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Abstract

A measurement of the Higgs boson mass and width via its decay to two Z bosons
is presented. Proton-proton collision data collected by the CMS experiment, corre-
sponding to an integrated luminosity of 138 fb−1 at a center-of-mass energy of 13 TeV
is used. The invariant mass distribution of four leptons in the on-shell Higgs boson
decay is used to measure its mass and contrain its width. This yields the most precise
single measurement of the Higgs boson mass to date, 125.04± 0.12 GeV, and an upper
limit on the width ΓH < 330 MeV at 95% confidence level. A combination of the on-
and off-shell Higgs boson production decaying to four leptons is used to determine
the Higgs boson width, assuming that no new virtual particles affect the produc-
tion, a premise that is tested by adding new heavy particles in the gluon fusion loop
model. This result is combined with a previous CMS analysis of the off-shell Higgs
boson production with decay to two leptons and two neutrinos, giving a measured
Higgs boson width of 3.0+2.0

−1.5 MeV, in agreement with the standard model prediction
of 4.1 MeV. The strength of the off-shell Higgs boson production is also reported.
The scenario of no off-shell Higgs boson production is excluded at a confidence level
corresponding to 3.8 standard deviations.
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1 Introduction
The standard model (SM) of particle physics postulates the existence of a Higgs field respon-
sible for the generation of the masses of fundamental particles. The excitation of this field is
known as the Higgs boson (H) [1–7]. The properties of the Higgs boson, observed with a mass
of approximately 125 GeV by the ATLAS and CMS Collaborations [8–10] at the CERN LHC,
are found to be consistent with the expectations of the SM [11, 12]. The mass of the Higgs bo-
son (mH) is a free parameter of the model and, since it determines all other Higgs properties,
should be measured with as high precision as possible. For example, the Higgs boson cou-
plings to vector bosons strongly depend on the Higgs boson mass and are precisely predicted
by the SM. Another important Higgs boson characteristic is its lifetime, predicted by the SM
to be 1.6 × 10−22 s, corresponding to a total width (ΓH) of 4.1 MeV [13], as predicted precisely
within the SM for mH = 125 GeV. A deviation from the SM prediction would point to either
anomalous Higgs boson couplings or its decay to yet undiscovered particles.

The ATLAS and CMS Collaborations measured the Higgs boson mass to be 125.09 ± 0.24 GeV
[14] using

√
s = 7 and 8 TeV proton-proton (pp) collision data from the 2011–2012 data-taking

periods (Run 1), corresponding to a total integreted luminosity per experiment of 25 fb−1. This
result has been superseded by both collaborations. The ATLAS experiment measured the Higgs
boson mass to be 125.11 ± 0.11(±0.09)GeV [15], combining the H → γγ and H → 4ℓ (ℓ = e,
µ) channels from Run 1 and data collected at

√
s = 13 TeV in 2015–2018 (Run 2). The value

in parentheses is the statistical uncertainty only. The most recent CMS result, also using the
H → γγ and H → 4ℓ channels and including Run 1 and 36 fb−1 of

√
s = 13 TeV data from

2016, is mH = 125.38 ± 0.14 (±0.11)GeV. Measurements from ATLAS and CMS using only the
H → 4ℓ channel and 2016 data are 124.94 ± 0.18(±0.17)GeV and 125.26 ± 0.21(±0.19)GeV,
respectively.

Considering only on-shell Higgs boson production, CMS set an upper limit on the Higgs boson
width ΓH < 1.10 GeV at 95% confidence level (CL), limited by the four-lepton invariant mass
resolution [16, 17]. Both the ATLAS and CMS experiments have also set limits on ΓH [18–24]
from an off-shell production method [25–27], which relies on the measurement of the ratio of
off- to on-shell production rates. Considering both gluon fusion (ggH) and electroweak (EW)
processes, the most recent measurements are ΓH = 3.2+2.4

−1.7 MeV [24] and ΓH = 4.3+3.3
−2.5 MeV [28]

by CMS and ATLAS, respectively. Finally, from an upper limit on the Higgs boson flight dis-
tance in the detector, CMS set a lower limit of ΓH > 3.5 × 10−9 MeV at 95% CL [20].

This paper reports an updated CMS measurement of the Higgs boson mass and width using
on-shell production and the H → 4ℓ decay. The data sample includes 138 fb−1 of pp collision
data at

√
s = 13 TeV collected in 2016–2018, in combination with the Run 1 data. Compared to

the previous CMS on-shell Higgs boson measurement in this channel [17], the statistical and
systematic uncertainties affecting mH have been reduced by including the beam spot in a refit
of the muon tracks; adopting an improved event categorization procedure; and performing a
detailed study of the lepton momentum scale and resolution.

A measurement of the relative off- and on-shell Higgs boson production offers direct informa-
tion about ΓH [25–27]. For each Higgs boson production mechanism j, with subsequent decay
to four leptons, the on- and off-shell cross sections σj are proportional to

σon-shell
j ∝ µon-shell

j and σoff-shell
j ∝ µon-shell

j ΓH , (1)

where µon-shell
j is the on-shell signal strength, defined as the ratio of the observed number of

on-shell four-lepton events relative to the SM expectation. The signal strength is denoted as
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µF for Higgs boson production mechanisms driven by fermion couplings, i.e., production via
ggH or in association with a tt (ttH) or bb pair (bbH). For EW production, i.e., production via
vector boson fusion (VBF) or in association with a W or Z boson (VH), the ratio is denoted as
µV . Contrary to on-shell in both gluon fusion and EW production, there is sizable destructive
interference between the Higgs boson signal and the nonresonant four-lepton production in the
off-shell region [26, 29]. This interference is crucial for maintaining unitarity and scales with√

µon-shell
j ΓH .

In the described technique for measuring ΓH , it is anticipated that the ratio of the couplings
governing off- and on-shell production production matches the SM prediction. In particular,
it is assumed that the dominant production mechanism is ggH rather than quark-antiquark
annihilation. The dominance of the ggH production mechanism has been thoroughly tested in
the on-shell regime [12, 13]. It is also assumed that beyond-SM particles do not make significant
contributions to the ggH loop within the mass range considered by the analysis. In this paper,
we explicitly test this assumption for the first time through a joint off- and on-shell analysis and
find that the ΓH constraints are not substantially altered. In our previous off-shell analyses [23,
24], we evaluated the anomalous contributions to the HVV vertex (where V denotes a W boson,
Z boson, or γ) in both EW production and Higgs boson decay. We found that these potential
contributions did not significantly affect the ΓH bounds. It is also assumed that no beyond-
SM particles, such as higher-mass resonances, significantly contribute within the mass range
investigated by the analysis. However, such resonances would typically increase the yield of
events at higher masses, which is not supported by our measurement, and no such resonances
have been found in a direct search [30]. These tests do not address every possible scenario that
could impact the measurement of the width, but a violation of any of the above assumptions
would, by itself, indicate the presence of physics beyond the SM.

The Higgs boson width may deviate from the SM expectation of 4.1 MeV [13] if the Higgs boson
has non-SM decay channels, or if the known decay modes have non-SM rates. Therefore, the
direct measurement of the Higgs boson width complements searches for Higgs boson decays
to invisible or undetected particles and measurements of the Higgs boson couplings to the
known SM particles. For example, if the Higgs boson decays into a pair of unknown particles,
potentially candidates for dark matter, this would increase the predicted Higgs boson width
but would not introduce a bias into the measurement technique.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detec-
tors. Muons are reconstructed in gas-ionization detectors embedded in the steel flux-return
yoke outside the solenoid. More detailed descriptions of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables, can be found in
Refs. [31, 32].

Events of interest are selected using a two-tiered trigger system. The first level, composed of
custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [33]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of the



3

full event reconstruction software optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [34].

The primary vertex is taken to be the vertex corresponding to the hardest scattering in the
event, evaluated using tracking information alone, as described in Section 9.4.1 of Ref. [35].

The electron momentum is estimated by combining the energy measurement in the ECAL with
the momentum measurement in the silicon tracker. The transerve momentum (pT) resolution
for electrons with pT ≈ 45 GeV from Z → ee decays ranges from 1.6 to 5%. It is generally
better in the barrel region than in the endcaps, and also depends on the bremsstrahlung energy
emitted by an electron as it traverses the material in front of the ECAL [36, 37].

Muons are measured in the pseudorapidity range |η| < 2.4, with detection planes made us-
ing three technologies: drift tubes, cathode strip chambers, and resistive plate chambers. The
single-muon trigger efficiency exceeds 90% over the full η range, and the efficiency to recon-
struct and identify muons is greater than 96%. Matching muons to tracks measured in the
silicon tracker results in a relative transverse momentum resolution, for muons with pT up to
100 GeV, of 1% in the barrel and 3% in the endcaps. The pT resolution in the barrel is better
than 7% for muons with pT up to 1 TeV [38].

