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Higgs boson measurements in the WW and ZZ final states with the CMS Detector

1. Introduction

The Compact Muon Solenoid (CMS) experiment [1] is one of the two multi-purpose exper-
iments installed at the CERN LHC to hunt for the Higgs boson and to explore a large variety of
physics scenarios at the TeV energy scale. After the dicovery of a new particle compatible with the
Standard Model (SM) Higgs (H) boson by the ATLAS and CMS experiments in 2012, subsequent
analyses in various decay channels and production mechanisms showed that the properties of this
new particle are so far consistent with the predictions for the SM Higgs boson. These predictions
can now be further tested exploiting the entire dataset of 137 fb−1, collected during the so called
Run-II phase of the LHC operations, thus entering the realm of the Higgs physics precision era.

In this regard, the Higgs boson decays into vector boson pairs (either WW or ZZ) play a
key role, because of their large sensitivity to all the prouction modes, but also to the fermionic
and vector-boson induced couplings of the SM Higgs boson. This contribution presents the most
recent results from the CMS Collaboration in the HWW and HZZ decay channels. The former
is characterised by a high sensitivity from its large cross section and branching ratio, but with a
relatively poor mass resolution due to missing energy in the final state; the latter, also known as
the golden channel, features a large signal-to-background ratio, an excellent mass resolution and
a completely resolved final state, although suffering from limited event number due to its small
branching fraction.

The CMS Collaboration reported an extensive characterisation of the SM Higgs boson prop-
erties from the analysis of these two decay channels: measurements of the Higgs boson mass and
width, two of the fundamental pillars of the SM; a study of the production mechanisms, both in-
clusively and in dedicated phase space regions, defined according to the Simplified Template Cross
Section (STXS) framework; and measurements of fiducial differential cross sections, of particu-
lar interest because of their model independence and sensitivity to possible deviations from SM
couplings of the Higgs boson.

2. The Higgs boson mass

A precise measurement of the Higgs boson mass (mH ) is crucial to nail down the H couplings
and to test the SM predictions. The HZZ decay channel, with the many virtues aforementioned, is
one of the best candidates to perform such a measurement. Using only this decay mode, the CMS
Collaboration reported a value of mH = 125.26± 0.21 GeV [2], measured using statistics collected
during the 2016 data taking period. This result, combined with the Hγγ decay channel and the full
Run-I measurement, lead to the current best value of mH = 125.38 ± 0.14 GeV reported by the
CMS collaboration [3]. The likelihood scans of the Higgs boson mass using the HZZ channel and
its combination with Hγγ are shown in Fig. 1.

3. The Higgs boson width

The SM prediction for the Higgs boson width (ΓH ) is around 4 MeV. Along with the H mass,
a precision measurement of ΓH is to be considered as fundamental tool when it comes to the
assessment of the SM itself. With an analysis on 2016 data in the HZZ decay channel, the CMS
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Higgs boson measurements in the WW and ZZ final states with the CMS Detector

Figure 1: Likelihood scan of the Higgs boson mass (mH ) in the HZZ channel with the 2016 dataset [2]
(left) and its combination with Hγγ and Run-I measurements [3] (right).

Collaboration constrained the Higgs boson width to be ΓH ≤1 GeV [2]. However this measurement
relied only on the on-shell production region. A more stringent constraint can be set analysing this
data together with the full Run-I statistics and the 2017 data set, alongside with the combination
of the on-shell and off-shell production methods, leading to an observed [0.08,9.16]MeV interval
on ΓH at 95% confidence level. The log likelihood scans of ΓH are shown in Fig. 2. The right
plot clearly shows how the increasing statistics available and the combination of the on-shell and
off-shell regions can lead to more and more stringent constraints on ΓH , competitive with the SM
expected precision of 4 MeV.

26 10 Results

10.4 Measurement of the Higgs boson width using on-shell production

In this section, we describe a model-independent measurement of the width performed us-
ing the m4` distribution in the range 105 < m4` < 140 GeV. This measurement is limited by
the four-lepton invariant mass resolution and is therefore sensitive to a width of about 1 GeV.
Therefore, we take into account the interference between the signal and background production
of the 4` final state in this analysis.

