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The Higgs boson (H) decay width is determined from the ratio of off- and on-shell production of
H → WW → eνμν using proton–proton collision data corresponding to an integrated luminosity of
138 fb−1 collected at

ffiffiffi
s

p ¼ 13 TeV by the CMS experiment at the Large Hadron Collider. The off-shell
signal strength is measured as μoff-shell ¼ 1.2þ0.8

−0.7 . The Higgs boson total decay width is ΓH ¼ 3.9þ2.7
−2.2 MeV,

in agreement with the standard model prediction. The uncertainty in this result represents a factor of 3
improvement over the previous CMS result in this decay channel.
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I. INTRODUCTION

The standard model (SM) is a relativistic quantum field
theory that describes the constituents of matter via fields
and their associated particle interactions [1–3]. One of the
accomplishments of the SM is the prediction of the Higgs
field and related Higgs boson (H) [2,4–7], which was
discovered in 2012 [8,9]. Since its discovery, a campaign to
study its properties has been underway at the CERN Large
Hadron Collider (LHC) [10,11], a key property being its
decay width, ΓH.
The theoretical prediction of ΓH for a SM Higgs boson

with a mass of 125 GeV is 4.1 MeV with a relative
uncertainty of �3.9% [12]. Since the value of ΓH is much
smaller than the invariant mass resolution of the LHC
detectors, precise direct measurements of the decay width
are not feasible; instead, it can be constrained through the
use of off-shell production modes. The CMS Collaboration
has previously determined the width to be ΓH ¼
3.0þ2.0

−1.5 MeV [13] using off-shell Higgs boson decays to
ZZ with subsequent decays to four charged leptons and to
two charged leptons and two neutrinos (H → ZZ → 4l and
2l2ν, respectively, with l referring to electrons or muons)
using data collected in 2016–2018 at

ffiffiffi
s

p ¼ 13 TeV. The
ATLAS Collaboration has reported a width value of ΓH ¼
4.3þ2.7

−1.9 MeV [14] in the same H → ZZ decay channels,
ΓH ¼ 0.9þ3.4

−0.9 MeV using H → WW → 2l2ν [15], and

ΓH < 450 MeV at 95% confidence level from tt̄tt̄ produc-
tion measurements [16].
To complement previous results, we report the meas-

urement of ΓH from the ratio of its off- and on-shell
production in the H → WW → eνμν decay mode, using
CMS data collected in 2016–2018 at

ffiffiffi
s

p ¼ 13 TeV. In
this paper, the off-shell contribution is defined using a
requirement on the WW invariant mass at the generator
level of mWW > 160 GeV. The previous CMS result using
this channel, ΓH < 26 MeV [17], was performed withffiffiffi
s

p ¼ 7 and 8 TeV data collected in 2011–2012. The
increased center-of-mass energy and integrated luminos-
ity, together with reduced experimental and theoretical
uncertainties, motivate this study. Deviations of ΓH from
its SM expectation could point to physics beyond the SM,
such as anomalous couplings, since the decay width is
determined by all known particle couplings to the
Higgs boson.
Given that the width of the Higgs boson is narrow

compared to its mass, the narrow-width approximation can
be applied [18–21], and its on-shell production cross
section σon-shell reduces to

σon-shell ≈
g2pg2d

ðp2 −M2
HÞ þMHΓH

≈
g2pg2d
MHΓH

; ð1Þ

where p is the four-momentum of the Higgs boson,MH its
mass, and gp and gd the respective production and decay
mode couplings being considered. At center-of-mass
energies well above the WW production threshold, there
is no significant dependence of the corresponding off-
shell cross section σoff-shell on ΓH and MH, so we simply
have

μoff-shell ∝ σoff-shell ¼ g2pg2d; ð2Þ
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μon-shell ∝ σon-shell ∝
g2pg2d
ΓH

; ð3Þ

where μ is the signal strength, defined as the ratio of the
measured cross section to the SM prediction for either on-
or off-shell production, both of which are equal to unity in
the SM. Hence,

