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Studies of on-shell and off-shell Higgs boson production in the four-lepton final state are presented,
using data from the CMS experiment at the LHC that correspond to an integrated luminosity of 80.2 tb~! at
a center-of-mass energy of 13 TeV. Joint constraints are set on the Higgs boson total width and parameters
that express its anomalous couplings to two electroweak vector bosons. These results are combined with
those obtained from the data collected at center-of-mass energies of 7 and 8 TeV, corresponding to
integrated luminosities of 5.1 and 19.7 fb~!, respectively. Kinematic information from the decay particles
and the associated jets are combined using matrix element techniques to identify the production mechanism
and to increase sensitivity to the Higgs boson couplings in both production and decay. The constraints on
anomalous HVV couplings are found to be consistent with the standard model expectation in both the on-
shell and off-shell regions. Under the assumption of a coupling structure similar to that in the standard
model, the Higgs boson width is constrained to be 3.273% MeV while the expected constraint based on

simulation is 4.1‘:2"8 MeV. The constraints on the width remain similar with the inclusion of the tested

anomalous HVV interactions.
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I. INTRODUCTION

The standard model (SM) of particle physics postulates
the existence of a Higgs field responsible for the generation
of the masses of fundamental particles. The excitation of
this field is known as the Higgs boson (H) [1-7]. The
observation of an H boson with a mass of around 125 GeV
by the ATLAS and CMS Collaborations [8—10] is con-
sistent with the expectations of the SM, but further tests of
the properties of this particle, such as its width and the
structure of its couplings to the known SM particles, are
needed to determine its nature.

The CMS and ATLAS experiments have set constraints
of 'y < 13 MeV at 95% confidence level (C.L.) on the H
boson total width [11-15] using the off-shell production
method [16—18], which relies on the relative measurement
of off-shell and on-shell production. The upper bound on
I'y was set considering the gluon fusion and electroweak
(EW) production mechanisms in the analysis. The precision
on I'y from on-shell measurements of the width of the
resonance peak alone is approximately 1 GeV [19-21],
which is significantly worse than the result from the
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off-shell method. The constraint on the H boson lifetime
is equivalent to a lower bound on the width and was derived
from the flight distance in the CMS detector as ['y >
3.5 x 107 MeV at 95% C.L. [13]. The SM expectation of
the width of the H boson is around 4 MeV [22].

The CMS [13,23-27] and ATLAS [28-33] experiments
have set constraints on the spin-parity properties and
anomalous couplings of the H boson, finding its quantum
numbers to be consistent with J°¢ = 0*, but allowing
small anomalous couplings to two EW gauge bosons
(anomalous HVV couplings). Off-shell signal production
may be enhanced in the presence of these anomalous HVV
couplings [11,13,22,34-36]. As aresult, the measurement of
'y using the off-shell technique may be affected by these
deviations of the H boson couplings from the SM expect-
ations. An attempt to measure [’y using the off-shell
technique while including anomalous HVV interactions
has been made by the CMS experiment [13]. In that previous
study, constraints are placed on I'y; and the on-shell cross-
section fraction f,, that expresses an anomalous coupling
contribution sensitive to the invariant mass of the H boson,
using a realistic treatment of interference between the H
boson signal and the continuum background. Extending the
application of the off-shell technique to a wider range of
anomalous HV'V contributions, studied previously using on-
shell H boson production [27], is the goal of this paper.

The presented investigation on the H boson width targets
both gluon fusion and EW production mechanisms and
tests the effects of possible anomalous HVV couplings in
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either production or decay. Nevertheless, it still relies on the
knowledge of coupling ratios between the off-shell and on-
shell production, the dominance of the top quark loop in the
gluon fusion production mechanism, and the absence of
new particle contributions in the loop. A violation of the last
assumption by itself would be a manifestation of physics
beyond the SM (BSM), which may become evident if the
measured width deviates from the SM expectation. The
measured width may also deviate from the SM expectation
if the H boson has new BSM decay channels or the known
channels have non-SM rates. Therefore, the measurement
of the width complements the search for H boson decay to
invisible or undetected particles, and the measurement of
the H boson couplings to the known SM particles.

