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Abstract

A study of the anomalous couplings of the Higgs boson to vector bosons, including
CP-violation effects, has been conducted using its production and decay in the WW
channel. This analysis is performed on proton-proton collision data collected with
the CMS detector at the CERN LHC during 2016–2018 at a center-of-mass energy
of 13 TeV, and corresponds to an integrated luminosity of 138 fb�1. The different-
flavor dilepton (eµ) final state is analyzed, with dedicated categories targeting gluon
fusion, electroweak vector boson fusion, and associated production with a W or Z
boson. Kinematic information from associated jets is combined using matrix element
techniques to increase the sensitivity to anomalous effects at the production vertex.
A simultaneous measurement of four Higgs boson couplings to electroweak vector
bosons is performed in the framework of a standard model effective field theory. All
measurements are consistent with the expectations for the standard model Higgs bo-
son and constraints are set on the fractional contribution of the anomalous couplings
to the Higgs boson production cross section.
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1 Introduction
After the discovery of the Higgs boson (H) by the ATLAS and CMS Collaborations in 2012 [1–3],
the CMS [4–11] and ATLAS [12–18] experiments set constraints on the spin-parity properties
of the Higgs boson and its couplings with gluons and electroweak (EW) gauge bosons, de-
noted here as Hgg and HVV, respectively. The Higgs boson quantum numbers are consistent
with the standard model (SM) expectation J

PC = 0++, but the possibility of small, anomalous
couplings is not yet ruled out. In beyond-the-SM (BSM) theories, interactions with the Higgs
boson may occur through several anomalous couplings, which lead to new tensor structures in
the interaction terms that can be both CP-even or CP-odd. The CP-odd anomalous couplings
between the Higgs boson and BSM particles may generate CP violation in the interactions of
the Higgs boson.

In this paper, we study the tensor structure of the Hgg and HVV couplings, and we search
for several anomalous effects, including CP violation, using the different-flavor dilepton (eµ)
final state from H ! WW decays. The Higgs boson production processes include gluon fusion
(ggH), EW vector boson fusion (VBF), and associated production with a W or Z boson (VH).
Higgs boson production and decay processes are sensitive to certain anomalous contributions,
which can be described by higher-dimensional operators in an effective field theory (EFT) [19]
that can modify the kinematic distributions of the Higgs boson decay products and the particles
from associated production.

Each production process of the Higgs boson is identified using its kinematic features, and
events are assigned to corresponding production categories. The matrix element likelihood
approach (MELA) [20–24] is employed to construct observables that are optimal for the mea-
surement of anomalous couplings, or EFT operators, at the production vertex. These and other
decay-based variables are used to explore all kinematic features of the events, giving the anal-
ysis sensitivity to simultaneous anomalous effects at the Higgs boson production and decay
vertices. Fully simulated signal samples that include anomalous couplings incorporate the de-
tector response into the analysis.

The analysis is based on the proton-proton (pp) collision data collected at the CERN LHC from
2016 to 2018, at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of
138 fb�1. This paper builds on a previous analysis conducted by the CMS Collaboration in the
H ! WW channel [25], which focused on measuring the Higgs boson production cross sec-
tions and coupling parameters in the so-called k framework [26]. We follow a formalism used
in previous CMS analyses of anomalous couplings in Run 1 and Run 2 [4–11, 27, 28], focusing
on the case where the Higgs boson is produced on-shell. The coupling parameters are extracted
using the signal strength and the fractional contributions of the couplings to the cross section.
A general study of the HVV interaction is performed with four anomalous couplings analyzed
individually. Through SU(2) x U(1) symmetry considerations, the anomalous HVV couplings
are reduced in number to three and analyzed simultaneously. The primary HVV coupling
measurements are performed in terms of cross section fractions with additional interpretations
in terms of EFT couplings included. A study of the Hgg interaction is also performed in terms
of a CP-odd anomalous coupling cross section fraction.

This paper is organized as follows. The phenomenology of anomalous couplings is discussed
in Section 2. Section 3 gives a brief overview of the CMS apparatus. Data sets and Monte Carlo
(MC) simulation samples are discussed in Section 4. The event reconstruction and selection
are outlined in Sections 5 and 6, respectively. Methods to estimate backgrounds are given
in Section 7. In Section 8, we discuss the kinematic variables associated with Higgs boson
production and decay. Sources of systematic uncertainties are presented in Section 9. The
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results are presented and discussed in Section 10. Finally, a summary is given in Section 11.
Tabulated results are provided in the HEPData record for this analysis [29].

2 Phenomenology
In this analysis, we investigate anomalous coupling effects in gluon fusion or electroweak
Higgs boson production, as well as in its decay to WW pairs. A detailed discussion of the
theoretical considerations can be found in Refs. [22, 24, 28]. The interaction of the spin-zero
Higgs boson with two spin-one gauge bosons V1V2, such as WW, ZZ, Zg, gg, or gg, can be
parametrized by the scattering amplitude

A(HV1V2) ⇠
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expectation value.

The only leading tree-level contributions in the scattering amplitude are a
ZZ
1 6= 0 and a

WW
1 6= 0;

other a1 coupling parameters (Zg, gg, gg) do not contribute because the pole mass vanishes.
Additional ZZ and WW couplings are considered anomalous contributions. Anomalous terms
arising in the SM via loop effects are typically small and are not yet accessible experimentally.
The BSM contributions, however, could yield larger coupling parameters. Among the anoma-
lous contributions, considerations of symmetry and gauge invariance require kZZ

1 = kZZ
2 ,

kgg
1 = kgg

2 = 0, k
gg
1 = k

gg
2 = 0, and kZg

1 = 0 [24]. The presence of CP-odd a
VV
3 couplings

together with any of the other couplings (all of them CP-even), will result in CP violation. We
reduce the number of independent parameters by assuming that a

gg
2 , a

gg
3 , a

Zg
2 and a

Zg
3 are con-

strained in direct decays of H ! gg and Zg, therefore fixing them to be zero. The a
gg
2 term

results from loop effects in the SM.

The relationship between the ZZ and WW couplings is mostly relevant for VBF production.
There are no kinematic differences between the ZZ and WW fusion processes; therefore, it is
not possible to disentangle the couplings. One possibility is to set the ZZ and WW couplings
to be equal, ai = a

ZZ
i

= a
WW
i

, leaving four HVV anomalous couplings to be measured: a2, a3,
k1/(L1)

2, and kZg
2 /(LZg

1 )2. The a
ZZ
1 = a

WW
1 relationship also appears under custodial symme-

try. This approach provides a general test of the Higgs boson Lagrangian tensor structure and
a search for CP violation in HVV interactions. In an alternative approach, the SU(2) ⇥ U(1)
symmetry reduces the number of independent HVV anomalous couplings to three (a2, a3, and
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k1/(L1)
2) through the introduction of the following coupling parameter relationships [19] :
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where cw and sw are the cosine and sine of the weak mixing angle, respectively, and mZ is the Z
boson mass. With this approach, there is a linear relationship between the scattering amplitude
couplings and the SM EFT (SMEFT) couplings in the Higgs basis [19] :
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where e is the electron charge. The amplitude couplings may also be related to the SMEFT
Warsaw basis [19, 30] couplings through the following translation [28, 31] :
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where L is the UV cutoff of the theory (set to 1 TeV), and da
ZZ
1 is a correction to the SM value of

a
ZZ
1 . Further discussion on the EFT operators corresponding to the couplings considered here

may be found in Chapter 2.2 of Ref. [19]. The assumed constraints on a
gg
2 , a

gg
3 , a

Zg
2 and a

Zg
3

imply that only one of the three coupling parameters cHW , cHWB, and cHB is independent; the
same is also true for their CP-odd counterparts cHW̃, cHW̃B, and cHB̃. Therefore, we have four
independent HVV couplings in both the Higgs and Warsaw basis. All the EFT couplings are
expected to be zero in the SM.

We thus adopt two approaches to the HVV coupling study. In Approach 1, we use the a
ZZ
i

=

a
WW
i

relationship and individually analyze each of the four anomalous couplings. In Approach
2, we enforce the SU(2) x U(1) relationships from Eqs. (2–6) and analyze the three independent
anomalous couplings both individually and simultaneously. Approach 1 may be considered to
follow the relationships from Eqs. (2–5) in the limiting case cw = 1.
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Table 1: The cross sections (si) of the anomalous contributions (ai) relative to the SM value (s1)
used to define the fractional cross sections fai for the Approach 1 and 2 coupling relationships.
For the k1 and kZg

2 couplings, the numerical values L1 = LZg
1 = 100 GeV are chosen to keep all

coefficients of similar order of magnitude.

fai ai Approach 1 si/s1 Approach 2 si/s1
fa2 a2 0.361 6.376
fa3 a3 0.153 0.153
fL1 k1 0.682 5.241
f

Zg
L1 kZg

2 1.746 —

It is convenient to measure the fractional contribution of the anomalous couplings to the Higgs
boson cross section rather than the anomalous couplings themselves. For the anomalous HVV
couplings, the effective fractional cross sections fai are defined as

fai =
|ai|2si

Âj |aj|2sj

sign
✓

ai

a1

◆
, (15)

where Âj sums over all the coupling parameters considered, including a1, and si is the cross
section for the process corresponding to ai = 1 and aj 6=i = 0. Many systematic uncertainties
cancel out in the ratio, and the physical range is conveniently bounded between �1 and +1.
Our primary measurements are performed in terms of cross section fractions, with additional
interpretations in terms of the SMEFT Higgs and Warsaw basis couplings also included. For
consistency with previous CMS measurements, the si coefficients used to define the fractional
cross sections correspond to the gg ! H ! VV ! 2e2µ process [28]. The numerical values
are given in Table 1 as calculated using the JHUGEN simulation [20–23]. Two sets of values are
shown corresponding to the different coupling relationships adopted in Approach 1 and 2.

