; TENMAK, Türkiye; STFC, United 
Kingdom; DOE and NSF, United States of America.

Individual groups and members have received support from BCKDF, 
CANARIE, CRC and DRAC, Canada; PRIMUS 21/SCI/017 and UNCE 
SCI/013, Czech Republic; COST, ERC, ERDF, Horizon 2020, ICSC-
NextGenerationEU and Marie Skłodowska-Curie Actions, European 
Union; Investissements d’Avenir Labex, Investissements 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 Programme Generalitat de Catalunya 



Physics Letters B 854 (2024) 138705

8

The ATLAS Collaboration
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right) regions before detector corrections. Only uncertainties that are larger than 0.5% in any bin are shown.

Fig. 6. Relative uncertainties in percentage in 𝑅miss, as a function of 𝑝T,Z for the (left) electron and (right) muon channels after detector corrections. Only uncertainties 
that are larger than 0.5% in any bin are shown.
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Fig. 7. The value of the correction factor, 𝑈𝑖,𝓁 , as a function of 𝑝T,Z for both 
the 𝑍 → 𝑒𝑒 (in red) and 𝑍 → 𝜇𝜇 (in blue) regions. Shown in solid dots is the 
correction as determined with SHERPA 2.2.11 simulations and in open triangles 
that determined with MG5_AMC+PY8 FXFX simulations. Only the Monte Carlo 
statistical uncertainties are shown.
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Appendix A

A breakdown of the systematic uncertainties in the 𝑍 → inv, 𝑍 → 𝑒𝑒

and 𝑍 → 𝜇𝜇 regions is shown in Fig. 5. The systematic uncertainties 
in 𝑅miss, after all corrections are applied, are indicated in Fig. 6. The 
values of the correction factor, 𝑈𝑖,𝓁 are shown in Fig. 7 as a function of 
𝑝T,Z for both the 𝑍 → 𝑒𝑒 and 𝑍 → 𝜇𝜇 regions.
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