3 Data and simulated samples
The data sample used in this analysis corresponds to integrated luminosities of 36.3, 41.5, and
59.8 fb−1 collected in 2016, 2017, and 2018, respectively, for a total of 138 fb−1 at a center-of-
mass energy of 13 TeV. Events are selected online using the same set of triggers as adopted
in Ref. [39]. They require the presence of at least one lepton (either muon or electron), or
up to three leptons with relaxed pT conditions. The trigger efficiency relative to the offline
selection is found to be larger than 99%, measured in data using 4ℓ events collected by the
single-lepton triggers. It agrees with the expectation from simulation at permille precision.
Monte Carlo simulations are used to model signal processes, which involve the Higgs boson
and background processes.

On-shell Higgs boson production through ggH is simulated using the POWHEG 2.0 [40–46]
event generator at next-to-leading order (NLO) in quantum chromodynamics (QCD). Simula-
tion with the MINLO [47] program at NLO in QCD is used for the evaluation of systematic
uncertainties related to the modeling of jets produced in association with the Higgs boson.
Modeling of associated jet activity in gluon fusion simulation is important for categorization
of events across a wide range of four-lepton invariant masses for the Higgs boson off-shell
analysis.

On-shell Higgs boson production through VBF, in association with a W or Z boson, or with a tt
pair, is simulated using both POWHEG 2.0 at NLO in QCD and JHUGEN 7.3.0 [48–52] at leading
order (LO) in QCD. Production in association with a bb pair or a single top quark is simulated
only at LO in QCD with JHUGEN. In the VBF, VH, and ttH production modes, the JHUGEN

and POWHEG simulations are explicitly compared after parton showering, and no significant
differences are found in the kinematic observables. Both on- and off-shell Higgs boson produc-
tion are simulated following Refs. [23, 24]. Therefore, the JHUGEN simulation is adopted to
describe kinematic distributions in the VBF, VH, ttH, bbH, and tqH production mechanisms
in the on-shell region, with the expected yields taken from the higher-order POWHEG simula-
tion. The considered VH process does not include gg → ZH production, which is expected
to contribute only about 5% of the VH cross section [13], and is therefore neglected in this
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analysis.

The samples modeling off-shell production include interference effects between diagrams with
and without the Higgs boson in the propagator. The gg → ZZ / Zγ∗ → 4ℓ process is simu-
lated with MCFM 7.0.1 [27, 53–55], which is integrated into the JHUGEN generator framework,
which is also used to model the vector boson scattering and triple-gauge-boson (VVV) back-
grounds, the EW signal, and their interference. The background is modeled using the MCFM

matrix elements. The JHUGEN framework enables the incorporation of anomalous interac-
tions involving the Higgs boson or gauge bosons in both ggH and EW production processes.
The simulation of the EW processes is validated by comparing its results to those obtained with
the PHANTOM 1.3 generator [56]. All off-shell production simulations are conducted at LO in
QCD, with higher-order corrections included through a K factor, as described later.

The MELA [48–52] package contains a library of matrix elements from JHUGEN for the simula-
tion of the signal channel and from MCFM for the background, which enables further reweight-
ing of the generated off-shell samples, as discussed in the following. The POWHEG program is
used to simulate wide resonances with masses ranging from 115 GeV to 3 TeV produced in ggH,
VBF, or VH, and the JHUGEN program simulates their decay to four leptons. The events from
the POWHEG + JHUGEN simulation are reweighted using the MELA package to model off-shell
Higgs boson production distributions, as an alternative approach to the direct off-shell simu-
lation discussed above. The two approaches are complementary and allow us to apply mutual
cross-checks. Both approaches use the same LO matrix elements available in the MELA package
based on the JHUGEN framework. Reweighting of simulated high-mass POWHEG + JHUGEN

events allows the modeling to start from NLO calculations of the SM signal hard-scattering
production integrated with the parton shower simulation, compared to integrating LO pro-
duction of direct off-shell samples. This gives better modeling of the associated jet activity in
the events. Furthermore, introducing additional reweighting based on the LO matrix elements
would lead to more complexity and internal inconsistencies in the QCD order, which is utilized
in the reweighting to obtain both the background and interference predictions.

In the gluon fusion process, the factorization and renormalization scales are allowed to run by
equating them to m4ℓ/2. To include higher-order QCD corrections, signal cross section calcu-
lations are performed at LO, NLO, and next-to-NLO (NNLO), using the MCFM and HNNLO 2
programs [57–59] with a narrow-width approximation, for a wide range of masses covering
both on- and off-shell ranges. The ratios between the NNLO and LO cross section values,
called the NNLO-to-LO K factors, are used to reweight [13] the m4ℓ distributions from the
MCFM and JHUGEN simulations at LO in QCD. A uniform K factor of 1.10 is applied across
the entire m4ℓ range to normalize the Higgs boson production cross section via gluon fusion to
the predictions for m4ℓ ≈ 125 GeV at next-to-NNLO (N3LO) in QCD [13]. The m4ℓ distributions
obtained from the POWHEG + JHUGEN simulation of the ggH process are reweighted with the
NNLO-to-NLO K factors.

While the NNLO-to-LO K factor calculation is directly applicable to the signal cross section,
it is only approximate for the gg → ZZ background and its interference with the signal. An
approximate NLO calculation [60–63] is available for the background and the interference.
Using the results of this NLO calculation instead of the values from the simulation programs
leads to an increase in the NNLO-to-NLO K factor for the interference close to the m4ℓ value
corresponding to the kinematic threshold for two on-shell Z bosons. However, the NNLO-
to-NLO K factors for the background and interference are consistent with that for the signal
within approximately 10% in the relevant mass range for this analysis of m4ℓ > 220 GeV. We
therefore multiply the background and interference contributions by the same NNLO-to-LO K
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factor and uniform N3LO correction, both calculated for the signal and including associated
uncertainties. We introduce an additional 10% uncertainty associated with this factor for the
background and the square root of this value for the interference.

The qq → 4ℓ background simulation is performed at NLO in QCD and LO in the EW theory
with POWHEG. The fully differential cross section for this process has been computed at NNLO
in QCD [64], and the NNLO-to-NLO K factor as a function of m4ℓ has been applied to the
POWHEG sample. This K factor is 1.1 at m4ℓ = 125 GeV and it varies from 1.0 to 1.2 in the
m4ℓ < 500 GeV range. The uncertainty due to missing EW corrections in the region m4ℓ < 2mZ
is expected to be small compared to the uncertainties in the QCD calculation. An EW NLO-to-
LO K factor [65] is applied to two on-shell Z bosons. This K factor depends on m4ℓ , decreasing
from unity (close to 125 GeV) to ≈0.9 (in the m4ℓ > 500 GeV range). The uncertainty in the latter
is the dominant uncertainty for the off-shell width measurement and is applied as a function
of m4ℓ . In the on-shell region, the EW background from the VVV, ttVV, and ttV processes is
generated with MADGRAPH5 aMC@NLO [66].

All signal and background event generators are interfaced with the PYTHIA 8.320 program [67]
to simulate multiparton interactions, parton showering, and hadronization. The CUETP8M1
and CP5 tunes [68, 69] are applied in simulating the 2016 and 2017–2018 data-taking periods,
respectively. The NNPDF 3.1 parton distribution functions [70] are used for all simulated sam-
ples. Simulated events include the contribution from additional pp interactions within the
same or adjacent bunch crossings (pileup) and are weighted to reproduce the pileup distribu-
tion observed in data. The generated events are further processed through a detailed simula-
tion of the CMS detector based on GEANT4 [71].

4 Event reconstruction and selection
The event reconstruction is based on the particle-flow (PF) algorithm [72]. This algorithm aims
to reconstruct and identify each individual particle in an event, with an optimized combination
of information from the various elements of the CMS detector. The energy of photons is ob-
tained from the ECAL measurement. The energy of electrons is determined from a combination
of the electron momentum at the primary vertex as determined by the tracker, the energy of
the corresponding ECAL cluster, and the energy sum of all bremsstrahlung photons spatially
compatible with originating from the electron track. The energy of muons is obtained from
the curvature of the corresponding track. The energy of charged hadrons is determined from a
combination of their momentum measured in the tracker and the matching ECAL and HCAL
energy deposits, corrected for the response function of the calorimeters to hadronic showers.
Finally, the energy of neutral hadrons is obtained from the corresponding corrected ECAL and
HCAL energies.

