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A precise measurement of the invisible width of the Z boson produced in proton-proton collisions at a
center-of-mass energy of 13 TeV is presented using data recorded by the CMS experiment at the LHC,
corresponding to an integrated luminosity of 36.3fb™!. The result is obtained from a simultaneous fit to
kinematic distributions for two data samples of Z boson plus jets: one dominated by Z boson decays to
invisible particles and the other by Z boson decays to muon and electron pairs. The invisible width is

measured to be 523 4 3 (stat) £ 16 (syst) MeV. This result is the first precise measurement of the invisible

Keywords: width of the Z boson at a hadron collider, and is the single most precise direct measurement to date,
CMS competitive with the combined result of the direct measurements from the LEP experiments.
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Precision measurements of Z boson properties at the CERN LHC
enable important tests of the standard model (SM). Deviations
from the SM predictions could reveal signs of new physics beyond
the SM. Among the physical observables describing the Z boson,
the ‘invisible width’ corresponds to Z boson decays to particles that
are not detected, such as neutrino-antineutrino pairs, and can be
translated into a constraint on the number of light neutrino species
coupling to the Z boson. A precise measurement of this quantity
could reveal non-SM contributions from new-physics scenarios [1].

Experiments at the CERN Large Electron-Positron Collider (LEP)
measured the invisible width of the Z boson using both direct and
indirect approaches. The direct method is based on the associated
production of an initial-state photon with a Z boson that subse-
quently decays invisibly. Direct measurements have been made by
the OPAL [2], ALEPH [3], and L3 [4] experiments, yielding the LEP
combined measurement of 503 = 16 MeV [5]. The indirect method
uses the total Z boson width extracted from the Z boson lineshape,
and subtracts the measured partial decay widths to all known vis-
ible final states. This method is the most precise, with a combined
indirect measurement of 499.0 + 1.5MeV [5] from the LEP exper-
iments. A previous measurement by the UA2 experiment used the
W boson and Z boson widths to deduce a limit on the number of
light neutrino generations [6].

This Letter presents the first direct measurement of the invisi-
ble width of the Z boson at a hadron collider. The direct and indi-
rect measurements could be sensitive to different new-physics sce-
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narios [7] motivating the goal to reduce the total uncertainty in the
direct measurement. We use data recorded by the CMS experiment
from proton-proton (pp) collisions at a center-of-mass energy of
13 TeV, corresponding to an integrated luminosity of 36.3 fb™! [8].
This measurement exploits the similarity in kinematic characteris-
tics between the decay of the Z boson to neutrinos and its decay to
charged leptons (in this case, electrons and muons), and is based
on the ratio of branching fractions between these decay modes, as
given by the following:

Iz o o(Z+jets)B(Z — vv)
(=) = Ziets)BZ = t0)

I'(Z — ¢0) (1)

where o (Z+jets) is the cross section to produce a Z boson in asso-
ciation with jets, I'(Z — vv) and B(Z — vv) are the partial width
and branching fraction of the Z boson to neutrinos. Similarly, for
the charged leptons the partial width and branching fraction are
I'(Z — ¢¢) and B(Z — ¢¢). The invisible width, T'j,y, is extracted
from a simultaneous fit to kinematic distributions for two data
samples: one dominated by Z boson decays to invisible particles
and the other by Z boson decays to muon and electron pairs. Since
the invisible particles cannot be detected, invisible Z boson decays
can only be identified when the Z boson has a significant trans-
verse momentum (pt) leading to large missing transverse momen-
tum (p%‘iss). In this analysis, therefore, only Z bosons produced in
association with jets are considered. Tabulated results are available
in the HepData database [9]. A previous measurement by CMS of
the differential production cross section of the invisible decay of
the Z boson is presented in [10].
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The central feature of the CMS apparatus is a superconduct-
ing solenoid of 6 m internal diameter, providing a magnetic field
of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL),
and a brass and scintillator hadron calorimeter, each composed of
a barrel and two endcap sections. Forward calorimeters extend the
pseudorapidity (n) coverage provided by the barrel and endcap de-
tectors. Muons are detected in gas-ionization chambers embedded
in the steel flux-return yoke outside the solenoid. Events of inter-
est are selected using a two-tiered trigger system [11]. A detailed
description of the CMS detector and relevant kinematic variables is
reported in Ref. [12].