It has been shown that the angular correlations of the associated jets in the ggH + 2 jets process
are sensitive to anomalous Hgg coupling effects at the production vertex [32]. The quark-
quark initiated process, qq ! qqH, corresponds to the gluon scattering topology sensitive to
anomalous effects. For the anomalous Hgg coupling, the effective fractional cross section can
be defined as

f
ggH
a3 =

|agg
3 |2s

gg
3

|agg
2 |2s

gg
2 + |agg

3 |2s
gg
3

sign

 
a

gg
3

a
gg
2

!
. (16)

The s
gg
3 and s

gg
2 cross sections correspond to a

gg
3 = 1, a

gg
2 = 0 and a

gg
2 = 1, a

gg
3 = 0, respec-

tively, and are equal. With this analysis it is not possible to distinguish the top quark, bottom
quark, and heavy BSM particle contributions in the gluon fusion loop. As such, the Hgg cou-
pling is treated as an effective coupling with heavy degrees of freedom integrated out.

3 The CMS detector
The CMS apparatus [33] is a multipurpose, nearly hermetic detector, designed to identify elec-
trons, muons, photons, and (charged and neutral) hadrons [34–37]. A global reconstruction
“particle-flow” (PF) algorithm [38] combines the information provided by the all-silicon inner
tracker and by the crystal electromagnetic and brass-scintillator hadron calorimeters, operating
inside a 3.8 T superconducting solenoid, with data from gas-ionization muon detectors inter-
leaved with the solenoid return yoke, to build t leptons, jets, missing transverse momentum,
and other physics objects [39–41].
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Events of interest are selected using a two-tiered trigger system [42, 43]. 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 within a fixed latency of about 4 µs [42].
The second level, known as the high-level trigger (HLT), consists of a farm of processors run-
ning a version of the full event reconstruction software optimized for fast processing, and re-
duces the event rate to around 1 kHz before data storage [43]. A more detailed description of
the CMS detector, together with a definition of the coordinate system and kinematic variables,
can be found in Ref. [33].

4 Data sets and simulation
The data sets included in this analysis were recorded with the CMS detector in 2016, 2017, and
2018, and correspond to integrated luminosities of 36.3, 41.5, and 59.7 fb�1, respectively [44–
46]. The collision events must fulfill HLT selection criteria that require the presence of one
or two leptons satisfying isolation and identification requirements. For the 2016 data set, the
single-electron trigger has a transverse momentum (pT) threshold of 25 GeV for electrons with
pseudorapidity |h| < 2.1 and 27 GeV for 2.1 < |h| < 2.5, whereas the single-muon trigger has a
pT threshold of 24 GeV for |h| < 2.4. For the 2017 (2018) data set, the pT threshold is 35 (32) GeV
for the single-electron trigger (covering |h| < 2.5) and 27 (24) GeV for the single-muon trigger
(|h| < 2.4). The dilepton eµ trigger has pT thresholds of 23 and 12 GeV for the leading and
subleading leptons, respectively, with the same coverage in pseudorapidity for electrons and
muons as above. During the first part of data taking in 2016, a lower pT threshold of 8 GeV for
the subleading muon was used.

Monte Carlo event generators are used to model the signal and background processes. For
each process, three independent sets of simulated events, corresponding to the three years of
data taking, are used. This approach includes year-dependent effects in the CMS detector, data
taking, and event reconstruction. All simulated events corresponding to a given data set share
the same set of parton distribution functions (PDFs), underlying event (UE) tune, and parton
shower (PS) configuration. The PDF sets used are NNPDF 3.0 [47, 48] for 2016 and NNPDF
3.1 [49] for 2017 and 2018. The CUETP8M1 [50] tune is used to describe the UE in 2016 simula-
tions, whereas the CP5 [51] tune is adopted in 2017 and 2018 simulated events. The MC samples
are interfaced with PYTHIA 8.226 [52] in 2016, and 8.230 in 2017 and 2018, for the modeling of
UE, PS, and hadronization. Standard Model Higgs boson production through ggH, VBF, and
VH is simulated at next-to-leading order (NLO) accuracy in quantum chromodynamics (QCD),
including finite quark mass effects, using POWHEG v2 [53–59]. The MINLO HVJ [58] extension
of POWHEG v2 is used for the simulation of WH and quark-induced ZH production, providing
NLO accuracy for the VH + 0- and 1-jet processes. For ggH production, the simulated events
are weighted to match the NNLOPS [60, 61] prediction in the hadronic jet multiplicity (Njet) and
Higgs boson pT distributions. The weighting is based on pT and Njet as computed in the simpli-
fied template cross section scheme 1.0 [62]. The MINLO HJJ [63] generator, which provides NLO
accuracy for Njet � 2, is also used for ggH production. The associated production processes
with top quarks (ttH) and bottom quarks (bbH) are simulated with POWHEG v2 and MAD-
GRAPH5 aMC@NLO v2.2.2 [64], respectively, and have a negligible contribution in the analysis
phase space. All SM Higgs boson samples are normalized to the cross sections recommended
in Ref. [19]. The Higgs boson mass in the event generation is assumed to be 125 GeV, while a
value of 125.38 GeV [65] is used for the calculation of cross sections and branching fractions.
The decay to a pair of W bosons and subsequently to leptons or hadrons is performed using
the JHUGEN v5.2.5 generator in 2016, and v7.1.4 in 2017 and 2018, for ggH, VBF, and quark-
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induced ZH samples. The Higgs boson and W boson decays are performed using PYTHIA 8.212
for the other signal simulations.

The ggH, VBF, and VH Higgs boson events with HVV anomalous couplings are generated
with JHUGEN at LO accuracy. With respect to the kZg

2 /(LZg
1 )2 coupling parameter discussed

in Section 2, the sign convention of the photon field is determined by the sign in front of
the gauge fields in the covariant derivative. In this analysis, we define the covariant deriva-
tive Dµ = ∂µ � iesi

W
i
µ/(2sw) + ieBµ/(2cw) following the convention in JHUGEN [31]. The

JHUGEN and POWHEG SM Higgs boson simulations were compared after parton showering
and no significant differences in the distributions of kinematic observables were found. We
adopt the JHUGEN simulation to describe the kinematic features in all production modes with
HVV anomalous couplings. The expected yields are scaled to match the SM theoretical predic-
tions [19] for inclusive cross sections and the POWHEG SM prediction of relative event yields
in the event categorization based on associated particles. Simulation of the ggH + 2 jets pro-
cess with Hgg anomalous couplings is done using MINLO X0JJ [66] at NLO in QCD. A large
number of signal samples with various anomalous couplings were generated. The MELA
package [20–24] contains a library of matrix elements from JHUGEN for different Higgs boson
signal hypotheses. Matrix elements from different coupling signal hypotheses, but with the
same production mechanism, are used to reweight the generated signal events. This procedure
is used in the construction of the predictions for the different coupling components and their
interference, allowing us to cover all points in the signal model phase space with sufficient
statistical precision.

Background events are produced using several simulations. The quark-initiated nonresonant
WW process is simulated with POWHEG v2 [67] at NLO accuracy for inclusive production. A
reweighting is performed to match the diboson pT spectrum computed at NNLO+NNLL QCD
accuracy [68, 69]. The MCFM v7.0 [70–72] generator is used to simulate gluon-induced WW
production at LO accuracy, with the normalization chosen to match the NLO cross section [73].
Nonresonant EW production of WW pairs with two additional jets is simulated at LO accu-
racy with MADGRAPH5 aMC@NLO v2.4.2 using the MLM matching and merging scheme [74].
Top quark pair production (tt) and single top quark processes, including tW, s- and t-channel
contributions, are simulated with POWHEG v2 [75–77]. A reweighting of the top quark and
antiquark pT spectrum at parton level is performed for the tt simulation in order to match
the NNLO and next-to-next-to-leading logarithm (NNLL) QCD predictions, including also the
NLO EW contribution [78].

The Drell–Yan (DY) production of a charged-lepton pair is simulated with MAD-
GRAPH5 aMC@NLO v2.4.2 at NLO accuracy with up to two additional partons, using the FxFx
matching and merging scheme [79]. Production of a W boson associated with an initial state ra-
diation photon (Wg) is simulated with MADGRAPH5 aMC@NLO v2.4.2 at NLO accuracy with
up to 1 additional parton, using the FxFx jet merging. Diboson processes containing at least one
Z boson or a virtual photon (g⇤) with a mass as low as 100 MeV are generated with POWHEG
v2 [67] at NLO accuracy. Production of a W boson in association with a g⇤ (Wg⇤) for masses be-
low 100 MeV is simulated by PYTHIA 8.212 in the parton showering of Wg events. Triboson pro-
cesses with inclusive decays are also simulated at NLO accuracy with MADGRAPH5 aMC@NLO
v2.4.2.

For all processes, the detector response is simulated using a detailed description of the CMS de-
tector, based on the GEANT4 toolkit [80]. The distribution of additional pp interactions within
the same or nearby bunch crossings (pileup) in the simulation is reweighted to match that
observed in data. The efficiency of the trigger system is evaluated in data on a per lepton
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basis using dilepton events consistent with the Z boson decay. The overall efficiencies of the
trigger selections used in the analysis are obtained as the average of the per-lepton efficien-
cies weighted by their probability. The resulting efficiencies are applied directly on simulated
events.