The data sample used in this analysis corresponds to
integrated luminosities of 35.9 fb~! collected in 2016 and
41.5 tb~! collected in 2017 during Run 2 of the CERN
LHC at a center-of-mass energy of 13 TeV. These results
are combined with results obtained earlier from the data
collected at center-of-mass energies of 7 TeV (in 2011),
8 TeV (in 2012), and 13 TeV (in 2015), corresponding to
integrated luminosities of 5.1, 19.7, and 2.7 fb~!, respec-
tively [25,27]. The increase in either energy and integrated
luminosity leads to substantial improvement in the pre-
cision of the width measurement using the off-shell
technique, either under the assumption of SM couplings
or with BSM effects.

This analysis follows closely the general H — 47
(Ieptons # = e or u) selection and reconstruction docu-
mented in Ref. [21] using the data collected in 2016, and
the on-shell study of anomalous HVV couplings with the
combined 2015 and 2016 data set in Ref. [27]. Many of the
technical details of the search for a scalar resonance X —
ZZ athigh mass in Run 2 data, documented in Ref. [37], are
also shared in the analyses presented here. The rest of the
paper is organized as follows. The phenomenology of
anomalous HV'V interactions is discussed in Sec. II. The
CMS detector, reconstruction techniques, and Monte Carlo
(MC) simulation methods are introduced in Sec. III. The
addition of the 2017 data to that used in Refs. [21,27], and
the relevant differences in the detector and reconstruction
techniques are also discussed in this section. The details of
the analysis are discussed in Secs. IV and V, and the results
are presented in Sec. VI. We provide a summary of these
results in Sec. VIIL

II. PHENOMENOLOGY OF ANOMALOUS HVV
INTERACTIONS

The constraints on 'y are set using the off-shell
production method, which considers the H boson produc-
tion relationship between the on-shell (105 < my, <
140 GeV) and off-shell (my, > 220 GeV) regions.
Denoting each production mechanism with vo - H —
VV — 4¢ for the H boson coupling to either strong
(vv=gg) or EW (vv = WW,ZZ,Zy,yy) vector bosons

in its production, the on-shell and off-shell H boson signal
yields are related by [16]

on-shell off-shell
oo gy X Moy and o) T o py Uy, (1)

where p,,y is defined as the on-shell signal strength, the
ratio of the observed number of on-shell four-lepton events
relative to the SM expectation. This ratio is interpreted as
either 5 for H boson production via gluon fusion (ggH) or
in association with a 7 (ffH) or bb pair (bbH), or py, for H
boson production via vector boson fusion (VBF) or in
association with an EW vector boson W or Z (VH). There
is sizable interference between the H boson signal and the
continuum background in the off-shell region [17], contrary
to on-shell production, and this formalism scales the
interference contribution with /u,, g1 y.

This analysis is based on a phenomenological framework
[22,38-59] that describes the anomalous couplings of a
Higgs-like boson to two gauge bosons, such as WW, ZZ,
Zy,yy, and gg. These couplings appear in either the
production of the H boson or its decay, regardless of
the my, region in which the H boson is produced. The
relationship in Eq. (1) is therefore meant to imply con-
current variations in vvH couplings in both on-shell and
off-shell regions. The coupling of the H boson to two
gluons is assumed to be as in the SM, via quark loops with
Yukawa couplings to quarks, where the contribution from
the top-quark is dominant. This assumption is valid as long
as the production is dominated by the top-quark loop and
no new particles contribute to this loop. The Yukawa
couplings also appear in direct interactions with fermion-
antifermion pairs, such as in t7H and bbH productions.
These interactions are of less importance in this study, since
they are highly suppressed at high off-shell mass, but they
are included in the analysis of the on-shell H boson
production with similar assumptions as in the case of
production via gluon fusion. Variation of the HVV cou-
plings, in either the VBF or VH productions, or the H —
4¢ decay, are allowed to depend on anomalous coupling
contributions.