The particle-flow (PF) algorithm [13] reconstructs and identi-
fies individual particles in an event with an optimized combination
of information from the various elements of the CMS detector. It
identifies these particles as charged or neutral hadrons, photons,
and charged leptons. The energy of electrons is determined from a
combination of the electron momentum measured by the tracker
and the cluster of energy deposition in the ECAL. Muons are iden-
tified as tracks in the central tracker consistent with either a track
or several hits in the muon system, and associated with energy
deposits in the calorimeter compatible with the muon hypothesis.
The momentum of muons is obtained from the curvature of the
corresponding track. The primary vertex (PV) is taken to be the
vertex corresponding to the hardest scattering in the event, evalu-
ated using tracking information alone, as described in Section 9.4.1
of [14].

For each event, hadronic jets are clustered from these recon-
structed particles using the infrared- and collinear-safe anti-kt
algorithm [15,16] with a distance parameter of 0.4. Jet energy
corrections are derived from simulation studies so that the aver-
age measured response of jets match that of particle-level jets. In
situ measurements of the momentum balance in dijet, photon+jet,
Z+jet, and multijet events are used to determine any residual dif-
ferences between the jet energy scale (JES) in data and simulation,
and appropriate corrections are made [17]. The jet energy resolu-
tion (JER) typically amounts to 15% at 10 GeV, 8% at 100 GeV, and
4% at 1 TeV.

Hadronic © decays (th) are reconstructed using the hadrons-
plus-strips algorithm [18], which combines 1 or 3 tracks with en-
ergy deposits in the calorimeters, to identify the tau decay modes.
To distinguish genuine 7, decays from jets originating from the
hadronization of quarks or gluons, and from electrons, a discrimi-
nant based on a multivariate analysis is used [18].

The vector ﬁ%“iss is computed as the negative vector sum of the
pr of all particle candidates from the PF algorithm in an event, and
its magnitude is denoted as pM'ss [19]. The pIss vector is modified
to account for corrections to the energy scale of the reconstructed
jets in the event. For the leptonic data sets selected in this analysis,

p%“iss is replaced by the recoil vector I/, defined as the vector sum

of f)’T“iSS and pr of the charged leptons passing the object selection
in each event. This parameter acts as a proxy for the boson pr.
Henceforth ¢/ = |U| is used to denote py"** for events with no
leptons and U for events containing leptons.

The signal process of a Z boson decaying to neutrinos produced
in association with jets is simulated at next-to-leading order (NLO)
using the Monte Carlo (MC) event generator MADGRAPH5_aMC@NLO
2.3.2 [20] interfaced with PYTHIA (v8.212) [21] for parton shower
(PS) and hadronization. The matrix element (ME) calculation in-
cludes up to three final-state partons generated from quantum
chromodynamics (QCD) interactions and the ME-PS matching is
performed following the FxFx [22] prescription. The Drell-Yan pro-
duction of Z/y* in association with jets, where the Z/y* decays
to charged leptons, and the production of a W boson in associa-
tion with jets are simulated in the same way. Corrections are ap-
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plied to the cross sections for these processes as a function of the
boson pt to account for higher-order effects from next-to-next-to-
leading order (NNLO) in QCD and NLO in electroweak (EW) [23]
interactions. The impact of the NLO EW corrections is particularly
significant since they become large and negative at high pr, lead-
ing to a 20-30% correction for Z+jets and W + jets production
cross sections at 1 TeV in boson pt [23].