ΓH ∝
μoff-shell
μon-shell

: ð4Þ

Thus, it is possible to determine the decay width of the
Higgs boson by measuring the relative rates of off- to on-
shell Higgs boson production.
The two largest Higgs boson production modes, gluon–

gluon fusion (ggF) and vector boson fusion (VBF, where
V ¼ W or Z), illustrated by the Feynman diagrams in
Fig. 1, are used in this analysis. TheWW → eνμν final state
is chosen, where the different lepton flavors are required to
remove the large Drell–Yan (DY) background in the same-
flavor final state. Neutrinos present a challenge because
they are electrically neutral, weakly interacting particles,
which makes them impossible to directly detect. Their
presence can only be inferred from missing transverse
momentum, p⃗miss

T , as defined in Sec. II.
There are several background physics processes that

contribute to the H → WW channel. At large mWW , the
most relevant ones for this measurement are the gluon-
induced continuum gg → WW and electroweak qq →
qqWW production, which interfere destructively with
off-shell ggF and VBF, respectively, because of the
identical initial and final states. The destructive interference
prevents the cross section of scattered W bosons from
diverging to infinity, thereby preserving unitarity in the
electroweak theory. In this paper, the off-shell contribution
is defined as the signal, seen in Fig. 1, plus interference, and
it accounts for only a few percent of the total expected event
yield once all backgrounds are included, especially the on-
shell contributions, tt̄, and nonresonant WW production.
As a result, the analysis effectively searches for a small
shape distortion in the high-mass tail of the mWW distri-
bution on top of sizeable backgrounds, and relies on a

precise modeling of off-shell H → WW, the nonresonant
WW continuum, and their interference.
The structure of this paper is as follows. Section II

provides a short overview of the CMS detector. Details of
the data samples and the simulated events are presented in
Sec. III. The strategy for event selection and the categori-
zation procedure are outlined in Sec. IV. Section V dis-
cusses the background estimation, while Sec. VI
summarizes the treatment of systematic uncertainties.
The statistical procedure and final results are reported in
Secs. VII and VIII, respectively, and the final summary is
given in Sec. IX. Tabulated results are provided in the
HEPData record for this analysis [22].

II. THE CMS DETECTOR AND EVENT
RECONSTRUCTION

The CMS apparatus [23,24] is a multipurpose, nearly
hermetic detector, designed to trigger on [25–27] and
identify electrons, muons, photons, and (charged and
neutral) hadrons [28–30]. Its central feature is a super-
conducting 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 (HCAL), each composed
of a barrel and two endcap sections. Forward calorimeters
extend the pseudorapidity η coverage provided by the
barrel and endcap detectors. Muons are reconstructed using
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. [23,24].
Events of interest are selected using a two-tiered trigger

system. The first level (L1), composed of custom hardware
processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz
with a fixed latency of 4 μs [25]. The second level, known
as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction
software optimized for fast processing, and reduces the
event rate to a few kHz before data storage [26,27].

FIG. 1. Feynman diagrams illustrating Higgs boson production and decays toWW in ggF (left) and VBF (right) modes, where H refers
to an on- or off-shell Higgs boson.
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The particle-flow (PF) global event reconstruction [31]
combines information from the tracking system, calorim-
eters, and muon detectors to reconstruct and identify
individual particles (photons, electrons, muons, charged
and neutral hadrons). Electrons are reconstructed from
ECAL energy clusters matched to tracks in the silicon
tracker, with an explicit treatment of bremsstrahlung along
the trajectory, and are accepted within jηj < 2.5. Muons are
reconstructed by matching tracks in the silicon tracker to
compatible hits or segments in the muon system within
jηj < 2.4. Tracks not identified as electrons or muons are
assigned to charged hadrons, while neutral hadrons are
reconstructed from HCAL energy deposits not associated
with any charged particle track, or from a combined
ECALþ HCAL excess over the expected charged-hadron
response.
The energy of electrons is determined from a combina-

tion of the track momentum at the main interaction vertex,
the corresponding ECAL cluster energy, and the energy
sum of all bremsstrahlung photons attached to the track.
The momentum (energy) of muons is obtained from the
corresponding curvature of the track. Only the sum of the
transverse momentum (pT) carried away by the neutrinos
can be reconstructed using missing transverse momentum.
The missing transverse momentum vector p⃗miss

T is com-
puted as the negative vector sum of the transverse momenta
of all the PF candidates in an event, and its magnitude is
denoted as pmiss