5 Event reconstruction
The identification and measurement of the properties of individual particles (PF candidates) in
an event is achieved in the PF algorithm by combining information from various subdetectors.
Electrons are identified and their momenta are measured in the pseudorapidity interval |h| <
2.5 by combining tracks in the silicon tracker with spatially compatible energy deposits in the
electromagnetic calorimeter. Muons are identified and their momenta are measured in the
pseudorapidity range |h| < 2.4 by matching tracks in the muon system and the silicon tracker.
For better rejection of nonprompt leptons, increasing the sensitivity of the analysis, leptons
are required to be isolated and well reconstructed using a set of criteria based on the quality
of the track reconstruction, shape of calorimetric deposits, and energy flux in the vicinity of
the particle’s trajectory [34, 35]. In addition, a selection based on a dedicated multivariate
analysis (MVA) tagger developed for the CMS ttH analysis [81] is added in all channels for
muon candidates.

Multiple pp interaction vertices are identified from tracking information by use of the adaptive
vertex fitting algorithm [82]. The primary pp interaction vertex is taken to be the vertex cor-
responding to the hardest scattering in the event, evaluated using tracking information alone,
as described in Section 9.4.1 of Ref. [83]. Leptons are required to be associated to the primary
vertex using transverse and longitudinal impact parameter criteria [34, 35].

Hadronic jets are clustered from PF candidates using the infrared- and collinear-safe anti-kT
algorithm with distance parameters of 0.4 (AK4) and 0.8 (AK8). The jet momentum is deter-
mined as the vectorial sum of all particle momenta in the jet. The AK8 jets considered are
required to be reconstructed within the silicon tracker acceptance (|h| < 2.4), whereas AK4
jets are reconstructed in the range |h| < 4.7. For AK4 jets, contamination from pileup is sup-
pressed using charged-hadron subtraction which removes charged PF candidates originating
from vertices other than the primary interaction vertex. The residual contribution from neutral
particles originating from pileup vertices is removed by means of an event-by-event jet-area-
based correction to the jet four-momentum [84]. For AK8 jets, the pileup-per-particle identifica-
tion algorithm (PUPPI) [85] is used to mitigate the effect of pileup at the reconstructed-particle
level, making use of local shape information, event pileup properties, and tracking information.
Additional selection criteria are applied to remove jets potentially dominated by instrumental
effects or reconstruction failures [84].

The AK8 jets are used to reconstruct hadronic V boson decays in a single merged jet when the
decay products are highly collimated. This approach targets boosted W or Z bosons originating
from the VH production mode. Such Lorentz-boosted V decays are identified using the ratio
of the 2- to 1-subjettiness [86], t2/t1, and the groomed jet mass mJ. The groomed mass is
calculated after applying a modified mass drop algorithm [87, 88], known as the soft-drop
algorithm [89], with parameters b = 0, zcut = 0.1, and R0 = 0.8. The algorithm also identifies
two hard subjets within the AK8 jet.

We refer to the identification of jets likely originating from bottom quarks as b tagging [90,
91]. For each AK4 jet in the event, a score is calculated through a multivariate combination of
different jet properties, making use of boosted decision trees and deep neural networks. A jet



8

is considered b-tagged if its associated score exceeds a threshold, tuned to achieve a certain
tagging efficiency as measured in tt events. The chosen working point corresponds to about
90% efficiency for bottom quark jets and to a mistagging rate of about 10% for light-flavor or
gluon jets and of about 50% for charm quark jets.

The missing transverse momentum vector ~p miss
T is computed as the negative vector sum of

the transverse momenta of all the PF candidates in an event, and its magnitude is denoted
as p

miss
T [41]. The PUPPI algorithm is applied to reduce the pileup dependence of the ~p miss

T
observable by computing the ~p miss

T from the PF candidates weighted by their probability to
originate from the primary interaction vertex [41].

6 Event selection
The analysis is performed using H ! WW candidate events in the eµ final state. For an event
to be selected, the transverse momenta of the leading lepton p

`1
T and the subleading lepton p

`2
T

must be greater than 25 and 13 GeV, respectively. The p
`2
T threshold in the case of a muon is

lowered to 10 GeV for the 2016 data set because of the lower threshold in the corresponding
HLT algorithm. Events containing additional leptons with pT > 10 GeV are discarded. The
dilepton system is required to have an invariant mass m`` greater than 12 GeV and transverse
momentum p

``
T above 30 GeV. A requirement on the missing transverse momentum of p

miss
T >

20 GeV is implemented. We define transverse mass discriminating variables m
H
T and m

`2
T as

m
H
T =

q
2p

``
T p

miss
T [1 � cos DF(~p``T ,~pmiss

T )], (17)

m
`2
T =

q
2p

`2
T p

miss
T [1 � cos DF(~p`2

T ,~pmiss
T )], (18)

and select events with m
H
T > 60 GeV and m

`2
T > 30 GeV. The m

H
T requirement suppresses

the DY ! tt background process and avoids overlap with the H ! tt analysis [11]. To
ensure orthogonality with a future off-shell H ! WW analysis we require m

H
T < 125 GeV.

In addition, the region 76.2 < m`` < 106.2 GeV is excluded to avoid overlap with the off-shell
H ! ZZ ! 2`2n analysis [10]. These requirements will simplify a future combination of Higgs
boson decay final states. Finally, events with any b-tagged jets with pT > 20 GeV are vetoed.
These base selection criteria are summarized in Table 2.

Table 2: Summary of the base selection criteria.

Variable Selection
Number of leptons 2 (eµ of opposite charge)
p
`1
T >25 GeV

p
`2
T >13 GeV (10 GeV for 2016 data)

m`` 12–76.2 GeV or >106.2 GeV
p
``
T >30 GeV

p
miss
T >20 GeV

m
`2
T >30 GeV

m
H
T 60–125 GeV

Njet (b jets) 0

For the HVV coupling analysis, exclusive selection criteria, which are based on the associated
jet activity in the event, are applied that target the ggH, VBF, and VH production processes.
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The AK4 (AK8) jets considered are required to have pT > 30 (200)GeV. In the ggH channel,
zero or one AK4 jet is required in the event. For the VBF and Resolved VH channels, we
require two AK4 jets with dijet masses of mjj > 120 GeV and 60 < mjj < 120 GeV, respectively.
The Boosted VH channel requires the presence of a V-tagged AK8 jet (V jet); such jets have a
groomed mass in the region 65 < mJ < 105 GeV and satisfy the requirement t2/t1 < 0.4. In the
other channels, a V jet veto is implemented to ensure orthogonality. These production channels
for the HVV coupling study are summarized in Table 3.

Table 3: Summary of the ggH, VBF, and VH production channels used for the HVV coupling
study.

Variable ggH VBF Resolved VH Boosted VH
Njet (V jets) 0 0 0 >0
Njet (AK4 jets) 0 & 1 2 2 —
mjj — >120 GeV 60–120 GeV —

As the production vertex of the ggH + 2 jets process is sensitive to anomalous Hgg coupling
effects, we use a 2-jet ggH channel that follows the VBF selection described above for the Hgg
coupling analysis. The HWW decay vertex is not sensitive to anomalous Hgg effects, and so
decay-based variables are not studied in this channel. This permits a relatively tight selection of
m`` < 55 GeV which is beneficial for background suppression. The 0- and 1-jet ggH channels
are also included to constrain the ggH signal strength. All channels included for the Hgg
coupling study are summarized in Table 4.

Table 4: Summary of ggH channel selections used for the Hgg coupling study.

Variable ggH 2-jet ggH
Njet (AK4 jets) 0 & 1 2
mjj — >120 GeV
m`` — <55 GeV

Control regions (CRs) are defined using the base selection criteria together with a set of alterna-
tive requirements summarized in Table 5. They are used to validate the background description
and to estimate the number of background events in the signal region (SR). A dedicated tt CR
targets events from the DY process Z ! tt with t leptons decaying leptonically to produce
the eµ final state. Also a top quark CR is defined to enhance events with one or more top
quarks decaying to a W boson and bottom quark. Splitting events according to the number
of associated jets, separate tt and top quark CRs are defined for the 0-, 1- and 2-jet SRs. An
additional CR with an enhanced contribution from the nonresonant WW background is used
in the 2-jet SR. All CRs are used in the final data fit to constrain the DY, top quark, and WW
background normalizations.

Table 5: Summary of the tt , top quark, and WW control region requirements.

Variable tt top quark WW
m`` 40–80 GeV >50 GeV >106.2 GeV
m

H
T <60 GeV — 60–125 GeV

m
`2
T — >30 GeV >30 GeV

Njet (b jets) 0 >0 0

Additional tt , top quark, and WW CRs are defined requiring a V jet. These CRs are used to
validate the background description in the Boosted VH channel. However, they generally do
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not have a sufficient number of events to significantly constrain the background normalizations
in the final fit to the data. As such, we rely on the 2-jet CRs to determine the normalizations to
be used in the Boosted VH channel. Agreement between data and the background prediction
in the V jet CRs is observed when using normalizations determined in the 2-jet CRs.

7 Background estimation
The nonprompt-lepton backgrounds originating from leptonic decays of heavy quarks, hadrons
misidentified as leptons, and electrons from photon conversions are suppressed by identi-
fication and isolation requirements imposed on electrons and muons. In this analysis, the
nonprompt-lepton background primarily originates from W+jets events and is estimated from
data, as described in detail in Ref. [92]. The procedure involves measuring the rate at which a
nonprompt lepton passing a loose selection further passes a tight selection (misidentification
rate) and the corresponding rate for a prompt lepton to pass this selection (prompt rate). The
misidentification rate is measured in a data sample enriched in multijet events, whereas the
prompt rate is measured using a tag-and-probe method [93] in a data sample enriched in DY
events. The nonprompt-lepton background estimation is validated with data in a CR enriched
with W+jets events, in which a pair of same-sign leptons is required.