Top quark pair events are generated with MADGRAPH5_aMC@NLO
and normalized to the inclusive cross section calculated at NNLO
matched to next-to-next-to-leading logarithmic accuracy [24,25].
Single top quark processes are generated at leading order (LO) with
POWHEG [26-28] and normalized to the NLO cross sections for tW
and t-channel production [29], whereas the s-channel production
is generated at NLO with MADGRAPH5_aMcC@NLo. The production
of diboson processes is simulated using a combination of MAD-
GRAPH5_aMc@NLO and POWHEG at NLO accuracy. The photon+jets
process is generated using the MADGRAPH5_aMC@NLO generator
at NLO with up to one parton in the final state and the ME-PS
matching is performed following the FxFx prescription. QCD mul-
tijet production is generated with PYTHIA at LO.

The NNPDF3.0 LO and NLO [30] parton distribution functions
(PDFs) are used, respectively, with the LO and NLO generators
described above. The PYTHIA program with the CUETP8M1 under-
lying event tune [31] is used to describe parton showering and
hadronization for all simulated samples. The full detector response
is simulated using the GEANT4 [32] package for all background and
signal samples.

Additional pp interactions within the same or nearby bunch
crossings (pileup) are included in the simulated samples, with the
multiplicity weighted to match the pileup distribution measured in
data.

The events used in this analysis can be categorized into three
main regions: the p%“iss plus jets region that is composed pre-
dominantly of Z — vv events; a dilepton plus jets region with
Z/y*— up and Z/y* — ee events; and a single-lepton plus jets
region, ¢ +jets, where ¢ =e, , 7, (hadronically decaying t lepton),
that is enriched in W +jets events.

Events are selected using an unprescaled trigger that requires
plf.“iss > 90GeV and H}“iss > 90GeV, where H}“iss is the magnitude
of the vectorial pr sum of all jets with pt > 20GeV and || < 5.0.
Muons are not included in the calculation of the p.rllniSS and H%‘iss
variables at the trigger level. This enables the same trigger to be
used to select events for the p‘T“iSS plus jets region and the Z/y* —
mpm and o+ jets regions. This trigger is also used to select the
T +jets region. Events for the Z/y* — ee and e+ jets regions are
selected using a trigger that requires at least one reconstructed
electron passing a tight identification selection [33] and with pT >
27 GeV.

Muon candidates are required to be reconstructed in the fidu-
cial region of pseudorapidity |n| < 2.4 of the muon system. Elec-
tron candidates are required to be reconstructed within |n| < 2.4,
excluding the barrel-to-endcap 1.444 < || < 1.566 transition re-
gions of the ECAL. The leptons are required to be isolated, where
the isolation is calculated from PF candidates and corrected for
pileup on an event-by-event basis. The scalar pr sum over all
particle candidates reconstructed in an isolation cone with radius
R = V(AN)? + (Ap)* = 0.4 (0.3), where ¢ is the azimuthal an-
gle, around the momentum vector of the muon (electron) must be
< 15%(6%) of the lepton pr. Jets are required to have pt > 40GeV
and |n| < 2.4.

A set of ‘baseline’ selection criteria are applied to all regions.
It requires U to be > 200GeV, which ensures that the trigger ef-
ficiency is high (> 98%), and the leading jet in the event to have
pt > 200GeV. An event is vetoed if there are jets with pr > 40 GeV
and |n| > 2.4 to reduce the contribution from vector boson scat-
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tering processes. Misidentified high-pr muons can produce p%“iss,
leading to a mismodeling that is particularly apparent at large
values of the distribution of A = |p.‘1{1ci5;lo_ — U|/U. This quantity
tests the difference, relative to U/, between the particle-based I/
and p‘T“ésjlo which is plf.“iss measured only by the calorimeter sys-
tems and corrected for the presence of muons. To remove these
events, A is required to be less than 0.5. Events are also vetoed
if they contain an isolated photon passing loose identification cri-
teria [33] and with pr > 25GeV and |n| < 2.5. This requirement
suppresses events from EW processes with an initial-state photon
and from multijet production. Backgrounds from top-quark pro-
cesses are reduced by vetoing any event containing b-tagged jets,
defined as jets originating from the hadronization of b quarks us-
ing a combined secondary vertex discriminator with the medium
working point [34]. Further reduction of the QCD multijet back-
ground is achieved by requiring the azimuthal separation between
each of the four leading jets and U/ (A¢min) to be greater than 0.5.
Additional selection requirements for each region on top of this
baseline selection are described in the following.