T [32]. Additional proton–proton inter-
actions within the same or nearby bunch crossings (pileup)
can contribute additional tracks and calorimetric energy
depositions to the jet momentum. To mitigate this effect,
charged particles identified to be originating from pileup
vertices are discarded and an offset correction [33] is
applied to correct for remaining contributions. The value
of pmiss

T is defined using the pileup per particle identifica-
tion (PUPPI) algorithm [32] along with specific filters to
mitigate the effects of the detector noise, and is required to
exceed 20 GeV. Anomalous high-pmiss

T events can be due
to a variety of reconstruction failures, detector malfunc-
tions, or noncollision backgrounds. Such events are
rejected by event filters that are designed to identify more
than 85%–90% of the spurious high-pmiss

T events with a
mistagging rate less than 0.1% [32].
For each event, hadronic jets with a minimum pT of

20 GeV are clustered from reconstructed particles using the
infrared and collinear safe anti-kT algorithm [34,35] with a
distance parameter of 0.4, within jηj < 4.7. Jet momentum
is determined as the vectorial sum of all particle momenta
in the jet and is found from simulation to be, on average,
within 5%–10% of the true momentum over the entire pT
spectrum and detector acceptance. Jet energy corrections
are derived from simulation to bring the measured response
of jets to that of particle-level jets on average. In situ
measurements of the momentum balance in multijet events
are used to account for any residual differences in the jet

energy scale between data and simulation. The jet energy
resolution amounts typically to 15%–20% at 30 GeV, 10%
at 100 GeV, and 5% at 1 TeV [36]. Additional selection
criteria [33] are applied to each jet to remove jets
potentially dominated by anomalous contributions from
various subdetector components or reconstruction failures.

III. DATA AND SIMULATED SAMPLES

In this analysis, we use proton–proton collision data
samples collected by the CMS experiment in 2016–2018,
with a total integrated luminosity of 138 fb−1 [37–39].
Each event is required to pass HLT selections, which

involve reconstruction of leptons (e, μ) passing specific
isolation and identification criteria [27]. The single-lepton
trigger selects either one electron with pT > 25, 35, and
32 GeV for the 2016, 2017, and 2018 datasets, respectively,
or one muon with pT > 24ð27Þ GeV for the 2016 and 2018
(2017) datasets. For the combined electron–muon trigger,
the highest transverse momentum (leading) lepton must
have pT > 23 GeV with the requisite second-highest
transverse momentum (subleading) lepton having
pT > 12 GeV. The average trigger efficiency, stable across
all years to within about 1%, for a single (double) lepton
trigger is 87 (95)% [27].
Simulated events are used for modeling signal and

background processes. Event samples for the 2016,
2017, and 2018 datasets are simulated separately to account
for differences in the detector and pileup conditions.
The VBF off-shell Higgs boson simulations are handled

following the procedure described in Ref. [40], which
combines several Higgs boson samples to reproduce the
expected line shape for signal (S), the qq → qqWW
continuum background (B), shown in Fig. 2, and the
combination of signal, background, and interference
(Sþ Bþ I). Higgs boson production is generated with
POWHEG v2 [41–43] at next-to-leading order (NLO), while
the decay to a pair ofW bosons and subsequently to leptons
is performed using JHUgen v7.1.4 [44]. The VBF samples are
generated for mWW values ranging from 125–3000 GeV,
with sufficient event counts to cover both the on- and off-
shell regions. The simulated Higgs bosons are treated
within the complex pole scheme (CPS) [45], and
reweighted to the SM expectation atMH ¼ 125 GeV using
the matrix-element likelihood approach (MELA) [46,47].
These samples are combined, resulting in a consistent set of
off-shell VBF samples with high number of entries per
mass bin in the off-shell tail.
Off-shell ggF samples are generated using the MCFM v7.0