Muons with pT > 5 GeV are reconstructed within the geometrical acceptance, corresponding to
the region |η| < 2.4, by combining information from the silicon tracker and the muon systems
[38]. The muons are selected among the reconstructed muon track candidates by applying
quality requirements on the track in both the muon and silicon tracker systems, and demanding
small energy deposits in the calorimeters. A relative muon isolation variable is defined as

Iµ ≡
(

∑ pcharged
T + max

[
0, ∑ pneutral

T + ∑ pγ
T − pPU

T
])

/pT, (2)

where pT is the muon transverse momentum, and pcharged
T , pneutral

T , and pγ
T are the transverse

momentum of charged hadrons, neutral hadrons, and photons, respectively, within an cone
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radius of ∆R = 0.3 around the muon direction at the primary vertex.
Here, ∆R(i, j) ≡

√
(ηi − η j)2 + (ϕi − ϕj)2, where ϕ is the azimuthal angle, and in this case i

refers to the hadron or photon, and j to the muon. Since the isolation variable is particularly
sensitive to energy deposits from pileup interactions, a contribution pPU

T from pileup is sub-
tracted from the isolation parameter, as shown in Eq. (2). It is defined as the pT sum of all
charged hadrons i not originating from the primary vertex pPU

T = 0.5 ∑i pi,PU
T , where the 0.5

factor accounts for the different fraction of charged and neutral hadrons [73]. A requirement of
Iµ < 0.35 is placed on each muon in the event.

Photons from final-state radiation are reconstructed using the PF algorithm [72]. Isolated pho-
tons with pT > 2 GeV, |η| < 2.4, and Iγ < 1.8, are associated with the closest lepton (either
muon or electron) in the event. Photons that do not satisfy the requirements ∆R(γ, ℓ)/(pγ

T)
2 <

0.012 GeV−2 and ∆R(γ, ℓ) < 0.5 are discarded. If more than one photon candidate fulfils the
above conditions, the one with the lowest value of ∆R(γ, ℓ)/(pγ

T)
2 with respect to the given

lepton is retained. Photons passing the above criteria are excluded from the computation of the
relative isolation parameter.

Electrons with pT > 7 GeV are reconstructed within the geometrical acceptance, correspond-
ing to the pseudorapidity region |η| < 2.5 [36]. They are identified using a multivariate dis-
criminant, which includes observables sensitive to the emission of bremsstrahlung along the
electron trajectory, the geometrical and momentum-energy matching between the electron tra-
jectory and the associated cluster in the ECAL, the shape of the electromagnetic shower in the
ECAL, and variables that discriminate against electrons originating from photon conversions.
The isolation parameter sums for electrons, defined similarly as for muons, are included in the
multivariate discriminant. This information is used to discriminate between prompt leptons
from Z boson decays and those arising from EW decays of hadrons within jets. The package
XGBOOST [74] is used to train and optimize this multivariate discriminant. The training is
performed with simulated events that are not used at any other stage of the analysis. Separate
trainings are performed for the three different data-taking periods [75]. Electrons from photon
conversions and muons from in-flight decays of hadrons are rejected if the ratio of their impact
parameter in three dimensions, computed with respect to the primary vertex position, to their
uncertainty is greater than four.

The reconstruction and selection efficiencies for prompt leptons in both data and simulation
have been estimated using a tag-and-probe technique [76] based on samples of Z boson events.
The ratio of the efficiencies measured in data and simulation is used to rescale the yields of
selected events in the simulated samples. In addition, Z boson events have been used to cali-
brate the momentum scale and resolution of electrons and muons in bins of different kinematic
variables [37, 77].

In the selection of Higgs boson candidates, four prompt and isolated leptons are required fol-
lowing the prescription above. One of the leptons must have pT > 20 GeV and at least one of
the remaining leptons satisfy pT > 10 GeV. The Z boson candidates are constructed from e+e−

or µ+µ− pairs whose invariant mass is in the range 12–120 GeV. The dilepton pairs are then
combined to form the Higgs boson candidate. In the following, Z1 denotes the pair with the
mass closest to the nominal Z boson mass, while Z2 refers to the remaining one. Four possible
combinations are considered and treated separately: 4µ, 4e, 2e2µ, and 2µ2e, where the mixed-
flavor final states are separated based on the decay of Z1. The four possible combinations have
different four-lepton mass resolutions (largely driven by whether the Z1 is formed from 2µ or
2e) and different amounts of reducible background (largely driven by whether the Z2 decays to
2µ or 2e). None of the above differences between the flavor channels affect the off-shell Higgs
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boson analysis and therefore all flavor channels are combined in that measurement. Signal can-
didates must satisfy m4ℓ > 70 GeV. If more than one Higgs boson candidate can be formed in
the event, the one with the highest value of the kinematic discriminant Dkin

bkg, defined in Sec-
tion 6, is retained, unless these candidates consist of the same four leptons. In this case, the
candidate with the Z1 invariant mass closest to the nominal Z boson mass is retained.

In the off-shell analysis, events are further categorized based on the jets associated with the
Higgs boson candidate. The jets are clustered using the anti-kT jet finding algorithm [78, 79]
with a distance parameter of 0.4. The jet momentum is determined as the vector sum of all
particle momenta in the jet. Jets must satisfy pT > 30 GeV and |η| < 4.7 and must be separated
from all selected lepton candidates and any selected final-state radiation photons by demand-
ing ∆R(ℓ/γ, jet) > 0.4. Jets originating from the hadronization of b quarks are identified using
the DeepCSV algorithm [80], which combines information on impact parameter significance,
the secondary vertex, and jet kinematic variables. The use of this identification is described in
Section 6.

5 Lepton momentum measurement and four-lepton mass resolu-
tion

Once an event is selected in the Higgs boson mass and on-shell width measurements, beam
spot information is used to improve the m4ℓ resolution. In this approach (denoted as BS in the
following), the beam spot position is included as a common point in the reconstruction of the
tracks from the Higgs boson decay. While muon kinematic parameters such as pT are recalcu-
lated after implementing this constraint, electron kinematic parameters are not modified. This
is because the electron momentum is determined mostly by the energy measurement in the
ECAL, rather than from the track curvature. Thus, applying the beam spot constraint does not
change the momentum measurement. In the final states involving muons, the BS constraint
improves the m4ℓ resolution by about 3–8%, mostly depending on the flavor of the leptons
originating from Z1.

Once the BS approach is applied, an important variable, the event-by-event four-lepton mass
uncertainty (δm4ℓ), is introduced. Individual lepton momentum uncertainty (per-lepton uncer-
tainty in the following) is obtained from the algorithms used to estimate lepton momenta. For
muons, the full covariance matrix is obtained from the muon track fit, and the uncertainty in
the muon direction is assumed to be negligible. For the electrons, the momentum uncertainty is
estimated from the combination of the ECAL and silicon tracker measurements, neglecting the
uncertainty in the track direction. The per-lepton momentum uncertainty is then propagated
to the m4ℓ to predict δm4ℓ . Each δmi

4ℓ corresponding to individual lepton momentum variation
is calculated separately. The total per-event uncertainty δm4ℓ is obtained as the quadrature sum
of the four individual δmi

4ℓ .

This invariant mass uncertainty is decreased by applying correcting factors to the momentum
uncertainty. These corrections are derived for muons in several |η| bins, and for electrons in
bins of δpT/pT vs. |η|. The 2ℓ invariant mass distribution is used to extract these corrections.
The mass distribution is fit in two steps with a convolution of a Breit–Wigner function (that
describes the intrinsic shape of the Z boson resonance) with a double-sided Crystal Ball func-
tion [81] (to describe the detector effects), plus an exponential function (used to describe the
background). The first step is used to estimate all the parameters in the fit function, while the
correction to the momentum uncertainty is determined in the second step. After the corrections
are extracted, a closure test between the predicted and measured invariant mass resolutions is
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performed.

To further improve the m4ℓ resolution, a kinematic fit is also performed using a mass constraint
on the intermediate on-shell Z resonance, with an approach similar to the one described in
Ref. [17]. For a 125 GeV Higgs boson, the selected Z1 is mostly on-shell, while the mZ2

invariant
mass distribution is broad and the width is much larger than the detector resolution. When
considering the Higgs boson mass measurement, the expected gain in resolution comes from
refitting Z1. Thus, it is possible to reevaluate the pT of the two leptons forming Z1, using the
constraint that the reconstructed invariant mass of the Z boson candidates must follow the true
shape of the Z boson. In every event, the lepton momenta are adjusted using the likelihood
function

L(p1
T, p2

T|preco1
T , σ1, preco2

T , σ2) = Gauss(preco1
T |p1

T, σ1)Gauss(preco2
T |p2

T, σ2)L(m12|mZ , mH),

where preco1
T and preco2

T are the reconstructed transverse momenta of the two leptons forming the
Z1, σ1 and σ2 are the per-lepton resolutions (uncertainties in the pT measurements, corrected
using the method described above), p1

T and p2
T are the observables under optimization, and

m12 is the invariant mass calculated from p1
T and p2

T. Finally, L(m12|mZ , mH) is the likelihood
function given the true shapes of mZ1

and of the 125 GeV Higgs boson. For each event, the
likelihood is maximized and the pT values of the refitted leptons are updated.