In the following, we assume that the H boson couples to
two gauge bosons VV, such as WW, ZZ, Zy or yy, which in
turn couple to fermions, either four leptons in H boson
decay, or quarks or leptons in its production or in the decay
of associated EW bosons. It is assumed that the H boson
does not couple to fermions through a new heavy state,
generating a so-called contact interaction [57,58].
However, the inclusion of amplitude terms pertaining to
contact interactions is equivalent to the anomalous HVV
couplings already tested [25] under the assumption of
flavor universality in V ff couplings. Both approaches test
three general tensor structures allowed by Lorentz sym-
metry, with form factors F;(g?, ¢3) in front of each term,
where ¢, and g, are the four-momenta of the two difermion
states, such as (e*e”) and (u*u~) inthe H — ete putu~
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decay, and equivalent states in production. We also fix all
lepton and quark couplings to vector bosons according to
SM expectations. Relaxing this requirement would make it
equivalent to flavor nonuniversal couplings of the contact
terms, but would also introduce too many unconstrained
parameters, which cannot be tested with the present data
sample. Only the lowest order operators, or lowest order
terms in the (g7/A*) form-factor expansion, are tested,
where A is the energy scale of new physics.

The signal scattering amplitude describing the interac-
tion between a spin-zero H boson and two spin-one gauge
bosons V'V is written as [54]

VV 2 2
+xyVq (q1 + q2)? .
A~ “i/v_ (AVV)2 - ( 7)2 mi/iemevz
1
+ayV il o g ayV fl) e (2)

In this expression of the scattering amplitude, ¢; is the
polarization vector of gauge boson V;, f()# = ¢g¥ — ev g/
is a scalar tensor constructed from this polarization vector
and the momentum of the gauge boson, and ]‘f,’y) =

%ﬁw,m e is the pseudoscalar tensor counterpart. When
at least one of the gauge bosons V is massive, my, is the
pole mass of that gauge boson. The scales of BSM physics
are denoted with A; and Ap, so a;"V, or 1/A; and 1/A,,
become the coupling-strength modifiers of the relevant
HVV amplitudes, where @;"V may in general be any
complex number, and |k} 23| =0 or 1 are complex num-
bers. Under the assumption that the couplings are constant
and real, the above formulation is equivalent to an effective
Lagrangian notation. Therefore, in this paper, the real
coupling constants are tested. The above approach allows
a sufficiently general test of the H — 47 kinematics in
decay and equivalent kinematics in production, as dis-
cussed below, including production and decay of virtual
intermediate photons. If deviations from the SM are
detected, a more detailed study of F;(¢3,4¢3) could be
performed, eventually providing a measurement of the
double-differential cross section for each tensor structure
tested.

In the above, the only leading tree-level contributions are
af? # 0 and a}"V # 0, and in the following we assume the
custodial symmetry a?* = a{'". The rest of the couplings
are considered anomalous contributions, which are either
tiny contributions arising in the SM due to loop effects or
new BSM contributions. The SM loop contributions are not
accessible experimentally with the available data. Among
anomalous contributions, considerations of symmetry and
gauge invariance require k7% = k5% = — exp(lgb%) K=
K =0, k9 =x¥ =0, &7 =0, and 5 = —exp(i,).
While not strictly required the same symmetry is consid-

ered in the WW case k' = kW = —exp(igp}}").