The backgrounds from top quark processes and nonresonant WW production are estimated
using a combination of MC simulations and the dedicated CRs described in the previous sec-
tion. The normalisations of these backgrounds are left as free parameters in the fit, keeping
different parameters for each jet multiplicity region. The top quark background normalization
is measured from the observed data in the top quark enriched CRs. A separate normalization
parameter is included for the quark-induced and gluon-induced WW backgrounds. For the
2-jet regions, the WW enriched CR is used to constrain the WW background normalisation
parameters. In the 0- and 1-jet channels, these parameters are constrained directly in the signal
regions, which span the high m`` phase space enriched in WW events.

The DY ! tt background process is estimated with a data-embedding technique [94]. As for
the top quark and WW backgrounds, the DY normalization is left unconstrained in the data fit.
The DY ! tt enriched CR described in Section 6 is used to constrain the free normalization
parameters in the 0-, 1-, 2-jet regions. The data-embedded samples cover the events that pass
the eµ triggers, which represent the vast majority of the selected events. The remaining DY !
tt events, which enter the analysis through the single-lepton triggers (⇡5% of the total), are
estimated using MC simulation.

The WZ and Wg⇤ background contributions are simulated as described in Section 4, and a
data-to-simulation scale factor is derived in a three-lepton CR, as described in Ref. [92]. The
contribution of the Wg process may also be a background because of photon conversions in
the detector material. This process is estimated using MC simulation and validated using data
in a CR requiring events with a leading µ and a trailing e with same sign and a separation in
DR =

p
Df2 + Dh2 (where f is the azimuthal angle in radians) smaller than 0.5. Triple vector

boson production is a minor background in all channels and is estimated using MC simulation.

8 Observables and kinematic discriminants
In this paper, we search for anomalous HVV and Hgg coupling effects by studying:

1. the two quark jets from VBF and VH production (HVV coupling);
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2. the H ! WW decay products (HVV coupling); and

3. the two quark jets from ggH + 2 jets production (Hgg coupling).

The VBF, VH, and ggH production and decay topologies relevant for the HVV coupling are
illustrated in Fig. 1.

Figure 1: Topologies of the Higgs boson production and decay for vector boson fusion qq0 !
qq0H (left), qq̄0 ! VH (center), and gluon fusion with decay gg ! H ! 2`2n (right). For the
electroweak production topologies, the intermediate vector bosons and their decays are shown
in green and the H ! WW decay is marked in red. For the gg ! H ! 2`2n topology, the W
boson leptonic decays are shown in green. In all cases, the incoming particles are depicted in
brown and the angles characterizing kinematic distributions are marked in blue. Five angles
fully characterize the orientation of the production and decay chain and are defined in the
suitable rest frames.

When combined with the momentum transfer of the vector bosons, the five angles illustrated
for VBF/VH production provide complete kinematic information for production and decay
of the Higgs boson. The illustration for Higgs boson production via ggH in association with
two jets is identical to the VBF diagram, except for replacing the intermediate vector bosons
by gluons. Full production kinematic information is extracted for VBF, VH, and ggH + 2 jets
candidate events using discriminants built from the matrix element calculations of the MELA
package. The MELA approach is designed to reduce the number of observables to a minimum,
while retaining all essential information. To form the production-based MELA kinematic dis-
criminants, we use jets to reconstruct the four-momentum of the associated production par-
ticles. The presence of two neutrinos in the final state means it is not possible to reconstruct
the four-momentum of all the Higgs boson decay products. Therefore, decay-based kinematic
discriminants built from matrix elements are not used in this analysis. Instead, we rely on
kinematic variables related to the measured final state of the Higgs boson decay. The strategies
used for each of the topologies listed above are now discussed in more detail.

8.1 Kinematic features of two quark jets in VBF and VH channels

Kinematic distributions of associated particles in VBF and VH production are sensitive to the
anomalous HVV couplings of the Higgs boson. As illustrated in Fig. 1, a set of seven observ-
ables can be defined for the VBF and VH production topologies : W = {q(0)1 , q(0)2 , q⇤, F, F1, q

2
1, q

2
2},

with q
2
1 and q

2
2 the squared four-momenta of the vector bosons [22]. Three types of discrimi-

nants are defined using the full kinematic description characterized by W. The first type of
discriminant is designed to separate signal and background Higgs boson production processes:
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Dsig =
Psig(W)

Psig(W) + Pbkg(W)
, (19)

where the probability density P for a specific process is calculated from the matrix elements
provided by the MELA package. The second type of discriminant separates the anomalous
coupling BSM process from that of the SM:

DBSM =
PBSM(W)

PBSM(W) + PSM(W)
. (20)

Throughout this document the generic BSM label is generally replaced by the specific anoma-
lous coupling state targeted. For the a3 CP-odd and a2 CP-even coupling parameters, we use,
respectively, D0� and D0+, whereas for the L1 coupling parameters we use DL1

and DZg
L1

. The
third type of discriminant isolates the interference contribution:

Dint =
P int

SM-BSM(W)

PSM(W) + PBSM(W)
, (21)

where P int
SM-BSM is the interference part of the probability distribution for a process with a mix-

ture of the SM and BSM contributions. The CP label is generally used for the a3 coupling
parameter, as the BSM signal in this case is a pseudoscalar and the interference discriminant
is a CP-sensitive observable. The P values are normalized to give the same integrated cross
sections in the relevant phase space of each process. Such normalization leads to a balanced
distribution of events in the range between 0 and 1 for Dsig and DBSM, and between �1 and +1
for Dint.

The selected events are split into three main production channels: VBF, Resolved VH, and
Boosted VH. In the first two channels, the four-momenta of the two AK4 jets assigned as the
associated particles are used in the MELA probability calculation. For the Boosted VH cate-
gory, we use the four-momentum of the two subjets of the V-tagged AK8 jet. An estimate of
the Higgs boson four-momentum is also required for the probability calculation. This can not
be measured directly since the final state contains two neutrinos. As such, we construct a proxy
Higgs boson four-momentum in the following manner. The px and py of the dineutrino system
are estimated from the ~p miss

T in a given event. The corresponding pz is then set to equal that
of the dilepton system, which is based on the observed correlation between these variables at
the generator level for simulated signals. Finally, the mass of the dineutrino system is set equal
to the mean value of the generator-level dineutrino mass. The resulting four-momentum can
then be combined with that of the measured dilepton system to create a proxy Higgs boson
four-momentum. We note that the MELA probability calculation for the production vertices is
largely based on the kinematic features of the associated particles, so the reconstruction of the
proxy Higgs boson has a relatively small effect on the final discriminants. As an illustrative
example of the MELA based discriminants used in this analysis, Fig. 2 shows the D0� dis-
criminant in the VBF and Resolved VH production channels for a number of different signal
hypotheses. The discriminants are designed to target the dominant signal production process
in a given channel.

In the VBF channel, a DVBF discriminant is constructed, following Eq. (19), where Psig cor-
responds to the probability for the VBF production hypothesis, and Pbkg corresponds to that
of gluon fusion production in association with two jets. The discriminant is also suitable for
separating SM backgrounds from the VBF signal process. In the Resolved and Boosted VH
channels, the corresponding discriminants do not give a significant level of separation with
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Figure 2: The D0� discriminant in the VBF (left) and Resolved VH (right) production channels
for a number of VBF (left) and VH (right) signal hypotheses. Pure a1 ( fa3 = 0) and a3 ( fa3 = 1)
HVV signal hypotheses are shown along with two mixed coupling hypotheses ( fa3 = 0.005
and fa3 = 0.01). All distributions are normalized to unity.

respect to ggH production or SM backgrounds. This is due to the relatively tight selection
criteria, which limit the phase space to VH-like events. Hence, these discriminants are not
included in the VH channels.

The DCP discriminant is sensitive to the sign of the interference between the CP-even SM and
CP-odd BSM states. An asymmetry between the number of events detected with positive and
negative DCP values is expected for mixed CP states. Therefore, a forward-backward catego-
rization (forward defined as DCP > 0 and backward as DCP < 0) is used to analyze the CP-odd
couplings. Similarly, Dint gives sensitivity to the sign of the interference between the SM and
a2 HVV BSM states. A forward-backward Dint categorization is also included. The value of
Dint used to define the categories is chosen to symmetrize the SM Higgs boson expectation.
In the case of the L1 measurements, the interference discriminants were shown to be highly
correlated with the DBSM discriminants and so are not considered.

We now discuss the categorization and construction of the final multidimensional discrimi-
nants used for the two HVV coupling approaches defined in Section 2. The binning of the final
discriminants was optimized to ensure sufficient statistical precision in the predictions of all
bins, while retaining the kinematic information required to discriminate between the SM and
anomalous coupling signal hypotheses.

8.1.1 VBF/VH analysis strategy for Approach 1

In Approach 1, each of the four anomalous HVV coupling parameters (a2, a3, k1/(L1)
2, and

kZg
2 /(LZg

1 )2) are analyzed separately. For this purpose, we construct a multidimensional dis-
criminant for each of the four anomalous couplings in the VBF, Resolved VH, and Boosted VH
channels.