For the Higgs boson off-shell production, the m4ℓ distribution is much broader than the m4ℓ res-
olution, and, therefore, improvements in the treatment of the lepton momentum uncertainties
are not applied. Figure 1 shows the m4ℓ distribution inclusively for all the four-lepton states
(upper plot) and separately for the four individual final states. Expectations for the signal and
background contributions are shown as stacked histograms. The yields from the signal and
ZZ backgrounds are estimated from simulation assuming SM cross sections, while the Z + X
background yield is estimated from data. More details are given in Sections 7 and 8. Figure 2
displays the distribution of the relative per-event mass uncertainty of the four-lepton system
(δm4ℓ/m4ℓ) in the inclusive final state with 105 < m4ℓ < 140 GeV. This variable is used to
categorize events in the on-shell region according to their invariant mass resolution. The cat-
egorization is performed by defining nine mutually exclusive bins with an equal number of
signal events in each. Since each final state has a different resolution that also varies across
data-taking periods, the bin boundaries are determined independently per final state and per
data-taking year. Figure 3 plots the observed and predicted yields of four-lepton events as a
function of δm4ℓ/m4ℓ bin for the 105 < m4ℓ < 140 GeV invariant mass range. This approach
improves the precision of the Higgs boson mass measurement by about 10%.

6 Kinematic discriminants and off-shell event categorization
The reconstructed four-lepton events and their associated jets, where relevant, can be described
with several observables using the kinematic features of the Higgs boson decay and associated
particles. It is a challenging task to perform an optimal analysis in a large multidimensional
phase space. There are up to 13 observables in the set Ω that describe the Higgs boson kine-
matic distributions in the 2 → 6 process of collision of two protons and the production of
four leptons and two associated jets. The MELA approach is designed to reduce the number
of observables to the minimum while retaining all essential information. In this method, op-
timal discriminators are defined through the utilization of matrix element likelihood calcula-
tions [48–52]. Two types of discriminants are defined for each of the Higgs boson production
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Figure 1: The observed (points) and predicted (stacked histograms) m4ℓ distributions in the
inclusive (upper), 4µ (middle left), 4e (middle right), 2e2µ (lower left) and 2µ2e (lower right)
final states, defined such that the first lepton pair is taken to be the one with the mass closest
to the nominal Z boson mass. The predictions for the Higgs boson signal and the three main
backgrounds are given by the different colors. The vertical bars on the points show the statisti-
cal uncertainties in the data.
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Figure 2: Distributions of the observed (points) and predicted (stacked histograms) relative per-
event mass uncertainty of the four-lepton system, in the inclusive final state. The predictions
for the Higgs boson signal and the three main backgrounds are given by the different colors.
The vertical bars on the points show the statistical uncertainties in the data.
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Figure 3: Observed (points) and predicted (stacked histograms) yields of four-lepton events
in each of the 9 δm4ℓ/m4ℓ bin categories for the inclusive final state. The bins are shown in
the order of increasing δm4ℓ/m4ℓ . The predictions for the Higgs boson signal and the three
main backgrounds are given by the different colors. The vertical bars on the points show the
statistical uncertainties in the data.

and decay processes as

Dalt (Ω) =
Psig (Ω)

Psig (Ω) + Palt (Ω)
(3)

and

Dint (Ω) =
Pint (Ω)

2
√
Psig (Ω) Palt (Ω)

, (4)

where the probability of a certain process P is calculated using the full set of kinematic observ-
ables Ω for the processes denoted as “sig” for a signal model and “alt” for an alternative model,
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which can be for either an alternative Higgs boson production mechanism, or a background,
depending on the individual case. The “int” label represents the interference between the two
model contributions. The probabilities P are calculated from the matrix elements obtained
from the MELA approach.

The Dkin
bkg discriminant is used in the selection of events, as discussed in Section 4, and as one

of the observables in the maximum likelihood fit for the signal extraction, in both the on- and
off-shell analyses. It is determined following Eq. (3), where Pbkg is calculated for the dominant
qq → 4ℓ background process and Psig is found for the H → 4ℓ decay using the full kinematic
information of the four leptons. Figure 4 shows the inclusive Dkin

bkg distribution of the four-

lepton system. The inclusion of Dkin
bkg in the analysis produces a 4% improvement in the m4ℓ

resolution. In the off-shell analysis, the Dkin
bkg discriminant is used for events without associated

jets.
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Figure 4: Distributions of the observed (points) and predicted (stacked histograms) Dkin
bkg of the

four-lepton system, in the inclusive final state. The predictions for the Higgs boson signal and
the three main backgrounds are given by the different colors. The vertical bars on the points
show the statistical uncertainties in the data.

For the two categories of off-shell events with two associated jets described below, VBF- and
VH-tagged events, Pbkg and Psig include the kinematic information on the four leptons and the
two jets. The Pbkg probability density corresponds to the EW and QCD background processes
with four leptons and two jets, while Psig is determined for the EW signal processes VBF and
VH. Including jet kinematic information in the Dbkg calculation improves the separation of the
signal from both the background and ggH production, when compared to Dkin

bkg.

In the analysis of the off-shell region, a dedicated study of a particular kinematic topology is
done, treating gluon fusion and EW production separately, because they evolve differently with
m4ℓ , thus allowing us to probe their individual behaviors. Therefore, in the off-shell region,
events are further split into three mutually exclusive categories based on the presence of other
particles produced in association with the Higgs boson candidate [39]. This is not necessary in
the on-shell analysis.

We use various kinematic discriminants and other selection requirements to perform the cate-
gorization of the off-shell events. The definition of these discriminants is given by Eq. (3). They
are specifically designed to distinguish the targeted signal production mechanisms (VBF, WH,
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ZH) within each category from gluon fusion production and are denoted as DVBF
2jet , DZH

2jet , and

DWH
2jet . They are labeled to indicate a specific dijet topology (“2jet”) and production mechanism

(VBF, WH, ZH). Calculated using the MELA approach with matrix elements at LO in QCD,
these discriminants utilize the complete kinematic information from the Higgs boson decay
and the associated jets. Additional details can be found in Refs. [17, 23, 39, 82].

The selected off-shell events are split into three categories: VBF-tagged, VH-tagged, and Un-
tagged events, as summarized in Table 1. The discriminants D2jet are constructed following
Eq. (3), where Psig corresponds to the signal probability for VBF (WH or ZH) production in the
VBF-tagged (VH-tagged) category, and Palt to Higgs boson production via ggH in association
with two jets. When more than two jets pass the selection criteria, the two jets with the highest
pT are chosen for the matrix element calculations. Thereby, the D2jet discriminants separate the
targeted signal production mode of each category from ggH production using only the kine-
matic variables of the Higgs boson and the two associated jets. Sequential selection criteria are
applied to define the categories as follows:

– The VBF-2jet category requires exactly four leptons. In addition, there must be either
two or three jets of which at most one is identified as coming from the hadronization
of a b quark, which we term a b-tagged jet [39], or at least four jets and no b-tagged
jets. Finally, DVBF

2jet > 0.5 is required [39].

– The VH-hadronic category requires exactly four leptons. In addition, there must be
either two or three jets, or at least four jets and no b-tagged jets. Finally, we demand
max(DWH

2jet , DZH
2jet ) > 0.5 [39].

– The Untagged category consists of the remaining events.

Table 1 provides a summary of the key categorization requirements, with selections applied
sequentially from left to right to define the three mutually exclusive categories. All discrim-
inants are calculated with the JHUGEN signal and MCFM background matrix elements. The
VH interference discriminant in the VH-tagged category is defined as the simple average of
the ones corresponding to the ZH and WH processes. The use of decay kinematic information
is denoted by the label “dec”.

Table 1: Summary of the three production categories in the off-shell m4ℓ region and the observ-
ables used in the fits.