[48–50] generator, which can handle leading-order (LO)
generation for the ggF S, the gg → WW B, and Sþ Bþ I.
The use of MCFM in this analysis differs from the procedure
recommended in Ref. [40] because matrix-element
reweighting of quark-mediated box diagrams, such as those
for the gg → WW background, illustrated in Fig. 2, yields
divergent results. The MCFM generator does not use the
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reweighting procedure and naturally accounts for the
impact of the top quark loop on the Higgs boson amplitude.
Off-shell ggF samples are first normalized to next-to-NLO
(NNLO) precision via a K-factor [51], differential in mWW ,
and then normalized at next-to-NNLO (N3LO) [12,52].
A requirement of mWW > 160 GeV is set at the gen-

erator level to define the ggF and VBF off-shell events in
the simulated samples, as this value corresponds to the
threshold above which the Higgs boson can decay into two
on-shell W bosons. The selection is inverted for on-shell
events, where at least one W boson is off-shell. Generated
events where at least one W boson decays into a τ lepton,
which subsequently decays leptonically, are treated as
signal. These leptonic τ decays contribute approximately
3%–5% to the signal yield in the on-shell regions and 10%–
15% in the off-shell regions.
The ggF and VBF on-shell Higgs boson samples are

simulated using POWHEGþJHUGEN. The ggF events are
reweighted to match the parton shower (PS) model at
NNLOþ PS [53,54], and further scaled with a K-factor to
N3LO [12,52]. Simulated samples for the associated
production (mainly WH and tt̄H) are also considered, as
described in Ref. [55], although their contribution in the
analysis phase space is negligible. The background proc-
esses are simulated using several different generators. The
production of WþW− pairs via quark–antiquark annihila-
tion, qq → WW, is simulated at NNLOþ PS with
POWHEG. For this sample, a discrepancy between data
and simulation is observed in the pWW

T distribution. This
particular kinematic variable is difficult to model for WW
processes, especially at low pWW

T values around 1 GeV. To
improve the Monte Carlo (MC) modeling, a correction
factor is derived in the inclusive phase space for WW
production. After subtracting all non-qq → WW back-
grounds from the data, the ratio of the resulting pWW

T
distribution to the qq → WW MC prediction is fitted with a
second-order polynomial, which is then applied as an event
weight. The overall qq → WW normalization before and
after applying the correction is preserved. The DY pro-
duction of Z=γ� and multiboson processes, such asWγ, ZZ,
and VVV, are generated at NLO using MadGraph5_aMC@NLO

v2.4.2 [56]. Single top quark, tt̄, WZ, and Wγ� background
processes are simulated at NLO with POWHEG v2. The

measured top quark pT distribution from tt̄ events in
data is softer [57] than that predicted by simulation.
This discrepancy is due to missing higher-order quantum
chromodynamic (QCD) and electroweak corrections. A
paramaterized weight correction [58] is applied in simu-
lation as a function of the generator-level top quark pT
distribution ratio (from NNLO calculations and NLO
samples) to improve the modeling in the NLO tt̄ MC
simulation.
The Pythia8 generator [59] with the CP5 underlying event

(UE) tune [60] is used for PS, hadronization, and UE
simulation. Parton distribution functions (PDFs) are mod-
eled with the NNPDF3.1 [61] set at NNLO precision for all
samples. For all processes, the detector response is simu-
lated using a detailed description of the CMS detector,
based on the Geant4 toolkit [62]. The distribution of the
number of pileup interactions in the simulation is adjusted
to match that observed in data for each year. Additional
corrections are applied to the MC simulated samples to
match the experimental response in data for the trigger
selection, lepton reconstruction, identification, isolation,
and momentum scale, jet energy scale, and resolution,
missing transverse energy scale, b tagging selection, and
L1 trigger corrections for events that are identified with an
incorrect bunch crossing [25] (a “prefiring” correction).

IV. EVENT SELECTION AND CATEGORIZATION

The dilepton objects are defined as the oppositely
charged electron and muon pair, passing pT >
25ð20Þ GeV for the leading (subleading) lepton. Several
quality requirements are applied to define a muon. We use
tight identification and isolation criteria [29]. Additional
selections on the distance from the primary interaction
vertex (PV) in the transverse and longitudinal planes, dxy <
0.02 cm and dz < 0.1 cm, are required to suppress muons
from pileup or from heavy-quark hadron decays (non-
prompt). To reduce the misidentification rates due to
nonprompt leptons not coming from the PV, a multivariate
(MVA) discriminant [63] is applied to ensure a maximum
separation between prompt and nonprompt leptons.
Electrons are identified in a similar fashion, based on a
multivariate identification and tight isolation criteria
[28,55]. The transverse and longitudinal impact parameter