For the p%‘iss plus jets region, backgrounds from W and Z
bosons decaying via charged leptons are suppressed by vetoing
events containing one or more isolated muon or electron pass-
ing a loose identification selection [33,35] with pr > 10GeV and
In| < 2.5 or a T, with pt > 20GeV and || <2.3.

The dilepton region is selected by requiring exactly one pair of
isolated muons or electrons having opposite electric charges, such
that the invariant mass (mg¢) of the pair is compatible with the
Z boson mass (71 <my; < 111GeV). The muons and electrons are
required to have pr > 25 and > 30GeV respectively, and pass a
medium identification selection [33,35]. For Z/y* — uu (Z/y* —
ee) events, electron (muon) and ty vetoes are applied.

The 1 +jets region is selected by requiring exactly one well
identified and isolated muon with pr > 25GeV and |n| < 2.4.
The corresponding pt requirement for electrons in the e+ jets
region is 30GeV. The ty, + jets region is selected by requiring
one T lepton passing a tight identification selection [18] with
pr > 40GeV and |n| < 2.3. The transverse mass, defined as mr =

\/Zp‘T“iSSp%(l — cos Ag), where A¢ is the azimuthal angle between
the lepton and pI™, is required to be in the range 30 < mr <
125GeV. In addition, for the e+jets region, p%’iss is required to be
> 100GeV to reduce the contribution from QCD multijet events.

The largest background contribution to the p%“iss plus jets re-
gion comes from W +jets events, accounting for 37% of the events
in this region. This includes events where the W boson decays via
electrons (6.6%), muons (9.6%), hadronically decaying taus (13.1%),
and leptonically decaying taus (7.3%). This background is estimated
using the control regions of i +jets and e+jets events that are
independent of the signal region, but have similar kinematic re-
quirements. These control regions select events where there is a
single muon or electron in the final state, from both a W boson
decaying directly to an electron or muon or indirectly via a lep-
tonically decaying tau lepton.

The estimation of this background proceeds by defining a trans-
fer factor (tw) as the ratio of the number of W +jets events in
the signal region to that in the control region, as predicted by
simulation. This ty is determined as a function of ¢/ and used
to extrapolate from the event yields in data in the w-+jets and
e+jets control regions to obtain the number of expected W +jets
events in the signal region. Systematic uncertainties in ty, asso-
ciated with the muon and electron reconstruction, identification,
and isolation requirements are included, and contribute at the 2%
level for muons and electrons. Uncertainties in ty, associated with
the JES and JER, the p.rl.‘“iSS trigger and electron trigger efficiencies,
pileup, and b-tagged jet veto are also included. The jet energy scale
uncertainty does not completely cancel in the transfer factor and

Physics Letters B 842 (2023) 137563

Table 1
Relative uncertainties (in %) on the final measurement from different
sources.

Source of systematic uncertainty Uncertainty (%)

Muon identification efficiency (syst.) 21
Jet energy scale 1.8-19
Electron identification efficiency (syst.) 1.6
Electron identification efficiency (stat.) 1.0
Pileup 0.9-1.0
Electron trigger efficiency 0.7

T, veto efficiency
piiss trigger efficiency (jets plus pISS region) 0.7
piMss trigger efficiency (Z/y* — puu region) 06

Boson pt dependence of QCD corrections 0.5
Jet energy resolution 0.3-0.5
p¥‘i55 trigger efficiency (/4 jets region) 04
Muon identification efficiency (stat.) 0.3
Electron reconstruction efficiency (syst.) 0.3
Boson pr dependence of EW corrections 0.3
PDFs 0.2
Renormalization/factorization scale 0.2
Electron reconstruction efficiency (stat.) 0.2
Overall 32

has a residual effect of a few percent at low U{. Theoretical uncer-
tainties in the corrections applied to account for NNLO QCD and
NLO EW contributions, and from PDFs are also included; however,
these mostly cancel in the ratio of W+jets events in the signal and
control regions. The contributions from all these sources of uncer-
tainties on ty are included in Table 1