Category VBF-tagged VH-tagged Untagged

Selection DVBF
2jet > 0.5 DZH

2jet or DWH
2jet > 0.5 Rest of the events

Observables m4ℓ , DVBF+dec
bkg , DVBF+dec

bsi m4ℓ , DVH+dec
bkg , DVH+dec

bsi m4ℓ , Dkin
bkg, Dgg+dec

bsi

In each category of events, three observables x⃗ are defined following Eqs. (3) and (4). As sum-
marized in Table 1, x⃗ = {m4ℓ ,Dbkg,Dint}. The m4ℓ and Dbkg parameters have already been
introduced earlier. The third observable, Dint defined in Eq. (4), separates the interference of
Higgs boson production (with SM-like couplings) and the background (used as the alternative
model). It is called Dbsi for the signal-background interference in the off-shell region. In the
Untagged category, decay information is used in the calculation of Dint, as indicated with the
label “dec”. In the VBF- and VH-tagged categories, production information from the two asso-
ciated jets is used, along with decay information. Distributions of the observed and expected
x⃗ observables for events in the off-shell region are illustrated in Fig. 5 for each of the three cat-
egories. The expected distributions are found using the SM predicted signal and background
cross sections.
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Figure 5: Off-shell data (points) and pre-fit distributions (histograms) for the Untagged (left),
VBF-tagged (middle), and VH-tagged (right) categories. The upper row shows m4ℓ distribu-

tions with a requirement on Dkin
bkg > 0.6 (left), DVBF+dec

bkg > 0.6 (middle), or DVH+dec
bkg > 0.6 (right)

applied for illustration purposes to enhance signal over background contributions. The middle
row shows Dkin

bkg (left), DVBF+dec
bkg (middle), DVH+dec

bkg (right) distributions, where an additional
requirement m4ℓ > 340 GeV is applied to enhance signal-over-background contributions. The
lower row plots the Dbsi with both the m4ℓ and Dkin

bkg requirements specified above. Contribu-
tions from the four processes are shown by the different colors, where “s”, “b”, and “i” refer
to the signal, background, and interference contributions, respectively. The vertical bars on the
points give the statistical uncertainties in the data, and the horizontal bars represent the bin
widths. For the prefit distributions, the different cross sections are set to their SM values.

7 Estimation of background
The largest background to the Higgs boson signal in the H → 4ℓ channel is from the process
qq → ZZ/Zγ∗/γ∗γ∗ → 4ℓ. The gg → ZZ/Zγ∗/γ∗γ∗ → 4ℓ background process, as well as
the EW background, which includes the vector boson scattering and VZZ processes, interfere
with off-shell Higgs boson production and are discussed in more detail in Sections 3 and 8.
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The interference between on-shell Higgs boson production and these backgrounds is, instead,
negligible. In the on-shell region, the EW background also incorporates other VVV, ttVV, and
ttV processes. To model the m4ℓ distributions for each of these irreducible backgrounds, a
Bernstein polynomial of third order is used in the m4ℓ range 105–140 GeV.

An additional background to the Higgs boson signal, referred to as Z + X in the following,
comes from processes in which decays of heavy-flavor hadrons, in-flight decays of light mesons
within jets, or charged hadrons overlapping with π0 decays are misidentified as leptons. The
main process contributing to this background is Z+jets production, which is estimated from
control regions in data. The control regions are defined by requiring a lepton pair, satisfying all
the requirements of a Z1 candidate, along with two additional opposite-sign leptons satisfying
looser identification requirements than those in the main analysis. These four leptons are then
required to pass the Z1, Z2 selection. The background yield in the signal region is obtained by
weighting the control region events by the lepton misidentification probability ( fℓ), defined as
the fraction of nonsignal leptons that pass the analysis selection criteria. A detailed description
of the method can be found in Ref. [17]. The shape of the m4ℓ distribution from Z + X events
is described by a Landau function. Due to the low number of events, the functional form is
extracted using a larger m4ℓ range of 70–770 GeV.

The observed number of data events, expected background, and signal yields are listed in
Tables 2 and 3 for the on- and off-shell region, respectively. The signal and ZZ background
yields are estimated from simulation, while the Z + X yield is estimated from data. The details
of the Higgs boson signal modeling, its interference with background, and the ZH cross-feed
for the off-shell results are given in Section 8.

Table 2: The observed and expected yields for the Higgs boson signal and background contri-
butions in the on-shell region 105 < m4ℓ < 140 GeV, for each of the four-lepton categories and
the total.

4µ 4e 2e2µ 2µ2e Total
Total signal 90.9 48.7 65.5 53.3 258.4
qq → 4ℓ background 89.2 38.9 64.4 42.1 234.6
gg → 4ℓ background 9.7 4.9 4.9 3.8 23.4
Z + X background 32.4 12.2 28.2 18.6 91.3
Total expected 222.2 104.6 163.0 117.8 607.7
Observed 230 94 170 107 601

8 Extraction of signal
The modeling of the signal process is different for the on- and off-shell regions. In the on-shell
region, there is negligible interference between the Higgs boson and background production,
so the signal can be treated separately. At the same time, the narrow Higgs boson peak requires
careful treatment of the detector resolution effects. There is also little dependence on the pro-
duction processes because the H → 4ℓ decay is independent of the production mechanism due
to the narrow-width approximation. In the off-shell region, on the other hand, the distributions
are much wider, with minimal influence from detector resolution on the measurements. How-
ever, there is a sizable interference between the Higgs boson signal and background processes,
and their proper treatment requires special care. Moreover, the treatment of the gluon fusion
and EW productions is different because of their different evolution with m4ℓ .
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Table 3: Observed and expected yields for the Higgs boson signal and background contri-
butions in the off-shell region m4ℓ > 220 GeV, for each of the four-lepton categories and the
total. The yields from interference of the signal and background and the ZH cross-feed are also
shown.

VBF-tagged VH-tagged Untagged Total
gg → 4ℓ signal 1.0 0.9 25.1 27.0
gg → 4ℓ background 16.0 13.5 457.0 486.4
gg → 4ℓ interference −2.1 −1.9 −52.0 −56.1
EW signal 1.3 0.1 1.8 3.2
EW background 14.9 2.9 19.7 37.5
EW interference −3.4 −0.2 −3.9 −7.4
ZH cross-feed 0.2 0.4 7.0 7.6
qq → 4ℓ background 28.6 46.7 1795.1 1870.4
Z + X background 4.7 5.3 89.7 99.7
Total expected 61.2 67.8 2339.4 2468.4
Observed 70 67 2335 2472

8.1 Signal modeling in the on-shell region

The probability density for the on-shell region includes both signal and background contribu-
tions. It is normalized to the total event yield for each process j and category k, and can be
written as

Pjk(x⃗; ξ⃗ jk, ζ⃗) = µjP
sig
jk (x⃗; ξ⃗ jk, ζ⃗) + Pbkg

jk (x⃗; ξ⃗ jk), (5)

where ζ⃗ are the unconstrained parameters of interest, including the signal strength µj defined as
the ratio of the signal yield to the SM expectation, ξ⃗ jk are the constrained nuisance parameters
for a particular parametrization, and x⃗ are the observables.

In the on-shell Higgs boson mass and width analysis, there are six signal processes (ggH, VBF,
VH, ttH, bbH, and tqH) and three background processes (qq/gg → ZZ/Zγ∗/γ∗γ∗ → 4ℓ
and Z + X). When constraints on ΓH are determined by simultaneously fitting both the on-
shell and off-shell regions, the on-shell region follows Scheme 2 as described in Ref. [83], where
additional details on categorization and signal and background modeling can be found. Ad-
ditional details regarding the signal modeling for the mass and width analyses using only the
on-shell region are provided below.

For the Higgs boson mass measurement, a one-dimensional (1D) statistical model is built in
each category using the observable m4ℓ , split between data-taking years and final states, and
taking each of the nine δm4ℓ/m4ℓ bins separately. The signal shape for each process is obtained
from a fit of the simulated m4ℓ distribution, in the range 105–140 GeV, using a double-sided
Crystal Ball function [84]. In the case of VH and ttH production, a Landau function is added to
include the possible contribution of a lepton from Higgs boson decay being outside the detector
acceptance or failing the selection criteria. Five simulated mass points (120, 124, 125, 126, and
130 GeV) are used to parametrize the mH dependence of each shape parameter pi in the Crystal
Ball and Landau functions. A set of first-order polynomials with constants ai and bi is fitted
simultaneously as functions of mH :

pi = ai + bi(mH − 125 GeV). (6)

The natural width of the Higgs boson is assumed to be much smaller than the instrumental m4ℓ
resolution. For the on-shell width measurement instead, the signal shape is the convolution
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of a Crystal Ball function with a Breit–Wigner function, to include ΓH as a parameter in the
model. This model is referred to as 1D. If the BS and m(Z1) constraints are applied, the model
is referred to as 1D

′
BS. Figure 6 shows an example of the signal model used in the on-shell

analysis and how it varies across the δm4ℓ/m4ℓ bins. This categorization isolates the events
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Figure 6: Examples of the on-shell signal model m4ℓ shape for five δm4ℓ/m4ℓ bins. For illus-
tration purposes, the mass range shown is reduced to 112–135 GeV, and all final states and all
data-taking years are combined. The resolution estimator σi bin is defined as the width of the
Gaussian function from a fit to events in bin i having the smallest mass window that contains
68% of the signal events.

with better invariant mass resolution and improves the description of the signal shape and the
modeling of the peak position. This latter improvement is most important for the final state
where the on-shell Z boson decays to two electrons. An illustration of the full model used in
the on-shell analysis is shown in Fig. 7.
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Figure 7: Illustration of how the on-shell statistical model is constructed, combining the m4ℓ
distributions from all data-taking years and all final states. The red, blue, and brown lines
show the results of the fit to the signal, background, and their sum, respectively.. The solid
black points with vertical bars show the data and the associated statistical uncertainties.