In the VBF channel, we use two bins of the production discriminant DVBF, corresponding to
low and high purity, using a bin boundary of 0.75. The m`` variable, which is sensitive to
anomalous effects at the H ! WW decay vertex, is included with two bins in the range 12–
76.2 GeV. A bin boundary of 45 GeV is chosen based on the expected signal shape changes
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induced by anomalous effects. Finally, one of the DBSM discriminants is included with ten
equally sized bins. Depending on the anomalous coupling under study this discriminant may
be D0+, D0�, DL1

or DZg
L1

.

For the VH channels, the m`` and DBSM observables are used to build 2D kinematic discrimi-
nants. The m`` bins are the same as for the VBF channel. In the Resolved VH channel, we use
four DBSM bins of equal size. For the Boosted VH case, three variable bins with boundaries of
0.6 and 0.8 are used, a large first bin is chosen because relatively little signal is expected at low
values of DBSM. A distinct multidimensional discriminant is constructed for each anomalous
coupling hypothesis in the VH channels.

For the a3 coupling parameter, a forward-backward categorization of events based on DCP is
implemented. In the case of the a2 coupling parameter, Dint is largely correlated with D0+ in
the VH channels. Therefore, a forward-backward Dint categorization is implemented only in
the VBF channel. Figures 3–5 show the discriminants used in the final fit to the data for the a2,
a3, k1/(L1)

2, and kZg
2 /(LZg

1 )2 Approach 1 coupling studies in the VBF and VH channels. A
summary of the observables used in the HVV Approach 1 analysis may be found in Table 6.

8.1.2 VBF/VH analysis strategy for Approach 2

In Approach 2, we use one categorization strategy and build one multidimensional discrimi-
nant in each channel to target all the HVV coupling parameters (a2, a3, k1/(L1)

2) simultane-
ously. In the VBF channel, the DCP and Dint discriminants are used to create four interference
categories. Both DVBF and m`` are used as for Approach 1. All three DBSM discriminants that
target the a2, a3 and k1/(L1)

2 coupling parameters are included. However, the number of bins
we implement is limited by the number of simulated events. Also the DBSM discriminants
are significantly correlated and so have similar performance for all couplings. Therefore, we
use the CP-odd discriminant D0� and just one of the CP-even discriminants, D0+, both with
three bins and bin boundaries of 0.1 and 0.9. A dedicated rebinning strategy is applied to the
[D0�,D0+] distribution merging bins dominated by the SM Higgs boson prediction or with
low precision in the background prediction. In the VH channels, just two categories using DCP

are defined and the discriminant is built using m`` as for Approach 1. Again, both D0� and
D0+ are chosen for the final discriminant. For the Resolved VH channel, we use three bins
with boundaries of 0.25 and 0.75, whereas for the Boosted VH case we use two bins with a
boundary of 0.8. The same rebinning strategy described for the VBF channel is applied to both
Resolved and Boosted VH multidimensional discriminants. Table 6 includes a summary of the
observables used in the HVV Approach 2 analysis.

8.2 Kinematic features of H ! WW decay products in 0- and 1-jet ggH channels

Similar to the SM H ! WW analysis [25], we use m`` and mT to build 2D discriminants in the
0- and 1-jet ggH channels. The distributions have nine bins for m`` in the range 12–200 GeV
and six bins for mT in the range 60–125 GeV. The bin widths vary and are optimized to achieve
good separation between the SM Higgs boson signal and backgrounds, as well as between the
different anomalous coupling signal hypotheses. In particular, a finer binning with respect
to the SM H ! WW analysis is implemented in regions where anomalous effects are most
significant. Figure 6 shows the [mT, m`` ] distributions in the 0- and 1-jet ggH channels. The
same [mT, m`` ] discriminant is used to study all HVV anomalous couplings for both Approach
1 and 2.
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8.3 Kinematic features of two quark jets in 2-jet ggH channel

For the Hgg coupling, we adopt a similar approach to the VBF CP study, where the CP-odd
a3 HVV coupling parameter is included. In this case, the optimal observables are DggH

0� and
DggH

CP
, targeting the CP-odd a3 Hgg coupling parameter. A forward-backward categorization

is implemented using DggH
CP

, and the DVBF and DggH
0� observables are used to build 2D discrim-

inants. The m`` variable is not considered in this case because it is not sensitive to anomalous
Hgg effects. For DVBF, the bin boundary is relaxed to 0.5 to ensure sufficient ggH events are
accepted in the more VBF-like bin. For D0�, eight (five) bins are used in the more (less) VBF-
like bin with larger bin sizes at the extremes of the distribution to ensure sufficient precision in
the background and signal predictions. The 0- and 1-jet channels discussed previously are also
included in this study to constrain the ggH signal strength. The [DVBF, DggH

0� ] distributions
used to analyze the Hgg a3 anomalous coupling in the 2-jet ggH channel are shown in Fig. 7.
A summary of the observables used in the Hgg analysis is given in Table 6.

Table 6: The kinematic observables used for the interference based categorization and for the
final discriminants used in the fits to data to study the HVV and Hgg couplings. For each of
the anomalous HVV couplings in Approach 1, we have a dedicated analysis in the VBF and
VH channels. In Approach 2, we use one analysis to target all anomalous HVV couplings
simultaneously.

Analysis Channel Categorization Final discriminant

HVV

VBF (a2) Dint [DVBF, m`` , D0+]

Approach 1

VBF (a3) DCP [DVBF, m`` , D0�]
VBF (k1) — [DVBF, m`` , DL1]

VBF (kZg
2 ) — [DVBF, m`` , DZg

L1
]

VH (a2) — [m`` , D0+]
VH (a3) DCP [m`` , D0�]
VH (k1) — [m`` , DL1]

VH (kZg
2 ) — [m`` , DZg

L1
]

0- & 1-jet ggH — [mT, m`` ]

HVV VBF DCP, Dint [DVBF, m`` , D0�, D0+]

Approach 2 VH DCP [m`` , D0�, D0+]
0- & 1-jet ggH — [mT, m`` ]

Hgg 2-jet ggH DggH
CP

[DVBF, DggH
0� ]

0- & 1-jet ggH — [mT, m`` ]

9 Systematic uncertainties
The signal extraction is performed using binned templates to describe the various signal and
background processes. Systematic uncertainties that change the normalization or shape of the
templates are included. All the uncertainties are modeled as nuisance parameters that are
profiled in the maximum likelihood fit described in Section 10. The systematic uncertainties
arise from both experimental or theoretical sources.

9.1 Experimental uncertainties

The following experimental systematic uncertainties are included in the final fit to data:



16

0+D

20

40

60

80

100

120

140

160

Ev
en

ts
 / 

bi
n

Data Syst.  2)× 
SM

(n=n
= 1a2 WW f→H 

 2)× 
SM

(n=n
= 0a2 WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 0.75VBFD  > 0.75VBFD

 < 45 GeVllm  > 45 GeVllm  < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS  < 0.4intVBF, D

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9  

0+D

0
0.5

1
1.5

2

D
at

a/
Ex

pe
ct

ed

0+D

20

40

60

80

100

120

140

160

180

200

Ev
en

ts
 / 

bi
n

Data Syst.  2)× 
SM

(n=n
= 1a2 WW f→H 

 2)× 
SM

(n=n
= 0a2 WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 0.75VBFD  > 0.75VBFD

 < 45 GeVllm  > 45 GeVllm  < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS  > 0.4intVBF, D

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9  

0+D

0
0.5

1
1.5

2
D

at
a/

Ex
pe

ct
ed

0+D

50

100

150

200

250

300

Ev
en

ts
 / 

bi
n

Data Syst.  5)× 
SM

(n=n
= 1a2 WW f→H 

 5)× 
SM

(n=n
= 0a2 WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS Resolved VH

0.25
−0.0

0.5−
0.25 0.75

−0.5
1.0−

0.75 0.25
−0.0

0.5−
0.25 0.75

−0.5
1.0−

0.75  
0+D

0.6
0.8

1
1.2
1.4

D
at

a/
Ex

pe
ct

ed

0+D

2
4
6
8

10
12
14
16
18
20
22

Ev
en

ts
 / 

bi
n

Data Syst.  2)× 
SM

(n=n
= 1a2 WW f→H 

 2)× 
SM

(n=n
= 0a2 WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS Boosted VH

0.6−0.0 0.8−0.6 1.0−0.8 0.6−0.0 0.8−0.6 1.0−0.8  
0+D

0.6
0.8

1
1.2
1.4

D
at

a/
Ex

pe
ct

ed

Figure 3: Observed and predicted distributions after fitting the data for [DVBF, m`` ,D0+] in
the VBF channel (upper), and for [m`` ,D0+] in the Resolved VH (lower left) and Boosted VH
(lower right) channels. For the VBF channel, the Dint < 0.4 (left) and Dint > 0.4 (right) cate-
gories are shown. The predicted Higgs boson signal is shown stacked on top of the background
distributions. For the fit, the a1 and a2 HVV coupling contributions are included. The corre-
sponding pure a1 ( fa2 = 0) and a2 ( fa2 = 1) signal hypotheses are also shown superimposed,
their yields correspond to the predicted number of SM signal events scaled by an arbitrary fac-
tor to improve visibility. The uncertainty band corresponds to the total systematic uncertainty.
The lower panel in each figure shows the ratio of the number of events observed to the total
prediction.
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Figure 4: Observed and predicted distributions after fitting the data for [DVBF, m`` ,D0�] in the
VBF channel (upper), and for [m`` ,D0�] in the Resolved VH (middle) and Boosted VH (lower)
channels. For each channel, the DCP < 0 (left) and DCP > 0 (right) categories are shown. For
the fit, the a1 and a3 HVV coupling contributions are included. More details are given in the
caption of Fig. 3.