An unbinned maximum likelihood fit to the m4` distribution is performed. The strengths of
fermion and vector boson induced couplings are independent and are left unconstrained in the
fit. By splitting events into two categories, namely those with a VBF-like two-jet topology and
the rest, it is possible to constrain the two sets of couplings. The general parameterization of
the probability density function is described in Section 8.

The joint constraint on the width GH and mass mH of the Higgs boson is shown in Fig. 12 (left).
Figure 12 (right) shows the likelihood as a function of GH with the mH parameter unconstrained.
The width is constrained to be GH < 1.10 GeV at 95% CL. The observed and expected results are
summarized in Table 7 and are consistent with the expected detector resolution. The dominant
sources of uncertainty are the uncertainty in the lepton momentum scale when determining
the mass and the uncertainty in the four-lepton mass resolution when determining the width.

 [GeV]Hm
123 124 125 126 127

 [G
eV

]
H

Γ 

0

1

2

3

4

5

0

10

20

30

40

50

60

70
95% CL

68% CL

Best fit

95% CL

68% CL

Best fit

CMS  (13 TeV)-135.9 fb

 ln
 L

∆
-2

 

(G
eV)

(G
eV)

(GeV)

(G
eV
)

 [GeV]HΓ
0 0.5 1 1.5 2 2.5 3

 ln
L

∆
-2

 

0

2

4

6

8

10

 (13 TeV)-135.9 fbCMSPreliminary

68% CL

95% CL

Observed
Expected

(GeV)

Figure 12: (Left) Observed likelihood scan of mH and GH using the signal range 105 < m4` <
140 GeV. (Right) Observed and expected likelihood scan of GH using the signal range 105 <
m4` < 140 GeV, with mH profiled.

Table 7: Summary of allowed 68% CL (central values with uncertainties) and 95% CL (ranges
in square brackets) intervals on the width GH of the Higgs boson. The expected results are
quoted for the SM signal production cross section (µVBF,VH = µggH,ttH = 1) and the values of
mH = 125 GeV. In the observed results µVBF,VH and µggH,ttH are left unconstrained in the fit.

Parameter m4` range Expected Observed

GH (GeV) [105, 140] 0.00+0.75
�0.00 [0.00, 1.60] 0.00+0.41

�0.00 [0.00, 1.10]
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Figure 7: Observed (solid) and expected (dashed) likelihood scans of GH. Left plot: results of
the SM-like couplings analysis are shown using the data only from 2016 and 2017 (black) or
from the combination of Run 1 and Run 2 (red), which do not include 2015 data. Right plot:
results of the combined Run 1 and Run 2 data analyses, with 2015 data included in the on-shell
case, for the SM-like couplings or with three unconstrained anomalous coupling parameters,
fa3 cos (fa3) (red), fa2 cos (fa2) (blue), and fL1 cos (fL1) (violet). The dashed horizontal lines
show the 68% and 95% CL regions.

fusion (±0.2 and ±0.4 MeV), the muon efficiency uncertainty (±0.1 and ±0.4 MeV), and the569

electron efficiency uncertainty (±0.1 and ±0.3 MeV).570

The width constraints could also be reinterpreted as an off-shell signal strength with a change571

of parameters. For this interpretation, we perform an SM-like analysis of only the off-shell572

events, where the signal strength is modified by the parameter µoff-shell common to all pro-573

duction mechanisms in Eqs. (1) and (10), with GH = G0 = GSM
H and the SM expectation corre-574

sponding to µoff-shell = 1. In addition, we also perform a fit of the off-shell events with two575

unconstrained parameters µoff-shell
F and µoff-shell

V , which express the signal strengths in the gluon576

fusion and EW processes, respectively. These constraints are summarized in Table 10.577