Studies are performed to validate the transfer factor method
and to further test the extrapolation involved in predicting W +jets
events in the signal region from the combined w+jets and e-+jets
regions. A simultaneous likelihood fit is performed to assess the
consistency between the p+jets and e+jets channels by using the
transfer factor method to predict the event yields in e+jets region
from the w+jets region. The fit has two unconstrained parameters
that are used to extract differences in the overall normalization
and shape of the ¢/ distribution with all systematic uncertain-
ties included as nuisance parameters. The post-fit values for these
parameters are 1.000 £ 0.035 and —0.019 £ 0.020 for the normal-
ization and shape parameters, respectively. The shape parameter is
constructed as a dimensionless parameter that varies the shape of
the U distribution in one region linearly with respect to the other,
effectively giving the value of the slope for the ratio of the ¢/ dis-
tribution in the two regions. Values of 1.0 for the normalization
parameter, and 0.0 for the shape parameter signify perfect con-
sistency between the two regions. Hence, the post-fit values are in
agreement within uncertainties with the expectation for consistent
electron and muon channels. Fig. 1 shows the distributions of &/ in
the p—+jets and e+jets regions before and after the likelihood fit.
The dominant uncertainties are from the electron trigger efficiency,
followed by the muon and electron identification efficiencies.

A similar likelihood fit is performed to verify the consistency
between the combined w-+jets and e+jets region with the 7,+jets
region with two unconstrained parameters to extract differences
in the normalization and shape of the ¢/ distribution. Again, the
post-fit values of these parameters show consistency within the
uncertainties among all three regions, with values of 1.009 + 0.052
and 0.001 £ 0.044 for the normalization and shape parameters, re-
spectively. Fig. 2 shows the distributions of I/ in the p+jets, e+jets
and 1y, +jets regions before and after the likelihood fit. All sys-
tematic uncertainties are included as nuisance parameters in the
fit, with the largest uncertainty coming from the t} selection ef-
ficiency and subdominant sources of uncertainty from the muon
identification and electron trigger efficiencies.

The contribution to the signal region from QCD multijet events
is estimated from a control region that is selected by applying the
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Fig. 1. Distributions of ¢/ in the regions of w4 jets (left) and e+jets (right). Ratios
are taken of the data with respect to both the SM post-fit and SM pre-fit results
from a simultaneous likelihood fit performed to assess the consistency between the
p—+jets and e+ jets channels. Pull is the difference between the data and the SM
post-fit results, normalized by their uncertainties summed in quadrature. The ‘Mi-
nor’ background includes the sum of all the contributions from processes such as
diboson events, top pair production, and single top production.

same criteria as to the signal region but inverting the requirement
on A¢nmin- A jet from a QCD multijet event that is severely mismea-
sured results in significant p‘T“iSS and will have a direction closely
aligned with f)?‘iss. If there are one or more jets with A¢min < 0.5,
and if at least one of those jets has pt > 40GeV, then the event
falls into the QCD control region. Most events in the QCD con-
trol region have just one jet with A¢min < 0.5 and pt > 40GeV.
A fit to the pt distribution of this p‘T“iSS-aligned jet is used to ex-
trapolate the event yields for QCD multijet events from the control
region to the signal one. An overall disagreement of 17% is seen
in the normalization in this QCD control region between data and
simulation, attributed to the mismodelling of the QCD process in
simulation. A likelihood fit is performed where this disagreement
is parameterised as a linear fit to the pr distribution of this p%“iss—
aligned jet in each ¢/ bin and extrapolated to the signal region for
pt < 40GeV. This linear fit parameterisation significantly improves
the agreement between data and simulation and is used to extract
a normalization scale factor for the QCD multijet process in the
signal region. This scale factor ranges from 1.11 4 0.08 in the low-
est U/ bin to 2.44 1+ 0.99 for the last ¢/ bin. The total uncertainty in
this normalization scale factor includes contributions from the jet
energy scale and resolution, pileup, and lepton-related uncertain-
ties. An additional systematic uncertainty is also assigned from the
difference between a linear fit and a quadratic fit to extrapolate
from the multijet-enriched control region to the signal region. The
overall contribution of the uncertainty on the QCD multijet back-
ground on the final result is negligible.