FIG. 2. Feynman diagrams for nonresonant WW production: gg → WW (left) and one example of qq → qqWW (right).
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requirements are dxy < 0.05ð0.10Þ cm and dz <
0.1ð0.2Þ cm for leptons in the pseudorapidity range of
the barrel (endcap).
The first selection criterion from the H → WW → eνμν

decay chain requires pmiss
T > 20 GeV to account for the

undetected neutrinos. The dileptons are then required to
have an invariant mass meμ > 20 GeV to suppress non-
prompt lepton pairs, and a total transverse momentum
magnitude pT

eμ > 30 GeV to reduce the contributions
from Z=γ� → τþτ− and events in which one of the leptons
is nonprompt. The reconstructed transverse mass of the
Higgs boson is defined as

mH
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2peμ

T pmiss
T ð1 − cosΔϕÞ

q
; ð5Þ

where Δϕ is the difference in azimuthal angle between the
dilepton p⃗T and p⃗miss

T . To further suppress the DY back-
ground, we require mH

T > 60 GeV. In order to reduce
background from top quark production, the DeepJet b
tagging algorithm [64–66] is used on jets of pT >
20 GeV to identify (b tag) those jets, labeled b jets, coming
from the hadronization of b quarks. Aworking point with a
misidentification (mistag) rate of 1% and a b jet efficiency
of ≈80% versus light-quark-composite jets is selected per
year. Events are required to have no b tagged jets.
Events are first categorized based on the number of jets

present, using an algorithm that has tight identification and
loose pileup mitigation criteria [33], in three different bins:
0, 1, and ≥ 2 jets, where all jets must have pT > 30 GeV to
be counted. Events from ggF populate mostly the 0- or 1-jet
categories, with the jets coming from QCD radiation,
whereas VBF events have at least two high-pT jets at large
pseudorapidities.
To better discriminate between signal and background

processes and further categorize the events, we used a
multiclass fully connected deep neural network (DNN)
trained with the Keras library [67] for each of the three jet
categories. Four classes are considered in both the 0- and
1-jet categories: off-shell ggF, on-shell ggF, top quark
production, and nonresonant WW production, correspond-
ing to the one signal region (SR) and the three largest
control regions (CRs), respectively. Six classes are defined
for the ≥ 2-jet category: off-shell ggF, off-shell VBF, on-
shell ggF, on-shell VBF, top quark production, and non-
resonant WW production, corresponding to the two SRs
and four CRs.
The DNN inputs and event selection depend on the

number of jets in each event. The first-layer DNN variables
for the ≥ 2-jet category are defined as follows. For the
dileptons, the variables are defined as their invariant mass,
the differences in the pseudorapidity (Δη) and azimuthal
angle (Δϕ), ΔR (defined as

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δη2 þ Δϕ2

p
), the total pT of

the two leptons, and the pT of the leading and subleading
leptons. For dijets, we use the reconstructed transverse

mass, Δη, Δϕ, and the pT and b tagging score of the
leading and subleading jets. The pmiss

T and the difference in
azimuthal angle Δϕ between p⃗T

eμ and p⃗miss
T are used as

variables to detect the presence of neutrinos in the event.
The Higgs boson transverse massmH

T is also included as an
input variable. Finally, a proxy invariant mass of the WW
system is constructed assuming that the neutrinos from the
W boson decays travel in the same direction as their
corresponding charged leptons. To compute this variable,
p⃗miss
T is projected onto the azimuthal direction of each

reconstructed lepton. This projected momentum is then
added to the transverse momentum of each lepton to form
the total transverse momentum of the lepton and neutrino
system, whose mass is set to the nominal W boson mass.
The final variable is defined as the invariant mass of the
sum of these two reconstructed W boson candidates.
The number of nodes in successive layers of the DNN

goes from 16 to 60, and then decreases to 30, 15, and 10.
This produces the final six event categories: off-shell ggF
and VBF, on-shell ggF and VBF, top quark production, and
nonresonant WW production. The 0- and 1-jet DNNs are
trained separately and are similar to the ≥ 2-jet DNN, with
the exception of non-jet or single-jet variables.
The DNN is trained with the Adam optimizer [68], and