7 Summary578

Studies of on-shell and off-shell H boson production in the four-lepton final state are presented,579

using data from the CMS experiment at the LHC that correspond to an integrated luminosity580

of 80.2 fb�1 at a center-of-mass energy of 13 TeV. Joint constraints are set on the H boson total581

width and parameters that express its anomalous couplings to two electroweak vector bosons.582

These results are combined with those obtained from the data collected at center-of-mass ener-583

gies of 7 and 8 TeV, corresponding to integrated luminosities of 5.1 and 19.7 fb�1, respectively.584

Kinematic information from the decay particles and the associated jets are combined using ma-585

trix element techniques to identify the production mechanism and increase sensitivity to the H586

boson couplings in both production and decay. The constraints on anomalous HVV couplings587

are found to be consistent with the standard model expectation in both on-shell and off-shell588

regions, as presented in Tables 6 and 7. Under the assumption of a coupling structure similar589

to that in the standard model, the H boson width is constrained to be 3.2+2.8
�2.2 MeV while the590

expected constraint based on simulation is 4.1+5.0
�4.0 MeV, as shown in Table 8. The constraints591

on the width remain similar with the inclusion of the tested anomalous HVV interactions and592

Figure 2: Likelihood scan of the Higgs boson width (ΓH ) in the HZZ channel with the 2016 dataset, using
only the on-shell production region [2] (left) and its combinationwith Run-I and 2017 measurements, using
the off-shell production region as well [4] (right).

4. The Higgs boson production mechanisms and couplings

As outlined above, one of the main goals of the Run-II physics programme was the discovery
of all the Higgs boson production mechanisms, in order to assess the compatibility of this long-
sought particle with the one predicted by the SM. Both HWW and HZZ decay channels have good
sensitivity to almost all the five main production modes. The common way of presenting these
measurements is in the form of signal strengths, i.e. modifiers of the SM expected cross section.
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Higgs boson measurements in the WW and ZZ final states with the CMS Detector

More recently all the analyses are moving towards an alternative approach, measuring the cross
sections in pre-defined kinematic bins. This scheme goes by the name of Simplified Template
Cross Section (STXS) framework and it was designed with the aim of minimising the measurement
dependence on theory predictions, without losing sensitivity. To cope with the reduced datasets
of the early data-taking periods of Run-II, the STXS Stage 0 bins were targetting only the 5 main
production modes of the Higgs boson. The CMS Collaboration performed measurements of STXS
Stage 0 both in the HWW [5] and HZZ [6] decay channels. The results of these two analyses are
reported in Fig. 3.

8. Results 25

sponds to an asymptotic p-value of 0.02, and is driven by the excess of events already observed614

for µWH. Compared to the µWH fit, in this case the signal strength modifier for the hadronic615

decay of the associated W boson is fitted separately from the leptonic one, and is driven away616

from the SM prediction by the excess observed in the 2-jet VH-tagged category.617

8.2 Higgs boson couplings618

Given its large cross section times branching fraction, the H ! WW channel has the potential619

for constraining the Higgs boson couplings to vector bosons and fermions. A fit is performed620

to probe these couplings. One signal strength modifier (µF) is used to scale fermion-induced621

production mechanisms, i.e., ggH, ttH, and bbH, and another one (µV) scales the production622

mechanisms associated with vector bosons, i.e., VBF and VH. The two-dimensional likelihood623

profile is shown in Fig. 11 (left), where the 68% and 95% CL contours in the (µF, µV) plane624

are displayed. The best fit values for the signal strength modifiers are µF = 1.37+0.21
�0.20 and625

µV = 0.78+0.60
�0.57.626

The determination of the Higgs boson coupling constants is a way to verify the theoretical
predictions and to search for deviations with respect to the SM expectations. These couplings
can be parametrized using two coupling modifiers associated either with fermion or vector
boson vertices, using the so-called k-framework [37]. The two coupling modifiers are used to
scale the expected product of cross section and branching fraction to match the observed signal
yields in the data, according to the following formula:

s B(X ! H ! WW) = ki
2 kV

2

kH
2 sSM BSM(X ! H ! WW), (6)