Neither HZy nor Hyy couplings produce a sizable off-
shell enhancement, since there is no interplay between the
vector bosons or the H boson going off-shell, and there is
no off-shell threshold for these couplings. Therefore, off-
shell treatment for these couplings can be ignored. While
the a3" and a/; terms are tested in the Run 1 analysis [25],
the precision of those constraints is still not competitive
with the on-shell photon measurements in H — Zy and yy.
Therefore, we omit those measurements in this paper. The
Afy coupling, on the other hand, can only be observed with
off-shell photons decaying to a pair of fermions, so it is
considered in the on-shell analysis. The A, term depends
only on the invariant mass of the H boson, so its
contribution is not distinguishable from the SM in the
on-shell region and is only testable through the off-shell
region. Tight constraints are already set on this parameter in
the Run 1 analysis [13], so it is also not considered in
this paper.

In the following, the ZZ labels for the ZZ interactions are
omitted, and we use a generic notation a; to denote as, a,,

1/A, and 1/ A%y, which are the four couplings tested in
this paper as listed in Table I. Furthermore, the WW
measurements are integrated into the ZZ measurements
assuming a?? = a"V. The HWW contributions appear in
the VBF and WH productions. This assumption does not
affect the kinematic analysis of events because there is very
little difference in kinematic distributions in events initiated
by either WW or ZZ fusion. However, this assumption may
affect the interpretation of the results should a different
relationship between a#Z and a!"" be assumed. Therefore,
such a scenario is drscussed in more detail below by
introducing the parameter r,;, following Ref. [25], as

" fa”

a;/a,

3)

Tai =

Including the parameter r,; in the probability parametriza-
tion despite the lack of sensitivity of the data would
introduce complexity without a comparable gain in physics
content. We proceed with the analysis assuming r,; = 1,

TABLEI. List of the anomalous HV'V couplings considered in
the measurements assuming a spin-zero H boson. The definition
of the effective fractions f,; is discussed in the text and the
translation constants are the cross-section ratios corresponding to
the processes H — 2e¢2u with the H boson mass my = 125 GeV
and calculated using JHUGEN [47,50,54].

Anomalous Coupling Effective

coupling phase fraction Translation constant

as ¢a3 faS 4] /53 =6.53

a ¢a2 fa2 01/02 =277

Ay NI far 61/6a = 1.47 x 10* Tev—
AT Zr 2 5 )55 = 5.80 x 103 TeV—
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but point out below how results could be reinterpreted
should a different value be assumed.

Most systematic uncertainties cancel when taking ratios
to the total cross section, so measurements of «; relative to
the dominant SM-like contribution a; are the preferred
approach. For this purpose, the effective fractional ZZ cross
sections f,; and phases ¢,; are defined as

|ai|26i

a Zj:1,2,3.‘.|aj|201"

s — arg (—) 4

where o; is the cross section for the process corresponding
to a; = 1, aj,; = 0, while 6, is the effective cross section
for the process corresponding to A; =1 TeV, given in
units of fbTeV*. The cross-section ratios are quoted in
Table 1. The a;/a; ratios can be obtained from the ratio
fai/ fa1» the cross-section ratios, and the phase ¢,; as

a4 _ (fai% i, (5)
ap Sa1 0

The effective fractions f,; are bounded between 0 and 1
and do not depend on the coupling convention. In most
cases, uncertainties on these measurements scale with

integrated luminosity as 1/+/£ until effects of interference
become important. Furthermore, the values of f,; have a
simple interpretation as the fractional size of the BSM
contribution for the H — 2¢2u decay. For example, f,; = 0
indicates a pure SM-like H boson, f,; =1 gives a pure
BSM particle, and f,; = 0.5 means that the two couplings
contribute equally to the H — 2e2u process.