Based on the 1D model, a two-dimensional (2D) statistical model is built with a probability
density P2D using the observables m4ℓ and Dkin

bkg and the expression

P2D(m4ℓ , Dkin
bkg) = P sig

1D Tsig(Dkin
bkg|m4ℓ) + Pbkg

1D Tbkg(Dkin
bkg|m4ℓ).

The factor T, based on a 2D histogram template, is a conditional probability density function
of Dkin

bkg and m4ℓ , implemented by normalizing the sum of the contents in each m4ℓ histogram
bin to one.



8.2 Signal and background interference modeling in the off-shell region 17

The final model, designated N –2D is built by combining all 2D models of N different δm4ℓ/m4ℓ
categories. If the BS and m(Z1) constraint approaches are applied, the model is referred to as
N –2D′

BS. This configuration provides the best Higgs boson mass and width precision and is
used as the default for the on-shell measurements. A simultaneous signal-plus-background
unbinned fit to all categories is performed to extract mH and ΓH . The signal strength is left
unconstrained in this fit.

8.2 Signal and background interference modeling in the off-shell region

In the off-shell region, the probability density follows Eqs. (1) and (5) closely, with the addi-
tional contribution of the interference (“int”) between the signal and background amplitudes,
as well as a cross-feed (“cross”) component discussed below. It is parametrized as

Pjk(x⃗; ξ⃗ jk, ζ⃗) =
µjΓH

Γ0
P sig

jk (x⃗; ξ⃗ jk) +

√
µjΓH

Γ0
P int

jk (x⃗; ξ⃗ jk) + µjPcross
jk (x⃗; ξ⃗ jk) + Pbkg

jk (x⃗; ξ⃗ jk), (7)

where Γ0 is the reference value of the Higgs boson width (not necessarily its SM value) used in
simulation. Otherwise, the definition of the terms is the same as in Eq. (5). In the off-shell width
analysis, there are two production modes, j (gluon fusion and EW, which includes both VBF
and VH), and three jet-tagged categories, k. All lepton flavors and data periods are combined
in this analysis. The contributions from ttH, bbH, and tqH are expected to be negligible in the
off-shell region.

The P sig
jk , P int

jk , Pcross
jk , and Pbkg

jk probability densities are normalized to the expected number of
events, and are implemented as binned histograms (templates) of the observables x⃗ listed in
Table 1. These templates are obtained as weighted linear combinations of existing simulated
signal or background samples.

The off-shell region includes all events with m4ℓ greater than 220 GeV. Other processes can
mimic off-shell Higgs boson production and decay to four leptons in this region. Specifically,
we study on-shell signal events in which the Higgs boson decays to 2ℓ + X, and X contains
further leptons that allow the event to pass the four-lepton selections. The dominant on-shell
Higgs boson process that can contaminate the off-shell region is Z(ℓℓ)H(2ℓ + X), called ZH
cross-feed.

The ZH cross-feed contribution is estimated using on-shell ZH samples with H → WW and
ZZ decays, where both hadronic and leptonic decay of the Z bosons is allowed. The dominant
contributions come from the H → 2ℓ2ν and 2ℓ2q final states produced in association with
Z → 2ℓ. To prevent double counting, on-shell cross-feed events are eliminated from the off-
shell simulated samples.

The gluon fusion cross section is calculated using the highest order QCD and EW expansions
available to simulate inclusive ZZ production [13]. However, event categorization depends
on modeling associated jets through PYTHIA’s parton showering and hadronization, which
involves matching these processes to the hard-scattering production. Off-shell gluon fusion
production is generated at LO with no associated jets at the matrix element level, and there-
fore all jets come from PYTHIA. The parton showering and hadronization requires setting the
hadronization scale, which can depend on the energy scale in the process. In the case of the
gg → 4ℓ process, the energy scale is set at m4ℓ .

The EW cross section for the inclusive production of ZZ and two associated jets is also calcu-
lated to the highest order QCD and EW expansion available [13]. Contrary to the gluon fusion
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process, two hard jets, which are typically the leading jets in the process, are already gener-
ated at the matrix element level in the LO simulation. These are the two associated jets in the
VBF process, or the two jets from the hadronic decay of the associated W or Z boson. There-
fore, the dependence on the PYTHIA parton shower and hadronization and its matching to the
hard-scattering production is much weaker for these EW processes.

The categorization efficiency of simulated ggH and EW Higgs boson production can be checked
using alternative POWHEG and MINLO simulations. The POWHEG samples are generated for a
wide range of off-shell Higgs boson masses at NLO in QCD, with one jet generated at the ma-
trix element, and using PYTHIA matching to simulate additional jets. The MINLO simulation
of ggH production is done for Higgs boson masses of 125 and 300 GeV at NLO in QCD, with
two jets generated at the matrix element level, and PYTHIA matching for additional jets. While
the JHUGEN categorization efficiencies agree with those using POWHEG and MINLO within
the uncertainties of the QCD scale used in PYTHIA, for the ggH process the deviations of the
central values and the corresponding uncertainties are up to 20% in the signal-dominated m4ℓ
range 300–500 GeV, depending on the category. In the EW process, categorization efficiencies
from the two approaches typically agree within 5–10%. In all cases, we adjust the categoriza-
tion efficiency as a function of m4ℓ to match that for the SM signal obtained from the POWHEG

samples, and assume the same behavior for the background and interference contributions.
This correction procedure ensures that the total event yield, summed over the three categories,
is unchanged at each value of m4ℓ .

Simulation of the x⃗ observables listed in Table 1 is not affected by the jet modeling in the Un-
tagged category. It is also found that the modeling of the observables in the jet-tagged cat-
egories is nearly the same in the EW process, when compared between the direct MCFM +
JHUGEN samples and reweighted POWHEG + JHUGEN. However, the modeling of jets in the
jet-tagged categories for the ggH process does impact the parametrization of the probability
distributions. Therefore, within these two jet-tagged categories, the gluon fusion process is
incorporated through the reweighted POWHEG + JHUGEN simulation. This approach allows
a more precise matching with the parton shower, thereby better describing the associated jet
activity. In this case, the samples are reweighted for the appropriate model using the MELA

package, as discussed in Section 3.

9 Systematic uncertainties
Several systematic uncertainties are estimated in the measurement of the constrained param-
eters ξ⃗ jk. The template shapes describing the probability distributions in Eqs. (5) and (7) are
varied separately within either the theoretical or experimental uncertainties, and the resulting
variation in the constrained parameters is taken as the systematic uncertainty from this source.

The largest systematic uncertainties in the on-shell determination of the Higgs boson mass and
width are in the lepton momentum scale and resolution. The estimation of the scale uncertainty
is extracted in a two-step process. First, the offsets in the measured Z boson mass peak position
with respect to the nominal Z boson mass in data and simulation are extracted, as a function
of pT and |η| of the related leptons. The estimate of this effect is about 0.02 and 0.12% for
muons and electrons, respectively, independent of the data-taking year. In the second step,
the systematic uncertainties affecting the corrections are propagated to the m4ℓ distribution.
Considering both effects, the estimated systematic uncertainties are 0.03 and 0.15% in the muon
and electron momentum scales, respectively, with an uncertainty in the corresponding Higgs
boson invariant mass resolutions of 3 and 10%.
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The largest systematic uncertainty in the off-shell measurement of the Higgs boson width is
from the modeling of the dominant background process qq → ZZ/Zγ∗/γ∗γ∗ → 4ℓ. Experi-
mental uncertainties specific to the off-shell analysis involve those from the jet energy calibra-
tion, which are only relevant for the VBF- and VH-tagged categories.

Theoretical uncertainties that affect both the signal and background estimations include those
from the renormalization and factorization scales, and the choice of the parton distribution
function set. The uncertainty from the renormalization and factorization scales is determined
by varying these scales by factors of 0.5 and 2 from their nominal values while keeping the ratio
of the two scales between 0.5 and 2. The uncertainty due to the parton distribution function set
is estimated by taking the root mean square of the variations when using different replicas of
the default NNPDF set. An additional uncertainty of 10% in the K factor used for the gg → ZZ
prediction is applied.

The integrated luminosities for the 2016, 2017, and 2018 data-taking years have 1.2–2.5% indi-
vidual systematic uncertainties [85–87], while the overall uncertainty for the 2016–2018 period
is 1.6%. The uncertainty in the lepton identification, reconstruction, and selection efficiency
ranges from 2 to 14% in terms of the overall event yield for the 4µ and 4e final states, respec-
tively, and affects both signal and background processes.

In the estimation of the Z + X background, the flavor composition of hadronic jets misiden-
tified as leptons can be different in the Z + 1ℓ and Z + 2ℓ control regions. Together with the
statistical uncertainty in the Z + 2ℓ region, this uncertainty accounts for about a 30% variation
in the background yields. The uncertainty in the modeling of this misidentification rate as a
function of pT and η, combined with the Z + 1ℓ control region statistical uncertainty, leads to
uncertainties in the backgrounds yields ranging from 32% in the 4e final state to 39% in the 4µ.