the output vector is converted into probability distributions
via the softmax function, such that the sum of the scores of
all classes adds to unity. Events from all MC samples of the
processes considered are randomly split such that 50% of
the events are used for testing after training, 17.5% for
validation during training, and 32.5% for the training itself.
To avoid overtraining, an early stopping mechanism is
employed that truncates the training if the validation loss
submits the same result within 30 epochs. Once trained, a
Kolmogorov–Smirnov (KS) [69] test is performed compar-
ing the DNN output distributions for the training and
testing datasets. The test determined that no bias was
introduced in the training set.
Analysis SRs and CRs are defined by requiring the

output DNN score for each training class to be above 0.5.
For example, in the off-shell ggF SR category, we demand
the corresponding DNNoff-shell > 0.5. The nonresonant
WW and tt̄ CRs have the same requirement, along with
an additional DNNtop < 0.2 or an inverted b quark veto
selection, respectively.

V. BACKGROUND ESTIMATION

All background contributions, with the exception of
those arising from nonprompt leptons, are estimated using
MC simulations.
The nonprompt lepton background is determined

directly from data [55] by analyzing events in which the
lepton identification criteria are relaxed. Such loosely
identified leptons are more likely to originate from jets
that have been misclassified as isolated leptons. By
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evaluating the probability that the leptons selected with
these loose criteria pass the SR requirements, together with
the efficiency for genuine leptons to be reconstructed and
identified, the yield of nonprompt leptons in the SR can be
inferred [55]. The reliability of the procedure is verified in a
dedicated validation region by requiring a same-sign e-μ
pair, while preserving the remaining SR selections.
The overall normalizations of the two main background

processes, the nonresonant WW and tt̄, are constrained
from data simultaneously in the SRs and in the dedi-
cated CRs.

VI. UNCERTAINTIES

All the systematic uncertainties described in Ref. [55]
have been considered in this analysis. The experimental
systematic uncertainties are estimated from the correlated
and uncorrelated integrated luminosity uncertainties; the
trigger and lepton isolation and identification efficiencies
from the differences between data and MC simulation; the
jet energy scale and resolution from variations due to
correlated and uncorrelated parameters; the unclustered
energy scale; the b tagging selection efficiency using scale
factors; the pileup correction; and the MC modeling
uncertainties from nonprompt, nonresonant WW, and top
quark backgrounds. The nonprompt lepton background is
influenced by the jet flavor composition when jets are
misidentified as leptons. Such effects contribute an uncer-
tainty of about 5%–10% to the misidentification rate [70].
An additional normalization uncertainty of 30% is assigned
to the nonprompt lepton background to cover the maximum
discrepancy between data and MC simulation in the same-
sign lepton validation region. As a conservative approach,
uncertainties equal to the full top quark pT correction for tt̄
events and the full pWW

T correction for nonresonant WW
events are applied.
The theoretical systematic uncertainties arise in the

choices of PDFs; renormalization and factorization scales;
PS modeling of jet multiplicity; and UE modeling.
Each systematic uncertainty is incorporated into the

statistical model using a nuisance parameter, which can
either modify the shape or perturb the scale of the DNN
output used to derive the final decay width. All of the
nuisance parameters are symmetric Gaussian constraints.
The contribution of each overall type of uncertainty to the
final measurements is given in the summary table of
Sec. VIII. The largest systematic uncertainty is from the
theoretical components, with the normalization and fac-
torization uncertainties being the most important.

VII. STATISTICAL PROCEDURE

To extract the off-shell signal strength, μoff-shell, and the
Higgs boson total decay width, ΓH, the CMS statistical
analysis tool Combine [71] is used. This framework is based
on RooFit [72] and RooStats [73]. Using Combine, we build the

likelihood function and perform scans to extract the
analysis results. The measurements are made from a profile
maximum likelihood fit to different observables depending
on the analysis categories: the DNN output distribution is
used for the off-shell SRs (DNNoff-shell) and on-shell CRs
(DNNon-shell), while the event yields in the WW and tt̄ CRs
are accounted for by their normalization factors. In the
0- and 1-jet categories, we include the ggF off-shell SR,
ggF on-shell CR, and tt̄ CR. The ≥ 2-jet category includes
the VBF off-shell SR, VBF on-shell CR, and WW CR, in
addition to the other three. Thus, a total of 12 regions are
combined per year.
The likelihood fits within Combine take probability den-

sity functions as inputs, which are required to be positive-
definite. Because the interference contribution can take
negative values, the inputs are redefined: signal (S), back-
ground (B), and the combined signalþ background +
interference (Sþ Bþ I). This ensures positive-definite
templates while preserving the correct dependence on
the off-shell signal strength. Rewriting the total event yield
in terms of the S, B, and I inputs,