1−10 1 10
SMσ/σ
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Figure 10: Observed cross sections and their ratio with the SM predictions for the main Higgs
boson production modes. Cross section ratios are measured in a simplified fiducial phase space
defined by requiring yH < 2.5, as specified in the “stage-0” simplified template cross section
framework [37]. The vertical line and band correspond to the SM prediction and associated
theoretical uncertainty.
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Figure 14: The ratios between measured cross sections and the SM prediction for Stage 0 Bins
with mH profiled in the fit. The band around the vertical band shows the theoretical uncertain-
ties on the SM cross section predictions for each Stage 0 Bin. Cross section values are reported
for the best fit mass value mH = 125.1 GeV.

servables. An increase in model dependence compared to Ref. [21] is observed when using the
ZZ candidate selection at reconstruction level where the candidate with the best Dkin

bkg discrim-
inant value is chosen. Therefore the fiducial cross section measurement is performed using the
event selection algorithm in Ref. [21]. Specifically the Z1 candidate is chosen to be the one with
m(Z1) closest to the nominal Z boson mass, and in cases where multiple Z2 candidates satisfy
all criteria, the pair of leptons with the largest sum of the transverse momenta magnitudes is
chosen. The full fiducial volume definition is detailed in Table 4 and the acceptance for various
SM production modes is given in Table 5.

Table 4: Summary of requirements used in the definition of the fiducial phase space for the
H ! 4` cross section measurements.

Requirements for the H ! 4` fiducial phase space
Lepton kinematics and isolation

Leading lepton pT pT > 20 GeV
Next-to-leading lepton pT pT > 10 GeV
Additional electrons (muons) pT pT > 7(5) GeV
Pseudorapidity of electrons (muons) |h| < 2.5(2.4)
Sum of scalar pT of all stable particles within DR < 0.3 from lepton < 0.35 · pT

Event topology
Existence of at least two same-flavor OS lepton pairs, where leptons satisfy criteria above
Inv. mass of the Z1 candidate 40 GeV < mZ1

< 120 GeV
Inv. mass of the Z2 candidate 12 GeV < mZ2

< 120 GeV
Distance between selected four leptons DR(`i, `j) > 0.02 for any i 6= j
Inv. mass of any opposite sign lepton pair m`+`0� > 4 GeV
Inv. mass of the selected four leptons 105 GeV < m4` < 140 GeV

A maximum likelihood fit of the signal and background parameterizations to the observed 4`

Figure 3: Simplified Template Cross Section (STXS) Stage 0 measurement in the HWW [5] (left) and HZZ
[6] (right) decay channels.

With the full Run-II statistics a more granular description of the Higgs boson production
modes becomes accessible: STXS Stage 1.2. Besides minimising the theory dependence in the
measurements, thus empovering multiple interpretation scenarios, the STXS provide a common
framwork for all the analyses, allowing easier comparisons and combinations. An analysis exploiting
the full Run-II statistics was performed in the HZZ decay channel [6]. The measurements of the
cross sections in the different STXS bins are presented in Fig. 4.22
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Figure 15: The ratios between measured cross sections and the SM prediction for Stage 1.1
Bins with mH profiled in the fit. The band around the vertical band shows the theoretical
uncertainties on the SM cross section predictions for each Stage 1.1 Bin. The cross section ratios
are constrained to be non-negative. The parameters whose best-fit values are at zero are known
to have 68% CL intervals which slightly under-cover. Cross section values are reported for the
best fit mass value mH = 125.1 GeV.

mass distribution, Nobs(m4`), is performed to extract the integrated fiducial cross section for
pp ! H ! 4` (sfid). The fit is done inclusive (i.e. without any event categorization) and
does not use the Dkin

bkg observable in order to minimize the model dependence. The fit is per-
formed simultaneously in all final states and assumes a H boson mass of mH = 125.09 GeV,
and the branching fraction of the H boson to different final states (4e, 4µ, 2e2µ) is allowed to
float. Systematic uncertainties are included in the form of nuisance parameters and the results
are obtained using an asymptotic approach [69] with a test statistic based on the profile likeli-
hood ratio [70]. This procedure accounts for the unfolding of detector effects from the observed
distributions and is the same as in Refs. [21] and [71].