Other backgrounds from top quark pair, single top quark, dibo-
son, and photon+jets production are taken from simulation. Since
most of these processes are generated at NLO, the simulation is
considered to be a reliable estimation of their contributions to the
various signal and control regions.

The contributions of virtual photon exchange must be cor-
rected to extract a value for the invisible width. This requires
estimates of the contributions from y* — ¢¢ and its interference
with Z — ¢£¢. These are determined from MADGRAPH5_aMC@NLO
where the pure Z — ¢¢ process and y* — ¢£ is generated and
the ratio of the cross sections of these processes with respect to
Z/y* — €¢, within the invariant mass region 71 < my, < 111GeV,
is used to determine the contribution from y* — ¢¢ and the inter-
ference term. Systematic uncertainties from PDFs, renormalization
and factorization scales, and limited size of MC samples are in-
cluded. The contribution from y* — ££ is 1.5% and is subtracted
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Table 2 )
SM post-fit predictions for the pf**+jets, Z/y* — uu, and
Z/y* — ee regions and the total number of events measured

in data.
Pl fjets  Z/y*—>up  Z/y*—ee

Z(vv)+jets 310000 — -

Z/y*— 2680 25900 17300

W (£v)+jets 195000 - -

QCD multijet 3360 — -

Minor 25600 1720 1090

Total SM 537000 27600 18400
Data 537326 27631 18326

as a background to the Z/y* — £¢ process, whereas the interfer-
ence is 0.6% and is used to scale the cross section for Z/y* — €£
to account for the interference term appearing in the Z — ¢¢ am-
plitude.

The main systematic uncertainties affecting the measurement
of the Z invisible width are described in the following. Systematic
uncertainties from the muon and electron identification efficien-
cies, obtained from Ref. [36], are among the dominant uncertain-
ties, contributing 2.1 and 1.6%, respectively. The uncertainty in the
jet energy scale is the second-largest uncertainty, at 1.9%. The sta-
tistical uncertainty in the electron identification efficiency and the
uncertainty from pileup both contribute at the 1% level, whereas
the uncertainty from the t}, veto efficiency is 0.7%. Experimen-
tal uncertainties from the p’T‘“iSS and electron trigger efficiencies
are at the 0.7% level, whereas other experimental uncertainties
from the jet energy resolution, QCD multijet background, and the
b-tagged jet veto efficiency are negligible. Theoretical uncertain-
ties from higher-order QCD and EW corrections applied to the
Z +jets and W +jets processes are estimated using the prescrip-
tion of Ref. [23] and implemented as five parameters. The final
impact on the result is 0.5%. Uncertainties in PDFs mostly cancel,
with a residual contribution of 0.2%. The combined statistical and
systematic uncertainty in the measurement is 3.2%, with the statis-
tical uncertainty contributing 0.6%. The main sources of systematic
uncertainty and their relative contribution (in %) are shown in Ta-
ble 1.