Y ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μoff-shell

p ðSþ Bþ IÞ þ ðμoff-shell −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μoff-shell

p ÞðSÞ
þ ð1 − ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

μoff-shell
p ÞðBÞ;

where μoff-shell is the off-shell signal strength, and each
template, e.g., (Sþ Bþ I), is its own input. Maximizing
the likelihood function then gives us a measurement of
μoff-shell. When extracting the value of ΓH, a similar
procedure is followed. Instead of a direct observation of
the width, the ratio of off- and on-shell signal strengths is
used:

r ¼ ΓH

ΓSM
H

¼ μoff-shell
μon-shell

: ð6Þ

The ratio r is treated as the parameter of interest, and the
yield equation is rewritten using the relationship between r
and μoff-shell, giving

Y ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rμon-shell

p ðSþ Bþ IÞ þ ðrμon-shell −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rμon-shell

p ÞðSÞ
þ ð1 − ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rμon-shell
p ÞðBÞ;

where μon-shell is determined from the on-shell CRs. The
contamination of on-shell (off-shell) in off-shell (on-shell)
regions is negligible, so that we decouple r and μon-shell.
The post-fit distributions for the DNN output in the off-

shell SR and on-shell CR categories are shown in Figs. 3
and 4, respectively. The binning of the distributions has
been optimized to maximize the sensitivity in the last three
bins, while avoiding large statistical fluctuations. This is
accomplished through fine binning, merging bins from
right to left until the relative statistical uncertainty in each
of the three highest bins is below 0.1. The chi-square
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goodness-of-fit test with the saturated model [74], used to
evaluate how compatible the observed data are with the
physics model, returns a p-value [75] of 0.073. This value,

while relatively low, indicates that the data are statistically
consistent with the model at the 95% CL, and no significant
localized tensions are observed.
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FIG. 3. The off-shell SR post-fit DNN output distributions for the 0-jet (upper left), 1-jet (upper right), and ≥ 2-jet (lower plots) event
categories. The data are shown as the black dots, with the vertical bars representing the statistical uncertainties. The predicted signal and
background distributions are shown by the various colored histograms. The predicted signal ggF and VBF off-shell Sþ Bþ I
distributions are displayed both as part of the total stacked histograms, along with all the predicted background distributions, and on top
of the stacked background distributions for visibility. The lower portion of the plots gives the ratio of the data to the total predicted
yields, including the post-fit signal. The hatched area represents the total uncertainty in the ratio.
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VIII. RESULTS

The likelihood scans for the combined off-shell signal
strength (left) and the Higgs boson width (right) are shown
in Fig. 5.
Table I gives an overview of the analysis results. The

derived value of ΓH is 3.9þ2.7
−2.2 MeV, where the uncertainties

include both the statistical and systematic components, in

agreement with the SM prediction of 4.1 MeV. The best fit
value for μoff-shell is 1.2

þ0.8
−0.7 . The central value of the μoff-shell

result is larger than 1 even though the highest bins in both
plots of Fig. 3 have a slight deficit below the predicted
values. This is because the interference between the off-
shell signal and the continuum background is destructive,
so a μoff-shell value that exceeds unity does not necessarily
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FIG. 4. The on-shell CR post-fit DNN output distributions for the 0-jet (upper left), 1-jet (upper right), and ≥ 2-jet (lower plots) event
categories. The data are shown as the black dots, with the vertical bars representing the statistical uncertainties. The predicted signal and
background distributions are shown by the various colored histograms. The predicted signal ggF and VBF off-shell Sþ Bþ I
distributions are displayed both as part of the total stacked histograms, along with all the predicted background distributions, and on top
of the stacked background distributions for visibility. The lower portion of the plots gives the ratio of the data to the total predicted
yields, including the post-fit signal. The hatched area represents the total uncertainty in the ratio.
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imply an excess of signal events. This fact contributes to the
observed limits on μoff-shell being stronger than the expected
limits from the background predictions, as shown in Fig. 5.
The deficits in the signal-enriched DNN output bins
favor a scenario with more negative signal–background
interference.
The statistical and systematic uncertainties in the ratio of