The number of expected events in each final state f and in each bin i of a considered observable
is expressed as a function of m4` as:

Figure 4: Simplified Template Cross Section (STXS) Stage 1.1 measurement in the HZZ [6] (right) decay
channel.

The HWW and HZZ decay channels also allow to test the fermions and vector-bosons induced
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contributions to the expected SM cross section. These can be quantified by measuring the signal
strength modifiers µV and µF, where the former identifies a scaling of the inclusive VBF and VH
cross section, while the latter represents a possible modification of the inclusive ggH, bb̄H, tt̄H,
and tH cross section. A two-dimensional likelihood scan has been performed both in the HWW ,
using the 2016 dataset, and in the HZZ, using the full Run-II statistics, decay channels. The results
are presented in Fig. 5. Besides the different sensitivity of the analyses to the various production
mechanisms, it is interesting to observe the more stringent limits derived in the HZZ analysis,
mainly due to the use of the 137 fb−1 recorded by the CMS experiment during the Run-II phase of
data taking. 26
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Figure 11: Two-dimensional likelihood profile as a function of (left) the signal strength mod-
ifiers associated with either fermion (µF) or vector boson (µV) couplings, and (right) the cou-
pling modifiers associated with either fermion (kF) or vector boson (kV) vertices, using the
k-framework parametrization. The 68% and 95% CL contours are shown as continuous and
dashed lines, respectively. The red circle represents the best fit value, while the black triangle
corresponds to the SM prediction.

where kH = kH(kF, kV) is the Higgs boson total width modifier, defined as a function of the627

two fit parameters kF and kV. The ki coupling modifier is equal to kF for the ggH, ttH, and bbH628

production modes, and to kV for the VBF and VH production modes. No processes other than629

SM ones are considered to contribute to the total width modifier. The two-dimensional likeli-630

hood profile obtained using this approach, and the corresponding 68% and 95% CL contours,631

are shown in Fig. 11 (right). The best fit values for the coupling modifiers, obtained with one-632

dimensional fits in which the other coupling is profiled, are kF = 1.52+0.48
�0.41 and kV = 1.10+0.08

�0.08.633

The fact that kV is larger than 1 while the signal strength modifier µV is below 1 is due to the634

former being constrained not only by the production, but also by the decay of the Higgs boson,635

and thus being affected by the fact that the global observed signal strength is larger than 1.636

9 Summary637

Measurements of the properties of the SM Higgs boson decaying to a W boson pair at the LHC638

have been reported. The data samples used in the analysis correspond to an integrated lumi-639

nosity of 35.9 fb�1 collected by the CMS detector in proton-proton collisions at
p

s = 13 TeV.640

The W+W� candidates are selected in events with large missing transverse momentum and641

exactly two, three, or four leptons. In the case of events with two leptons, different categories642

are defined according to the lepton pair flavor, eµ, ee, or µµ. The analysis has specific categories643

for gluon fusion production, vector boson fusion, and vector boson associated production, with644

up to two jets in the final state.645

The probability of observing a signal at least as large as the one seen by combining all chan-646

nels, under the background-only hypothesis, corresponds to an observed significance of 9.1647

standard deviations for mH = 125.09 GeV, to be compared with the expected value of 7.1 stan-648

dard deviations. The observed global signal strength modifier is s/sSM = µ = 1.28+0.18
�0.17 =649

1.28 ± 0.10 (stat) ± 0.11 (syst)+0.10
�0.07 (theo). Measurements of the signal strength modifiers associ-650

ated with the main Higgs boson production mechanisms are also performed, as well as mea-651

surements of the Higgs boson couplings to fermions and vector bosons. The measured Higgs652

boson production and decay properties are found to be consistent, within their uncertainties,653
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Figure 13: (Left) Results of likelihood scans for the signal-strength modifiers corresponding to
the main SM Higgs boson production modes, compared to the combined µ shown as a vertical
line. The horizontal bars and the filled band indicate the ± 1s uncertainties. The uncertainties
include both statistical and systematic sources. (Right) Result of the 2D likelihood scan for the
µggH, tt H,bb̄H,tH and µVBF,VH signal-strength modifiers. The solid and dashed contours show the
68% and 95% CL regions, respectively. The cross indicates the best-fit value, and the diamond
represents the expected value for the SM Higgs boson.