10 Higgs boson mass and width measurements with on-shell pro-
duction

The Higgs boson mass is measured using different likelihood models as described in Sec-
tion 8.1. Table 4 shows the mass measurements obtained from the 1D approach, where no
further assumptions have been made. In comparison to the 1D model, the 1D

′
BS model (as

described in Section 5) reduces the uncertainty by about 15%. Implementing the δm4ℓ/m4ℓ
categorization then gives the N –1D′

BS model, which leads to an additional 10% improvement.
Finally, using the Dkin

bkg discriminant to reduce the background produces the N –2D′
BS model

with another 4% improvement. Table 5 shows the resulting m4ℓ measurements using this last
model. All the measured m4ℓ values from the different fits are statistically compatible, given
their uncertainties and correlations. Figure 8 displays the observed 1D likelihood scans as func-
tions of mH , from the fits for the different 4ℓ categories and combined. Combining all the m4ℓ
final states and data-taking years, our final result is mH = 125.04 ± 0.11 (stat) ± 0.05 (syst) =
125.04 ± 0.12 GeV. The largest systematic uncertainty is from the lepton momentum scale and
equals 0.03 and 0.04 GeV for final states with muons and electrons, respectively.

As a check on the analysis technique and the systematic uncertainty from this method, the
1D

′
BS model is applied to Z → 4ℓ events in the m4ℓ range 70–105 GeV. The signal shape is

obtained using a convolution of a Breit–Wigner function and a double-sided Crystal Ball func-
tion. The fitted values of mZ in different subchannels are m4µ

Z = 91.02 ± 0.14 GeV, m4e
Z =

91.18 ± 0.45 GeV, m2e2µ
Z = 91.40 ± 0.29 GeV, and m2µ2e

Z = 91.40 ± 0.37 GeV, leading to a com-
bined value of mZ = 91.17 ± 0.12 GeV, consistent with the world-average Z boson mass [89]
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Table 4: Best fit values for the mass of the Higgs boson measured in the inclusive 4ℓ final
state and separately for different flavor categories using the 1D approach. Uncertainties are
separated into statistical and systematic uncertainties. Expected uncertainties are also given
assuming mH = 125.38 GeV [88].

4ℓ category Observed (±stat±syst) (GeV) Expected uncertainty (±stat±syst) (GeV)

Inclusive 124.98 ± 0.14 ± 0.05 ±0.14 ± 0.05

4µ 124.87 ± 0.17 ± 0.04 ±0.18 ± 0.04

2µ2e 125.32+0.36
−0.37 ± 0.10 +0.34+0.09

−0.34−0.10

2e2µ 125.23+0.36+0.09
−0.35−0.11

+0.35+0.09
−0.35−0.10

4e 124.94+0.68
−0.71 ± 0.20 +0.51+0.18

−0.51−0.20

Table 5: Best fit values for the mass of the Higgs boson measured in the inclusive 4ℓ final
state and separately for different flavor categories, using the final fit configuration (N –2D’BS).
Uncertainties are separated into statistical and systematic uncertainties. Expected uncertainties
are also given assuming mH = 125.38 GeV [88].

4ℓ category Observed (±stat±syst) (GeV) Expected uncertainty (±stat±syst) (GeV)

Inclusive 125.04 ± 0.11 ± 0.05 ±0.11 ± 0.05

4µ 124.90 ± 0.14 ± 0.05 ±0.14 ± 0.04

2e2µ 125.50+0.25
−0.24 ± 0.10 ±0.24 ± 0.10

2µ2e 125.20+0.27+0.11
−0.26−0.07 ±0.27 ± 0.10

4e 124.70+0.49
−0.47 ± 0.20 ±0.38 ± 0.20

and with the uncertainty in agreement with the expected value of ± 0.12 GeV from simulation.

10.1 Higgs boson mass measurement with Runs 1 and 2 data combined

The results from this analysis are combined with those extracted using data recorded with the
CMS detector during Run 1 at

√
s = 7 and 8 TeV [90]. Since this analysis uses an improved

method to extract the systematic uncertainties affecting lepton momentum, the lepton energy
scales and resolution uncertainties are considered uncorrelated between the two runs. The
combined observed result from both data-taking periods is mH = 125.08± 0.12 GeV = 125.08±
0.10 (stat)± 0.05 (syst) GeV. The corresponding expected statistical and systematic uncertainties
are ±0.10 and ±0.05 GeV, respectively. Figure 9 presents a summary of the Higgs boson mass
measurements by the CMS Collaboration in the four-lepton decay channel.

10.2 Higgs boson width measurement from on-shell production

The Higgs boson width is measured using on-shell production by fitting the m4ℓ distribution
in the mass range 105 < m4ℓ < 140 GeV. The N –2D′

BS model used for the mass measurement
is adopted also in this case, changing the signal model, as described before, to include the
ΓH parameter. Since the theoretical value is very close to zero, which is a strict lower bound,
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Figure 8: The profile likelihood from the mH fit using the N –2D′
BS model for each of the 4ℓ cat-

egories and combined. The change in likelihood corresponding to 68 and 95% CLs are shown
by the dashed horizontal lines. Both statistical and systematic uncertainties are included in the
fits.
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Figure 9: Summary of the CMS Higgs boson mass measurements using the four-lepton final
state. The red vertical line and the gray column represent the best fit value and the total un-
certainty, respectively, as measured by combining the Runs 1 and 2 data. The yellow band and
horizontal black bars show the statistical and total uncertainties in each measurement, respec-
tively. The value of each measurement is given, along with the total and statistical only (in
parentheses) uncertainties.

confidence intervals for the Higgs boson width are obtained following the Feldman–Cousins
approach [91]. The CL is evaluated for several width hypotheses using distributions obtained
from simulated pseudo-experiments. In this process, the nuisance parameters are fixed to their
best fit values. The observed (expected) upper limit on ΓH is 50 (320) MeV at 68% CL and 330
(640) MeV at 95% CL. Although the observed limit is much less than the expected one, the two
are statistically compatible. The resulting distribution of 1 − CL vs. ΓH is shown in Fig. 10.
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Figure 10: Distribution of 1 − CL vs. ΓH from the fit in the measurement of the Higgs boson
width using on-shell production only. The CL values shown by the points are extracted using
the Feldman-Cousins approach. The vertical bars on the points represent the spread of the
simulated pseudo-experiment values. The 68 and 95% CL values are shown by the dashed
horizontal lines.

11 Higgs boson width measurement with off-shell production
We perform an extended binned maximum likelihood fit to the on- and off-shell events split
in several categories. The final measurements on mH , ΓH , and µj are conducted using the
profile likelihood method [92] implemented in the ROOFIT toolkit [93] within the ROOT [94]
framework. The extended likelihood function is constructed using the probability densities in
Eqs. (5) and (7), with each event characterized by the discrete category k and typically three ob-
servables x⃗. The likelihood L is maximized with respect to the nuisance parameters ξ⃗ jk describ-
ing the systematic uncertainties and the signal strength parameters µ (total signal strength), or
µF (signal strength for ggH) and µV (signal strength for the EW processes). The allowed 68 and
95%CL intervals are defined using the profile likelihood function, −2∆ lnL = 1.00 and 3.84,
respectively, for which exact coverage is expected in the asymptotic limit [95].

Constraints on ΓH are set by simultaneously fitting H → ZZ → 4ℓ events from the on- and
off-shell regions. The on-shell region corresponds to Scheme 2 in Ref. [83], where six mutually
exclusive event categories are defined and anomalous interactions are constrained to zero. It
determines the signal strengths µon-shell

F and µon-shell
V , corresponding to production mechanisms

driven by fermion and vector boson couplings of the Higgs boson, respectively, as defined in
Section 1. The Higgs boson mass is constrained to mH = 125.38 GeV [88] in this fit. In the
on- and off-shell parametrizations in Eqs. (5) and (7), we set µon-shell

F = µoff-shell
F and µon-shell

V =

µoff-shell
V . The observed and expected constraints on the Higgs boson width are shown in Table 6.

The likelihood scan of ΓH using the asymptotic approximation method is shown in Fig. 11.
This measurement excludes the scenario of no off-shell Higgs boson production with a CL
corresponding to 3.0 standard deviations (average expected 1.4).

The observed limits on ΓH are stronger than the average expected values from simulation.
This is supported by the upper left plot of Fig. 5, where the number of observed events in the
sensitive region of m4ℓ > 340 GeV and Dbkg > 0.6 in the Untagged category is below the ex-



11.1 Examination of model dependency in width measurement 23

Table 6: Summary of the total Higgs boson width ΓH measurement, showing the 68% CL (cen-
tral values with uncertainties) and 95% CL (in square brackets) intervals for the H → ZZ → 4ℓ
channel alone and in combination with the off-shell H → ZZ → 2ℓ2ν channel.