the Higgs boson off-shell to on-shell production discussed
in Sec. VI are summarized in Table II. It is clear from the
table that the total uncertainty in the ratio is dominated by
the statistical component. To decompose the total uncer-
tainty in r, nuisance parameters in the model are grouped by
categories and likelihood scans are performed by sequen-
tially freezing groups of nuisance parameters and sub-
tracting them in quadrature from the total uncertainty, e.g.,
the contribution of the statistical uncertainty is obtained by
freezing all other nuisance parameters.
The scenario of no off-shell Higgs boson production is

excluded at 3.4 standard deviations (1.3 standard deviations

expected). This result significantly improves on the pre-
vious CMS measurement in the H → WW → 2l2ν chan-
nel at

ffiffiffi
s

p ¼ 7 and 8 TeV of ΓH < 26 MeV [17], and is

FIG. 5. The observed (black curve) and expected (red curve) likelihood function scans for the off-shell signal strength μoff-shell (left)
and the Higgs boson decay width ΓH (right). The resulting best-fit observed and expected values are also given, along with their
uncertainties. The 68% and 95% confidence level intervals are shown by the intersection of the likelihood function curves with the
dotted and solid horizontal lines, respectively.

TABLE I. Measurements of the ggF and VBF off-shell signal strengths μggFoff-shell and μVBFoff-shell, the overall off-shell
signal strength μoff-shell, the on-shell signal strength μon-shell, and the Higgs boson decay width ΓH . The observed
best-fit values are given (Fit), as well as the observed and expected 68% and 95% confidence levels (CLs).

Observed Expected

Parameter Fit 68% CL 95% CL 68% CL 95% CL

μggFoff-shell
1.19 0.48, 2.15 < 3.40 < 4.31 < 6.21

μVBFoff-shell 1.25 0.16, 3.09 < 5.59 < 6.41 < 11.23
μoff-shell 1.21 0.52, 2.05 0.16, 3.08 0.02, 3.75 < 5.41
μon-shell 1.25 1.09, 1.44 0.94, 1.65 0.85, 1.18 0.72, 1.38
ΓH (MeV) 3.91 1.70, 6.61 0.54, 9.94 0.07, 15.25 < 22.00

TABLE II. The sources of systematic uncertainty and their
contributions to the total uncertainty in the parameter of interest
r ¼ μoff-shell=μon-shell. The statistical uncertainty is also shown.
The values given are the ratios in percent of each uncertainty,
divided by the total uncertainty. The last column shows the
similar ratios for the uncertainty in μoff-shell.

Uncertainty
Contribution
to r (%)

Contribution
to μoff-shell (%)

Integrated luminosity 2 3
Theoretical 27 29
Experimental 8 6
Other 4 3
Statistical 56 56
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comparable with the CMS H → ZZ
ffiffiffi
s

p ¼ 13 TeV meas-
urement of 3.0þ2.0

−1.5 MeV [13].

IX. SUMMARY

Measurements of the off- and on-shell signal strengths
for the Higgs boson have been performed with the gluon–
gluon fusion (ggF) and vector boson fusion (VBF) pro-
duction modes in the H → WW → eνμν decay channel,
using proton–proton collision data at

ffiffiffi
s

p ¼ 13 TeV from
the CMS experiment in 2016–2018, corresponding to an
integrated luminosity of 138 fb−1. Specific event selection
and background discrimination techniques were applied in
order to extract the results from maximum likelihood fits
to data. The combined off-shell Higgs boson signal
strength from ggF and VBF processes is found to be
μoff-shell ¼ 1.2þ0.8

−0.7 , which is used to derive the Higgs boson
total decay width of ΓH ¼ 3.9þ2.7

−2.2 MeV, in agreement with
the standard model prediction of 4.1 MeV. This measure-
ment represents the first CMS determination of the Higgs
boson decay width using the H → WW channel atffiffiffi
s

p ¼ 13 TeV. This result improves on the analogous
CMS analyses at

ffiffiffi
s

p ¼ 7 and 8 TeV limit by a factor of
3, while complementing the CMSHiggs boson decay width
measurement using the H → ZZ channel at

ffiffiffi
s

p ¼ 13 TeV.
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