18

1ΛD

100

200

300

400

500

600

Ev
en

ts
 / 

bi
n

Data Syst.  2)× 
SM

(n=n
= 11Λ WW f→H 

 2)× 
SM

(n=n
= 01Λ WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 0.75VBFD  > 0.75VBFD

 < 45 GeVllm  > 45 GeVllm  < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS VBF
0.

1
−

0.
0

0.
2

−
0.

1
0.

3
−

0.
2

0.
4

−
0.

3
0.

5
−

0.
4

0.
6

−
0.

5
0.

7
−

0.
6

0.
8

−
0.

7
0.

9
−

0.
8

1.
0

−
0.

9
0.

1
−

0.
0

0.
2

−
0.

1
0.

3
−

0.
2

0.
4

−
0.

3
0.

5
−

0.
4

0.
6

−
0.

5
0.

7
−

0.
6

0.
8

−
0.

7
0.

9
−

0.
8

1.
0

−
0.

9
0.

1
−

0.
0

0.
2

−
0.

1
0.

3
−

0.
2

0.
4

−
0.

3
0.

5
−

0.
4

0.
6

−
0.

5
0.

7
−

0.
6

0.
8

−
0.

7
0.

9
−

0.
8

1.
0

−
0.

9
0.

1
−

0.
0

0.
2

−
0.

1
0.

3
−

0.
2

0.
4

−
0.

3
0.

5
−

0.
4

0.
6

−
0.

5
0.

7
−

0.
6

0.
8

−
0.

7
0.

9
−

0.
8

1.
0

−
0.

9  

1ΛD

0
0.5

1
1.5

2

D
at

a/
Ex

pe
ct

ed

γZ
1ΛD

100

200

300

400

500

Ev
en

ts
 / 

bi
n

Data Syst.  2)× 
SM

(n=n
= 0.99γZ

1Λ WW f→H 
 2)× 

SM
(n=n

= 0γZ
1Λ WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 0.75VBFD  > 0.75VBFD

 < 45 GeVllm  > 45 GeVllm  < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS VBF

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9

0.
1

−
0.

0
0.

2
−

0.
1

0.
3

−
0.

2
0.

4
−

0.
3

0.
5

−
0.

4
0.

6
−

0.
5

0.
7

−
0.

6
0.

8
−

0.
7

0.
9

−
0.

8
1.

0
−

0.
9  

γZ
1ΛD

0
0.5

1
1.5

2

D
at

a/
Ex

pe
ct

ed

1ΛD

50

100

150

200

250

300

350

Ev
en

ts
 / 

bi
n

Data Syst.  5)× 
SM

(n=n
= 11Λ WW f→H 

 5)× 
SM

(n=n
= 01Λ WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS Resolved VH

0.25
−0.0

0.5−
0.25 0.75

−0.5
1.0−

0.75 0.25
−0.0

0.5−
0.25 0.75

−0.5
1.0−

0.75  

1ΛD

0.6
0.8

1
1.2
1.4

D
at

a/
Ex

pe
ct

ed

γZ
1ΛD

50

100

150

200

250

300

350

400

450

Ev
en

ts
 / 

bi
n

Data Syst.  5)× 
SM

(n=n
= 0.99γZ

1Λ WW f→H 
 5)× 

SM
(n=n

= 0γZ
1Λ WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS Resolved VH

0.25
−0.0

0.5−
0.25 0.75

−0.5
1.0−

0.75 0.25
−0.0

0.5−
0.25 0.75

−0.5
1.0−

0.75  
γZ
1ΛD

0.6
0.8

1
1.2
1.4

D
at

a/
Ex

pe
ct

ed

1ΛD

2
4
6
8

10
12
14
16
18
20
22

Ev
en

ts
 / 

bi
n

Data Syst.  2)× 
SM

(n=n
= 11Λ WW f→H 

 2)× 
SM

(n=n
= 01Λ WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS Boosted VH

0.6−0.0 0.8−0.6 1.0−0.8 0.6−0.0 0.8−0.6 1.0−0.8  
1ΛD

0.6
0.8

1
1.2
1.4

D
at

a/
Ex

pe
ct

ed

γZ
1ΛD

2

4

6

8

10

12

14

16

18

20

Ev
en

ts
 / 

bi
n

Data Syst.  2)× 
SM

(n=n
= 0.99γZ

1Λ WW f→H 
 2)× 

SM
(n=n

= 0γZ
1Λ WW f→H 

 WW→H Multiboson DY Nonprompt

WW ttW and t

 < 45 GeVllm  > 45 GeVllm

 (13 TeV)-1138 fbCMS Boosted VH

0.6−0.0 0.8−0.6 1.0−0.8 0.6−0.0 0.8−0.6 1.0−0.8  
γZ
1ΛD

0.6
0.8

1
1.2
1.4

D
at

a/
Ex

pe
ct

ed

Figure 5: Observed and predicted distributions after fitting the data for [DVBF, m`` ,DL1] (up-
per left) and [DVBF, m`` ,DZg

L1 ] (upper right) in the VBF channel, and for [m`` ,DL1] (left) and
[m`` ,DZg

L1 ] (right) in the Resolved VH (middle) and Boosted VH (lower) channels. For the fits,
the a1 and k1/(L1)

2 (left) or a1 and kZg
2 /(LZg

1 )2 (right) HVV coupling contributions are in-
cluded. More details are given in the caption of Fig. 3.
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Figure 6: Observed and predicted distributions after fitting the data for [mT, m`` ] in the 0-
(left) and 1-jet (right) ggH channels. For the fit, the a1 and a3 HVV coupling contributions are
included. More details are given in the caption of Fig. 3.
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Figure 7: Observed and predicted distributions after fitting the data for [DVBF, DggH
0� ] in the

2-jet ggH channel. Both the DggH
CP < 0 (left) and DggH

CP > 0 (right) categories are shown. In
this case, the VBF and ggH signals are shown separately. For the fit, the a

gg
2 and a

gg
3 coupling

contributions are included. The corresponding pure a
gg
2 ( f

ggH
a3 = 0) and a

gg
3 ( f

ggH
a3 = 1) signal

hypotheses are also shown superimposed, their yields correspond to the predicted number of
SM signal events. More details are given in the caption of Fig. 3.

• The total uncertainty associated with the measurement of the integrated luminos-
ity for 2016, 2017, and 2018 is 1.2% [44], 2.3% [45], and 2.5% [46], respectively. This
uncertainty is partially correlated among the three data sets, resulting in an overall
uncertainty of 1.6%.

• The systematic uncertainty in the trigger efficiency is determined by varying the tag
lepton selection criteria and the Z boson mass window used in the tag-and-probe
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method. It affects both the normalization and the shape of the signal and back-
ground distributions, and is kept uncorrelated among data sets. The total normal-
ization uncertainty is less than 1%.

• The tag-and-probe method is also used to determine the lepton identification and
isolation efficiency. Corrections are applied to account for any discrepancy in the
efficiencies measured in data and simulation. The corresponding systematic uncer-
tainty is about 1% for electrons and 2% for muons.

• The uncertainties in the determination of the lepton momentum scale mainly arise
from the limited data sample used for their estimation. The impact on the normal-
ization of the signal and background templates ranges between 0.6–1.0% for the elec-
tron momentum scale and is about 0.2% for the muon momentum scale. They are
treated as uncorrelated among the three data-taking years.

• The jet energy scale uncertainty is modeled by implementing eleven independent
nuisance parameters corresponding to different jet energy correction sources, six of
which are correlated among the three data sets. Their effects vary in the range of 1–
10%, mainly depending on the jet multiplicity in the analysis phase space. Another
source of uncertainty arises from the jet energy resolution smearing applied to sim-
ulated samples to match the pT resolution measured in data. The effect varies in a
range of 1–5%, depending on the jet multiplicity and is uncorrelated among the data
sets. These uncertainties are included for both AK4 and AK8 jets. In addition, the
mJ scale and resolution, and V tagging corrections with their corresponding uncer-
tainties are included for V-tagged AK8 jets. These variables are calibrated in a top
quark-antiquark sample enriched in hadronically decaying W bosons [95].

• The effects of the unclustered energy scale, jet energy scale, and lepton pT scales
are included for the calculation of the missing transverse momentum. The resulting
normalization systematic uncertainty is 1–10% and is treated as uncorrelated among
the years.

• Both the normalization and shape of the signal and background templates are af-
fected by the jet pileup identification uncertainty. The effect is below 1%.

• The uncertainty associated with the b tagging efficiency is modeled by seventeen
nuisance parameters out of which five are of a theoretical origin and are correlated
among the three data sets. The remaining set of four parameters per data set are
treated as uncorrelated as they arise from the statistical accuracy of the efficiency
measurement [90].

• Estimation of the nonprompt-lepton background is affected by the limited size of
the data sets used for the misidentification rate measurements. It is also affected
by the difference in the flavor composition of jets misidentified as leptons between
the misidentification rate measurement region (enriched in multijet events) and the
signal phase space. The effects on the nonprompt-lepton background estimation
range between a few percent to about 10% depending on the SR and are treated
as nuisance parameters uncorrelated between electrons and muons and among the
three data sets. A normalization uncertainty of 30% [92] is assigned to fully cover for
any discrepancies with respect to data in a W+jets CR and is treated as uncorrelated
among data sets.