Channel Observed ΓH (MeV) Expected ΓH (MeV)

4ℓ on- and off-shell 2.9+2.3
−1.7 [0.3, 7.9] 4.1 ± 4.0 [< 11.5]

4ℓ on- and off-shell + 2ℓ2ν off-shell 3.0+2.0
−1.5 [0.6, 7.3] 4.1 ± 3.5 [0.1, 10.5]
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Figure 11: Observed (solid) and expected (dashed) profile likelihood projections from the Higgs
boson width fit using on- and off-shell production from this analysis. The analysis of the off-
shell H → ZZ → 4ℓ channel combined with the on-shell H → ZZ → 4ℓ channel [83] is shown
in black. The full combination of H → ZZ → 4ℓ with the off-shell H → ZZ → 2ℓ2ν [24] is
given in red. The black horizontal dashed lines show the 68 and 95% CL values.

pected value, but still consistent with it. The smaller number of events in this region favors the
hypothesis of negative interference between the signal and background contributions, which
dominates over the pure signal contributions for ΓH values near the SM value. Therefore, large
and very small values of ΓH are disfavored.

11.1 Examination of model dependency in width measurement

The above ΓH constraints assume the expected SM-like evolution of the Higgs boson couplings
over a large m4ℓ range. The anomalous contributions to the HVV vertex in EW production and
Higgs boson decay were evaluated in our earlier analyses using a smaller data set [23, 24], and
the constraints on ΓH remained consistent. However, the predominance of the top quark in the
ggH loop is assumed here and in our previous analyses. If there are additional contributions,
such as from yet undiscovered heavy particles, then the m4ℓ evolution in the off-shell region
would be altered.

To investigate the impact of large-mass yet undiscovered particles in the ggH loop, we in-
troduce a new heavy quark Q with an unconstrained coupling strength κQ in the likelihood
parametrization, as described in Refs. [52, 96]. In the framework of effective field theories, the
contribution of Q can be interpreted as a point-like interaction that encapsulates the influence
of any heavy particles present in the loop. The parameterization in Eq. (7) is extended to in-
clude the templates for terms proportional to κ2

Q and κQ , utilizing simulations reweighted with
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the MELA package in the limit of the infinite Q mass. The m4ℓ shape in the off-shell region
shows contrasting patterns between the SM ggH production, which is mainly affected by the
top quark loop with the 2mt threshold effect, and the Higgs boson produced via ggH loop
involving the heavy quark Q [52].

An unconstrained κQ introduces additional uncertainty into the m4ℓ dependence in the off-
shell region, resulting in less stringent limits on ΓH . However, both on- and off-shell H → 4ℓ
data constrain the possible values of κQ , and the constraints on ΓH remain largely consis-
tent with those for κQ = 0. The resulting ΓH measurement from the combined on- and off-
shell events is 2.7+2.7

−1.8 MeV (expected 4.1+5.3
−4.0 MeV). The observed (expected) 95% CL interval

is [0.1, 8.7] ( [<14.1] )MeV. We note that combining measurements from other on-shell Higgs
boson production and decay channels in the future will lead to much stricter constraints on κQ ,
reducing the flexibility to alter the SM-like evolution of the Higgs boson couplings over a large
m4ℓ range.

11.2 Higgs boson width measurement with a combination of off-shell channels

The results of this analysis with the SM-like couplings are combined with the prior CMS off-
shell H → ZZ → 2ℓ2ν analysis [24], giving the first CMS measurement of ΓH using the full 4ℓ
and 2ℓ2ν data sample collected during Run 2. The observed and expected ΓH measurements
are shown in Table 6 and Fig. 11 and supersede the previous CMS results [24] under the SM-
like coupling assumption. The fit results rule out the scenario of no off-shell Higgs boson
production with a CL corresponding to 3.8 standard deviations (average expected 2.4).

The off-shell region fit can also be performed without relating its signal strength to that for the
on-shell region. In this case, the signal strength is modified by the parameter µoff-shell common
to all production mechanisms, with ΓH = ΓSM

H in Eq. (7), and the SM expectation corresponding
to µoff-shell = 1. In addition, we also perform a fit of the off-shell events with two unconstrained
parameters µoff-shell

F and µoff-shell
V , which express the signal strengths in the ggH and EW pro-

cesses, respectively. The measured signal strengths are reported in Table 7 and a 2D scan of
these parameters is presented in Fig. 12. The observed limits on signal strength in the off-shell
region are stronger than expected on average, following a trend similar to that previously dis-
cussed for ΓH .

Table 7: Measured values of the signal strengths µoff-shell, µoff-shell
F , and µoff-shell

V , and their 68%
and 95% (in square brackets) CL intervals from the combined fit to the off-shell H → ZZ → 4ℓ
and 2ℓ2ν channels.

Parameter Observed Expected

µoff-shell 0.67+0.42
−0.32 [0.14, 1.54] 1.00+0.83

−0.84 [0.02, 2.46]

µoff-shell
F 0.57+0.50

−0.36 [0.04, 1.61] 1.00+0.90
−0.98 [<2.62]

µoff-shell
V 0.87+0.93

−0.57 [0.05, 2.90] 1.00+1.95
−0.89 [<4.34]

12 Summary
A measurement of the Higgs boson mass (mH) and width (ΓH) using the decays to two Z
bosons is presented. The data sample comes from proton-proton collisions at the LHC recorded
by the CMS experiment at a center-of-mass energy of 13 TeV, corresponding to an integrated
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Figure 12: Observed 2D profile likelihood projection of the off-shell signal strength parameters
(µoff-shell

F , µoff-shell
V ) from the fit to the combined off-shell H → ZZ → 4ℓ and 2ℓ2ν channels. The

best fit value is shown by the black cross and the SM prediction by the red x. The 68 and 95%
CL contours are given by the dashed and solid curves, respectively. The color scale to the right
of the plot relates the quantitative values.

luminosity of 138 fb−1. On-shell Higgs boson production with the H → 4ℓ decay (ℓ = e, µ) is
used to measure its mass and constrain its width. The mass measurement yields mH = 125.04±
0.11 (stat) ± 0.05 (syst) GeV = 125.04 ± 0.12 GeV, in agreement with the expected precision of
±0.12 GeV. From on-shell production events, an upper limit of ΓH < 330 MeV is set at 95%
confidence level. The mass measurement is further improved combining data from Runs 1
and 2, leading to the most precise single measurement of the mass to date in this channel,
mH = 125.08 ± 0.10 (stat) ± 0.05 (syst) GeV = 125.08 ± 0.12 GeV. Using on- and off-shell Higgs
boson production with the decay to four leptons, and combining them with a separate analysis
with Higgs boson decay to two leptons plus two neutrinos, we measure ΓH = 3.0+2.0

−1.5 MeV,
consistent with the standard model prediction of 4.1 MeV. These results are summarized in
Table 8. The strength of the off-shell Higgs boson production is also reported, and the scenario
of no off-shell Higgs boson production is excluded at a confidence level corresponding to 3.8
standard deviations. Results of the measurements are tabulated in the HEPData record for this
analysis [97].
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INFN Sezione di Baria, Università di Barib, Politecnico di Baric, Bari, Italy
M. Abbresciaa,b , A. Colaleoa,b , D. Creanzaa,c , B. D’Anzia,b , N. De Filippisa,c ,
M. De Palmaa,b , W. Elmetenaweea ,b ,47 , L. Fiorea , G. Iasellia,c , L. Longoa ,
M. Loukaa,b, G. Maggia ,c , M. Maggia , I. Margjekaa , V. Mastrapasquaa,b , S. Mya,b ,
S. Nuzzoa,b , A. Pellecchiaa,b , A. Pompilia,b , G. Pugliesea,c , R. Radognaa,b ,
D. Ramosa , A. Ranieria , L. Silvestrisa , F.M. Simonea,c , Ü. Sözbilira ,
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68Also at Marmara University, Istanbul, Turkey
69Also at Milli Savunma University, Istanbul, Turkey
70Also at Kafkas University, Kars, Turkey
71Now at Istanbul Okan University, Istanbul, Turkey
72Also at Hacettepe University, Ankara, Turkey
73Also at Erzincan Binali Yildirim University, Erzincan, Turkey
74Also at Istanbul University - Cerrahpasa, Faculty of Engineering, Istanbul, Turkey
75Also at Yildiz Technical University, Istanbul, Turkey
76Also at Vrije Universiteit Brussel, Brussel, Belgium
77Also at School of Physics and Astronomy, University of Southampton, Southampton, United
Kingdom
78Also at IPPP Durham University, Durham, United Kingdom
79Also at Monash University, Faculty of Science, Clayton, Australia
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