10.2 Simplified template cross section

We also present the results for STXS, a measurement strategy detailed in the CERN Yellow
Report 4 of the LHC-HXSWG [24]. The Stage 0 Bins correspond to the H boson production
mechanisms. The previous Run 2 analysis has reported the measured Stage 0 results [15]. With
full Run 2 data, this analysis targets the finer Stage 1.1 Bins. The theoretical uncertainties on the
overall signal cross sections are removed, while the theoretical uncertainties which can cause
migration of events between the various categories are kept in this measurement.

The measured cross sections, normalized to the SM prediction are shown in Fig. 14 for Stage
0 and in Fig. 15 for Stage 1.1. The correlation matrix for Stage 1.1 is shown in Fig. 16. The
dominant experimental sources of systematic uncertainty are the same as in the measurement
of the signal strength, while the dominant theoretical source is the uncertainty in the category
migration for the ggH process.

10.3 Fiducial cross section

In this section the measurement of the cross section for the production and decay pp ! H ! 4`
within a fiducial volume defined to match closely the reconstruction level selection is pre-
sented. This measurement has minimal dependence on the assumptions of the relative fraction
or kinematic distributions of the separate production modes. The definition of the fiducial vol-
ume is very similar to the definition used in Ref. [21]. The differences with respect to Ref. [21]
are that leptons are defined as “dressed” leptons, as opposed to produced bare leptons, and
the lepton isolation criteria is updated to match the reconstruction level selection. Leptons are
“dressed” by adding the four-momenta of photons within DR < 0.3 to the bare leptons, and
leptons are considered isolated if the sum of scalar pT of all stable particles within DR < 0.3
from the lepton is less than 0.35 · pT. In order to reduce the experimental uncertainties, jets with
pT > 30 GeV and |h| < 2.5 are considered for the differential cross sections related to jet ob-

Figure 5: Fermion and vector-boson induced couplings to the SM cross section in the HWW [5] (left) and
HZZ [6] (right) decay channels.

5. Fiducial cross sections

Fiducial measurements represent the ideal tool when it comes to extract model-independent
results. The CMS Collaboration presented fiducial differential cross section measurements both in
the HZZ [6] and, for the first time, in the HWW [7] decay channels exploiting the 137 fb−1 statistics
collected during Run-II. Of particular interest is the differential cross section as a function of the
Higgs boson’s transverse momentum (pT(H)), as it is sensitive to possible deviations from the SM in
the Yukawa couplings of light quarks and to effective operators of dimension 6. The measurements,
along with comparisons to different Monte Carlo (MC) generators, are shown in Fig. 6.
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Figure 6: Fiducial cross section measurement as a function of the transverse momentum of the Higgs boson
(pT (H)) in the HWW [7] (left) and HZZ [6] (right) decay channels.
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6. Conclusions

After the discovery of the Higgs boson in 2012, the main focus of the analyses during the Run-II
phase of the LHC has been the characterisation of all the main production modes, as well as the
precision measurements of its properties. Exploiting the 137 fb−1 collected by the CMS experiment
during this data taking period, all the measurements are starting to become dominated by systematic
uncertainties. The latest results of the CMS analyses in the HZZ and HWW decay channels are
presented in this contribution. The former consist of an extensive set of measurments of the Higgs
boson properties using full Run-II data, while the latter includes the first measurement of differential
fiducial cross sections in the HWW channel. All the results were found to be consistent with the
SM prediction at 95% confidence level.
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