• The statistical uncertainties due to the limited number of simulated events are also
included for all bins of the background distributions used to extract the results [96].
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9.2 Theoretical uncertainties

Multiple theoretical uncertainties are considered and are correlated among data sets, unless
stated otherwise:

• The uncertainties related to the choice of PDF and aS have a minor effect on the shape
of the distributions. Therefore, only normalization effects related to the event accep-
tance and to the cross section are included. However, these uncertainties are not
considered for the backgrounds that have their normalization constrained through
data in dedicated CRs. For the Higgs boson signal processes, these uncertainties are
calculated by the LHC Higgs cross section working group [19].

• The theoretical uncertainties arising from missing higher-order corrections in the
cross section calculations are also included. Background simulations are reweighted
to the alternative scenarios corresponding to renormalization µR and factorization µF
scales varied by factors 0.5 or 2 and the envelopes of the varied templates are taken
as the one standard deviations. For background processes that have their normaliza-
tion constrained through data in dedicated CRs, we consider only the shape effect
of the uncertainties coming from the missing higher-order corrections. The WW
nonresonant background has the uncertainties derived by varying µR, µF, and the
resummation scale. For the ggH and VBF signal processes, the effects of the miss-
ing higher-order corrections on the overall cross section are decoupled into multiple
sources according to the recipes described in Ref. [19].

• The uncertainty due to the pileup modeling was included for the main simulated
background processes (DY, WW, top quark) as well as the ggH and VBF signals. The
effect is determined by varying the total inelastic pp cross section (69.2 mb [97, 98])
within the assigned 5% uncertainty.

• The PS modeling mainly affects the jet multiplicity, causing migration of events be-
tween categories that results in template shape changes. Associated uncertainties
are evaluated by reweighting events with varied PS weights computed with PYTHIA
8.212. The effect on the signal strength is found to be below 1%.

• Uncertainties associated with UE modeling are evaluated by varying the UE tune pa-
rameters used in the MC sample generation. Systematic uncertainties are correlated
between the 2017 and 2018 data sets since they share the same UE tunes, whereas for
2016 the uncertainty is considered uncorrelated. The UE uncertainty has a minimal
effect on the template shapes and affects the normalization by about 1.5%.

• A 15% uncertainty is applied to the relative fraction of the gg-induced component
in nonresonant WW production [99]. The relative fraction between single top quark
and tt processes is assigned a systematic uncertainty of 8% [100]. Additional process-
specific (DY, VZ, Vg, Vg⇤) uncertainties, related to corrections to account for pos-
sible discrepancies between data and simulation, are assigned and are correlated
among data sets.

10 Results
The optimization and validation of the analysis were performed using simulation and data
in CRs. The data in the SRs were examined once all details of the analysis were finalized.
For the final results, we perform a binned maximum likelihood fit to the data combining all
channels and data-taking periods. The statistical approach was developed by the ATLAS and
CMS Collaborations in the context of the LHC Higgs Combination Group [101]. The likelihood
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function is defined for candidate events as:

L(data|µggH, µEW, fai, q) = ’
j

Poisson(nj|sj(µggH, µEW, fai, q) + bj(q))p(q̃|q), (22)

where j runs over all bins and nj is the observed number of data events in each bin. Total signal
and background expectations in each bin are represented by sj and bj, respectively. The individ-
ual signal and background processes considered in each category are described using binned
templates of multidimensional discriminants as described in Section 8. Each signal process is
parametrized as a linear combination of terms originating from the SM, and anomalous cou-
plings and their interference. The signal expectation depends on the parameters µggH, µEW,
and fai, and is constrained by the data fit. Both the signal and background expectations are
functions of q, which represents the full set of nuisance parameters corresponding to the sys-
tematic uncertainties. The CRs described in Section 6 are included in the fit in the form of single
bins, representing the number of events in each CR.

The µggH and µEW parameters correspond to the Higgs boson signal strength modifiers for the
ggH and VBF/VH signals, respectively. Signal yields for the VBF and VH processes are re-
lated to each other because the same HVV couplings enter both in production and decay of the
Higgs boson. The ggH signal is initiated predominantly by the top fermion couplings and is
unrelated to the VBF and VH production mechanisms. As the signal strength modifiers are free
parameters in the fit, the overall signal event yield is not used to discriminate between alterna-
tive signal hypotheses. The fai parameter corresponds to the anomalous coupling cross section
fraction and determines the shape of the signal expectation. The cross section fraction for the
SM coupling is simply taken as 1 � | fai|. In Approach 1, the SM and just one anomalous HVV
coupling are included, and each fai is thus studied independently. Depending on the particular
anomalous coupling under investigation, fai may represent fa2, fa3, fL1, or f

Zg
L1 . For Approach

2, the SM and three anomalous HVV couplings are included. In this case, fai represents fa2, fa3
and fL1, which are studied simultaneously. It is explicitly required that | fa2|+ | fa3|+ | fL1|  1
to avoid probing an unphysical parameter space. Finally, there is just one anomalous coupling
corresponding to f

ggH
a3 to consider for the Hgg vertex. For this study, we also include the effect

of the CP-odd HVV anomalous coupling on the VBF process. This is achieved by including
fa3 as a free parameter in the fit. The p(q̃|q) are the probability density functions (PDFs) for
the observed values of the nuisance parameters, q̃, obtained from calibration measurements.
The systematic uncertainties that affect only the normalizations of the signal and background
processes are treated as PDFs following a log-normal distribution, whereas shape-altering sys-
tematic uncertainties are treated as Gaussian PDFs [101].

Additional interpretations in terms of the SMEFT Higgs and Warsaw basis coupling param-
eters are also considered using Eqs. (7–10) and Eqs. (11–14), respectively. In each case, four
independent couplings are studied simultaneously and the effect of the couplings on the total
width of the Higgs boson is taken into account. For the fai measurements, this effect is absorbed
by the signal strength modifiers. A parameterization of the partial widths of the main Higgs
boson decay modes as a function of the couplings is used to determine the effect on the Higgs
boson width [24, 28].

The likelihood is maximized with respect to the signal modifier parameters and with respect
to the nuisance parameters. Confidence level (CL) intervals are determined from profile like-
lihood scans of the respective parameters. The allowed 68% and 95% CL intervals are defined
using the set of parameter values at which the profile likelihood function �2D lnL = 1.00 and
3.84 [102], respectively, for which exact coverage is expected in the asymptotic limit [103]. The
likelihood value at a given fai is determined by the shape of the signal hypothesis and the rel-
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ative signal event yields between categories. Expected results are obtained using the Asimov
data set [104] constructed using the SM values of the signal modifier parameters.

For Approach 1, where we assume a
ZZ
i

= a
WW
i

, the expected and observed fa2, fa3, fL1, and f
Zg
L1

likelihood scans are shown in Fig. 8. Significant interference effects for negative values of fa2,
around �0.25, and positive values of fL1, around 0.5, are evident. Relatively large changes in
the signal shape with respect to the SM are predicted at these values. Also evident are narrow
minima around fai = 0. The anomalous coupling terms in Eq. (1) have a q

2
i

dependence, which
can be larger at the VBF/VH production vertex than at the Higgs decay vertex. This causes the
cross section and the shape of the VBF/VH signal hypothesis to change rapidly with fai. For
f

Zg
L1 , there are no anomalous effects at the Higgs decay vertex and so the only structure present

is the narrow minimum related to the VBF/VH production vertex. The axis scales are varied
to improve the visibility of important features for fa2 and fL1. For Approach 2, where the SU(2)
x U(1) coupling relationships from Eqs. (2–6) are adopted, the expected and observed fa2, fa3
and fL1 likelihood scans are shown in Fig. 9. The results are shown for each fai separately with
the other two fai either fixed to zero or left floating in the fit. The measured values of the signal
strength parameters correspond to µEW = 0.9+0.19

�0.24 and µggH = 0.9+0.38
�0.20 when all parameters

float simultaneously. It is notable that the observed �2D lnL profile values are generally lower
than expected. This is consistent with a downward statistical fluctuation in the number of VBF
and VH events. The lowest µEW value measured is 0.82 for the Approach 1 fa3 fit which can
be compared with the highest value of 0.97 for the corresponding fL1 fit. In each case, the
uncertainty in µEW is about 20% and as such all fitted values are consistent with both the SM
and each other. More generally, all anomalous HVV coupling parameter measurements are
consistent with the expectations for the SM Higgs boson. The p-value compatibility of the full
Approach 2 fit, where all signal parameters float simultaneously, with the SM is 91%. A sum-
mary of constraints on the anomalous HVV coupling parameters with the best fit values and
allowed 68% and 95% CL intervals are shown in Table 7. The most stringent constraints on the
HVV anomalous coupling cross section fractions are at the per mille level. Some constraints
are less stringent than expected due to the fitted values of µEW being lower than the SM expec-
tation. The observed correlation coefficients between HVV anomalous coupling cross section
fractions and signal strength modifiers are displayed in Fig. 10.

For the SMEFT Higgs basis interpretation, the expected and observed constraints on the dcz,
cz⇤, czz, and c̃zz coupling parameters are shown in Fig. 11. Table 8 presents a summary of
the constraints on the couplings whereas Fig. 10 reports the observed correlation coefficients
between them. For the Warsaw basis interpretation, the expected and observed constraints on
the cH⇤, cHD, cHW, cHWB, cHB, cHW̃, cHW̃B, and cHB̃ coupling parameters are presented in Table 9.
To cover all the Warsaw basis coupling parameters, three independent fits to the data were
performed with a different choice of four independent couplings in each. A summary of the
constraints on the SMEFT Higgs and Warsaw basis coupling parameters is presented in Fig. 12.