As mentioned above in application to Eq. (3), the

measurement of f, is performed under the r, =1
i
1

fai

assumption. Let us denote this to be an effective feI.
Without such an assumption, there is a certain dependence
of f,; on r,; and f°If, such that f,; = fCf for r,; = 1. This
dependence is different for different processes, such as
VBEF production or H — 4¢ decay, where the latter case is
in fact independent of r,,; because the HWW coupling does
not affect this decay process. In the former case, let us
consider the relative contributions of WW and ZZ fusion
on-shell. For example, the ratio of VBF cross sections
driven by WW and ZZ fusion is 6}V /6% = 2.59 for the
SM tree-level couplings under custodial symmetry a}'" =
af? at 13 TeV pp collision energy. The same ratio for the
CP-odd couplings is oy" /6%? = 3.15, where o}" are
calculated for a}V = a%%. The dependence of f,; on r
and f°f, as measured in the VBF process, becomes

fai =1+ (/S = 1) (6 + rii0]™V) (677 + 0]V,
(6)

where custodial symmetry a}"" = af# is assumed and the

effects of interference between WW and ZZ fusion are
negligible and are therefore ignored.

All of the above discussion, including Eq. (2), describes
the production of a resonance via gluon fusion, VBF with
associated jets, or associated production with an EW vector
boson, VH. These mechanisms, along with the ffH and
bbH production, are considered in the analysis of the spin-
zero hypothesis of the H boson, where the gluon fusion
production is expected to dominate. It is possible to study
HVYV interactions using the kinematics of particles pro-
duced in association with the H boson, such as VBF jets or
vector boson daughters in VH production, as we show
below. More details can be found in, e.g., Ref. [54] and the
experimental application in Refs. [26,27]. While the ¢?
range in the HV'V process does not exceed approximately
100 GeV because of the kinematic bound, no such bound
exists in the associated production, so consideration of
more restricted g? ranges might be required [54]. However,
we only consider that the g7 range is not restricted in the
allowed phase space.

III. THE CMS DETECTOR, SIMULATION,
AND RECONSTRUCTION

The H — 4¢ decay candidates are reconstructed in the
CMS detector [60]. The CMS detector is comprised of a
silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter (ECAL), and a brass/scintilla-
tor hadron calorimeter, each composed of a barrel and two
end cap sections, all within a superconducting solenoid of
6m internal diameter, providing a magnetic field of 3.8 T.
Extensive forward calorimetry complements the coverage
provided by the barrel and end cap detectors. Outside the
solenoid are the gas-ionization detectors for muon mea-
surements, which are embedded in the steel flux-return
yoke. A detailed description of the CMS detector, together
with a definition of the coordinate system used and the
relevant kinematic variables, can be found in Ref. [60].

The JHUGEN 7.0.2 [47,50,54,59] Monte Carlo (MC)
program is used to simulate anomalous couplings in the H
boson production and H — ZZ/Zy*/y*y* — 4¢ decay.
The gluon fusion production is simulated with the
POWHEG 2 [61-65] event generator at next-to-leading order
(NLO) in QCD, and simulation with the MINLO [66]
program at NLO in QCD is used for evaluation of
systematic uncertainties related to modeling of two asso-
ciated jets. The kinematics of events produced in gluon
fusion with two associated jets are also modified by
anomalous Hgg couplings. These effects are studied using
JHUGEN, and it is found that the kinematic distributions
relevant for this analysis are not affected significantly.

The production of the H boson through VBE, in
association with a W or Z boson, or with a 7 pair, is
simulated using both JHUGEN at LO in QCD and POWHEG
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at NLO in QCD. Production in association with a bb pair is
simulated only at LO in QCD via JHUGEN. In the VBF,
VH, and rtH production modes, the JHUGEN and POWHEG
simulations are explicitly compared after parton showering
in the SM case, and no significant differences are found in
kinematic observables. Therefore, the JHUGEN simulation
is adopted to describe kinematics in the VBF, VH, and tH
production modes with anomalous couplings in the on-
shell region, with expected yields taken from the POWHEG
simulation. The POWHEG program is used to simulate wide
resonances at masses ranging from 115 GeV to 3 TeV,
produced in gluon fusion, VBF, or VH. The events from the
POWHEG simulation are later reweighted using the package
for the matrix element likelihood approach (MELA)
[9,47,50,54,59] to model off-shell H boson production
distributions, as discussed below.