The invisible width of the Z boson is extracted from a simul-
taneous likelihood fit to the ¢/ distributions in the pIss 4 jets,
Z/y*(up)+jets, Z/y*(ee)+jets, w+jets, and e+jets regions. The
U distribution is divided into 20 bins to exploit the signal-to-
background ratios and the dependence of systematic uncertainties
on U. The bin widths are chosen to be roughly equivalent to the
U resolution and with a maximum statistical uncertainty of 30%
for the Z/y*(up)+jets and Z/y*(ee)+jets regions. The trans-
fer factor estimating the W +jets background is implemented as a
global unconstrained parameter scaling the W +jets process in the
p%“iss—l—jets and ¢+ jets regions and an additional free parameter is
used to scale the normalisation of both the Z — ¢¢ and Z — vv
processes. Systematic uncertainties are treated as nuisance param-
eters, modeled with Gaussian constraints. The post-fit distributions
from the simultaneous fit are shown in Fig. 3. The total number of
events observed in data and from the post-fit simulation results
for the piss+jets, Z/y*(up)+jets, and Z/y*(ee)+jets regions
are shown in Table 2.

The parameter of interest, riqy, is defined as [jpy /TMC(Z — vD),
using the ratio of Eq. (1) with its expectation from simulation and
assuming that the value of I'(Z — ¢¢) in data is the same as sim-
ulation. The value of rj,, is measured to be 1.049 + 0.006 (stat) 4
0.032(syst). This is translated into a measurement of the width
using the Z — v partial width from simulation (IT'M¢(Z — vD)),
which is calculated from the branching fraction of Z — vV in
MADGRAPH5_aMc@nLo [20] for an invariant mass range of 71-111
GeV and the total Z boson width of 2.4988 GeV. The value of
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Fig. 2. Distributions of ¢/ in the regions of p+jets (left), e+jets (center), and tj,+jets (right). Ratios are taken of the data with respect to both the SM post-fit and SM pre-fit
results from a likelihood fit performed to verify the consistency between the combined p+jets and e+jets region with the tj,+jets region. The pulls are the difference
between the data and the SM post-fit results, normalized by their uncertainties summed in quadrature. The ‘Minor’ background includes the sum of all the contributions
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Fig. 3. Distribution of ¢/ for the p¥“55 +jets (left), Z/y* — up (center), and Z/y* — ee (right) regions. Ratios are taken of the data with respect to both the SM post-fit and
SM pre-fit results. The pulls are the difference between the data and the SM post-fit results, normalized by their uncertainties summed in quadrature. The ‘Minor’ background
includes the sum of all the contributions from processes such as diboson events, top pair production, single top production that are determined from simulation.

'MC(Z — v) is 498.7 MeV and the Z — ¢¢ partial width to one
charged lepton flavor is 84.2 MeV.

The measured Z boson invisible width value (Eq. (1)) is ob-
tained by multiplying rin, by TMC(Z — vi):

Tiny = 523 =+ 3 (stat) + 16 (syst) MeV. (2)

A comparison with the direct measurements from the LEP ex-
periments ALEPH, OPAL, and L3, as well as with the LEP combined
measurement is shown in Fig. 4. Also shown is the standard model
prediction for I'(Z — vv) of 501.44 + 0.04MeV [5,37]. With an
uncertainty of 16 MeV, this measurement of the Z boson invisi-
ble width at CMS is comparable in precision to the LEP combined
result and is compatible with the value expected in the SM.

In summary, this Letter presents the first precise measurement
of the invisible width (Tjyy) of the Z boson at a hadron collider.
The measurement is performed using proton-proton collisions at
/s =13TeV and data corresponding to an integrated luminosity
of 36.3fb™! recorded with the CMS detector, yielding a result of
[iny = 523 £ 3(stat) & 16(syst) MeV. It represents the single most
precise direct measurement of I'j,, to date and is competitive with
the combined direct measurement from LEP and compatible with
the value expected in the standard model.

ALEPH

L3

OPAL

CMS

sM ]
= 450 + 48 MeV
H—H 498 +17 MeV
H——H 539431 MeV
et 523 + 16 MeV
1(13 TeV 36.3 b~ 1)
ol b b by 0

400 450 500 550 600

Tiny (Mev)

Fig. 4. Direct measurements of the Z invisible width by the LEP experiments and

the result from the CMS
from the SM. The inner (

experiment presented here. Also shown is the prediction
outer) error bars show the statistical (total) uncertainty.
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