Finally, the expected and observed f
ggH
a3 likelihood scans are shown in Fig. 13. The result is

consistent with the expectation for a SM Higgs boson. Excluding the effect of the CP-odd
HVV anomalous coupling, by fixing fa3 to zero, has a negligible effect. For | f

ggH
a3 | approaching

unity, the observed �2D lnL profile values are larger than expected. This is consistent with
downward statistical fluctuations in the data for a couple of bins where sensitivity to the a3
Hgg coupling contribution is enhanced (Fig. 7 left). The constraint on the anomalous Hgg
coupling parameter with the best fit value and allowed 68% CL interval is shown in Table 7.
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Figure 8: Expected (dashed) and observed (solid) profiled likelihood on fa2 (upper left), fL1
(upper right), fa3 (lower left), and f

Zg
L1 (lower right) using Approach 1. In each case, the signal

strength modifiers are treated as free parameters. The dashed horizontal lines show the 68 and
95% CL regions. Axis scales are varied for fa2 and fL1 to improve the visibility of important
features.
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Figure 9: Expected (dashed) and observed (solid) profiled likelihood on fa2 (upper left), fL1
(upper right) and fa3 (bottom) using Approach 2. The other two anomalous coupling cross
section fractions are either fixed to zero (blue) or left floating in the fit (red). In each case, the
signal strength modifiers are treated as free parameters. The dashed horizontal lines show
the 68 and 95% CL regions. Axis scales are varied for fa2 and fL1 to improve the visibility of
important features.

11 Summary
This paper presents a study of the anomalous couplings of the Higgs boson (H) with vector
bosons, including CP violating effects, using its associated production with hadronic jets in
gluon fusion, electroweak vector boson fusion, and associated production with a W or Z bo-
son, and its subsequent decay to a pair of W bosons. The results are based on the proton-proton
collision data set collected by the CMS detector at the LHC during 2016–2018, corresponding to
an integrated luminosity of 138 fb�1 at a center-of-mass energy of 13 TeV. The analysis targets
the different-flavor dilepton (eµ) final state, with kinematic information from associated jets
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Table 7: Summary of constraints on the anomalous HVV and Hgg coupling parameters with
the best fit values and allowed 68 and 95% CL (in square brackets) intervals. For Approach 1,
each fai is studied independently. For Approach 2, each fai is shown separately with the other
two cross section fractions either fixed to zero or left floating in the fit. In each case, the signal
strength modifiers are treated as free parameters.

Analysis fai Observed (⇥10�3) Expected (⇥10�3)

HVV

8
>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>:

fa2

best fit 0.5 0.0

Approach 1

68% CL [�0.8, 3.5] [�1.4, 1.3]
95% CL [�5.7, 12.0] [�5.2, 6.1]

fa3

best fit 0.9 0.0
68% CL [�2.7, 4.1] [�0.7, 0.7]
95% CL [�553.0, 561.0] [�2.8, 2.9]

fL1

best fit �0.2 0.0
68% CL [�0.5, 0.0] [�0.2, 0.5]
95% CL [�1.4, 0.7] [�0.6,1.4]

f
Zg
L1

best fit 3.0 0.0
68% CL [�11.0, 9.1] [�5.0, 3.8]
95% CL [�55.0, 42.0] [�14.0, 11.0]

HVV

8
>>>>>>>>>>><

>>>>>>>>>>>:

fa2

best fit 38.0 0.0

Approach 2

68% CL [�112.2, 129.3] [�30.9,37.5]

(Fix others)

95% CL [�376.6, 430.0][[�989.2, �826.3] [�126.1,136.8]

fa3

best fit 0.8 0.0
68% CL [�0.8, 3.5] [�0.8,1.1]
95% CL [�7.6, 58.8] [�3.4,4.3]

fL1

best fit �0.15 0.0
68% CL [�1.21, 0.16] [�0.4,0.4]
95% CL [�19.5, 118.5][[909.9, 964.1] [�1.7,18.9]

HVV

8
>>>>>>>>>>><

>>>>>>>>>>>:

fa2

best fit �1.0 0.0

Approach 2

68% CL [�104.1, 139.9] [�31.1,39.8]

(Float others)

95% CL [�986.4, 981.2] [�127.5,148.7]

fa3

best fit 0.34 0.0
68% CL [�0.69, 3.4] [�1.0,1.2]
95% CL [�201.3, 361.5] [�4.3,5.3]

fL1

best fit �0.1 0.0
68% CL [�1.08, 3.78][[7.2, 20.7] [�0.4,0.9]
95% CL [�994.8, 993.9] [�1.9,21.4]

Hgg

(

f
ggH
a3

best fit �34 0
68% CL [�721, 383] [�1000, 1000]
95% CL [�1000, 1000] [�1000, 1000]
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Figure 10: The observed correlation coefficients between HVV anomalous coupling cross sec-
tion fractions and signal strength modifiers (left) and between SMEFT Higgs basis coupling
parameters (right).

Table 8: Summary of constraints on the SMEFT Higgs basis coupling parameters with the best
fit values and 68% CL uncertainties. All four couplings are studied simultaneously.

Coupling Observed Expected

dcz �0.06+0.09
�0.16 0.00+0.08

�0.10

cz⇤ 0.01+0.02
�0.06 0.00+0.02

�0.02

czz 0.03+0.30
�0.52 0.00+0.23

�0.29

c̃zz �0.17+0.42
�0.30 0.00+0.29

�0.32

Table 9: Summary of constraints on the SMEFT Warsaw basis coupling parameters with the
best fit values and 68% CL uncertainties. Only one of cHW , cHWB, and cHB is independent, the
same is also true for cHW̃, cHW̃B, and cHB̃. Three independent fits to the data were performed
with a different choice of four independent couplings in each.

Coupling Observed Expected

cH⇤ �0.76+1.43
�3.43 0.00+1.37

�1.84

cHD �0.12+0.93
�0.32 0.00+0.43

�0.30

cHW 0.08+0.43
�0.87 0.00+0.37

�0.48

cHWB 0.17+0.88
�1.79 0.00+0.77

�0.96

cHB 0.03+0.13
�0.26 0.00+0.11

�0.14

cHW̃ �0.26+0.67
�0.50 0.00+0.48

�0.52

cHW̃B �0.54+1.37
�1.03 0.00+0.99

�1.07

cHB̃ �0.08+0.20
�0.15 0.00+0.15

�0.16

combined using matrix element techniques to increase sensitivity to anomalous effects at the
production vertex. Dedicated Monte Carlo simulation and matrix element reweighting pro-
vide modeling of all kinematic features in the production and decay of the Higgs boson with
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Figure 11: Expected (dashed) and observed (solid) profiled likelihood on the dcz (upper left),
cz⇤ (upper right), czz (lower left), and c̃zz (lower right) couplings of the SMEFT Higgs basis. All
four couplings are studied simultaneously. The dashed horizontal lines show the 68 and 95%
CL regions.

full simulation of detector effects. A simultaneous measurement of four Higgs boson couplings
to electroweak vector bosons has been performed in the framework of a standard model effec-
tive field theory. All measurements are consistent with the expectations for the standard model
Higgs boson and constraints are set on the fractional contribution of the anomalous couplings
to the Higgs boson cross section. The most stringent constraints on the HVV anomalous cou-
pling cross section fractions are at the per mille level. These results are in agreement with those
obtained in the H ! ZZ and H ! tt channels, and also significantly surpass those of the
previous H ! WW anomalous coupling analysis from the CMS experiment in both scope and
precision.



29
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Parameter value
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zzc
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Best fit   68% CL
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-0.17      [-0.47, 0.25]
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-0.76      [-4.19, 0.67]

-0.12      [-0.44, 0.81]

0.08       [-0.79, 0.51]

0.17       [-1.62, 1.05]

0.03       [-0.23, 0.16]

-0.26      [-0.76, 0.41]

-0.54      [-1.57, 0.83]

-0.08      [-0.23, 0.12]

Figure 12: Summary of constraints on the SMEFT Higgs (left) and Warsaw (right) basis cou-
pling parameters with the best fit values and 68% CL uncertainties. For the Warsaw basis, only
one of cHW , cHWB, and cHB is independent, the same is also true for cHW̃, cHW̃B, and cHB̃.

Figure 13: Expected (dashed) and observed (solid) profiled likelihood on f
ggH
a3 . The signal

strength modifiers and the CP-odd HVV anomalous coupling cross section fraction are treated
as free parameters. The crossing of the observed likelihood with the dashed horizontal line
shows the observed 68% CL region.
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G. Abbiendia , C. Battilanaa,b , D. Bonacorsia,b , L. Borgonovia , R. Campaninia,b ,
P. Capiluppia,b , A. Castroa,b , F.R. Cavalloa , M. Cuffiania,b , G.M. Dallavallea ,
T. Diotalevia,b , F. Fabbria , A. Fanfania,b , D. Fasanellaa,b , P. Giacomellia ,
L. Giommia,b , C. Grandia , L. Guiduccia,b , S. Lo Meoa,48 , L. Lunertia,b ,
G. Masettia , F.L. Navarriaa,b , A. Perrottaa , F. Primaveraa,b , A.M. Rossia,b ,
T. Rovellia,b , G.P. Sirolia,b

INFN Sezione di Cataniaa, Università di Cataniab, Catania, Italy
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J. Vazquez Escobar , C. Willmott

Universidad Autónoma de Madrid, Madrid, Spain
J.F. de Trocóniz

Universidad de Oviedo, Instituto Universitario de Ciencias y Tecnologı́as Espaciales de
Asturias (ICTEA), Oviedo, Spain
B. Alvarez Gonzalez , J. Cuevas , J. Fernandez Menendez , S. Folgueras , I. Gonza-
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