The g9 — ZZ/Zy* — 4¢ background process is simu-
lated with mMcem 7.0.1 [18,67-69]. The vector boson
scattering and triple-gauge-boson (VVV) backgrounds are
obtained by reweighting the POWHEG simulation with the
matrix elements provided by the MELA package using the
MCFEM and JHUGEN matrix elements, and the reweighted
simulation is checked against the predictions of the
PHANTOM 1.3 [70] simulation. Both the MCEM and
PHANTOM generators allow one to model the H boson
signal, background, and their interference in the off-shell
production. However, they do not allow modeling of the
anomalous interactions considered in this analysis.
Therefore, a combined program has been developed for
both gluon fusion and VBF with triple-gauge-boson pro-
duction based on the modeling of signal and background
scattering amplitudes from MCFM and anomalous contribu-
tions in the signal scattering amplitude from JHUGEN. This
program is included within the JHUGEN and MELA pack-
ages, as detailed in Ref. [22]. A large number of MC events
with anomalous couplings in the signal and their interfer-
ence with background have been generated with these
packages. The simulated events also include alternative
weights to model various anomalous couplings in the signal.

In the gluon fusion process, the factorization and renorm-
alization scales are chosen to be running as m4,/2. In order
to include higher-order QCD corrections, LO, NLO, and
next-to-NLO (NNLO) signal cross-section calculations are
performed using the MCEM and HNNLO 2 programs [71-73]
for a wide range of masses using a narrow width approxi-
mation. The ratios between the NNLO and LO values
(NNLO K factors) are used to reweight [22] the my,
distributions from the MCFM and JHUGEN simulation at
LOin QCD, and a uniform factor of 1.10 across all of the 14,
range is applied to normalize the cross section of the H
boson production via gluon fusion to the predictions for
mypy ~ 125 GeV at next-to-NNLO (N3LO) in QCD [22].
The simulated my, shapes or yields obtained from the
POWHEG simulation of the gluon fusion process are corrected
based on the above reweighted distributions. While the

NNLO K factor calculation is directly applicable to the
signal contribution, it is approximate for the background and
its interference with the signal. The NLO calculation with
some approximations [74—77] is available for the back-
ground and interference. Comparison with this calculation
shows that while there is some increase of the NLO K factor
for the interference close to the ZZ threshold, the NLO K
factors for the background and interference are consistent
with the signal within approximately 10% in the mass range
my, > 220 GeV relevant for this analysis. We therefore
multiply the background and interference contributions by
the same NNLO K factor and uniform N3LO correction,
both calculated for signal and including associated uncer-
tainties, and introduce an additional unit factor with a 10%
uncertainty for the background and the square root of this
factor for the interference.

The MELA package contains a library of matrix elements
from JHUGEN and MCFM for the signal, and MCEM for the
background, and is used to apply weights to events in any
MC sample to model any other set of anomalous or SM
couplings in either on-shell or off-shell production. This
matrix element library also allows reweighting of the signal
POWHEG simulation of the wide resonances at NLO in QCD
in either gluon fusion, VBF, or triple-gauge-boson produc-
tion to model the signal, background, or their interference.

The main background in this analysis, gg - ZZ/Zy* —
47, is estimated from simulation with POWHEG. A fully
differential cross section has been computed at NNLO in
QCD [78], but it is not yet available in a partonic level event
generator. Therefore the NNLO/NLO QCD correction is
applied as a function of my,. Additional NLO EW
corrections are also applied to this background process
in the region my, > 2my [79,80]. The parton distribution
functions (PDFs) used in this paper belong to the NNPDF
3.0 PDF sets [81]. All MC samples are interfaced to PYTHIA
8 [82] for parton showering, using version 8.212 for the
simulation of the 2016 data period and 8.230 for the
simulation of the 2017 data period. Simulated events
include the contribution from additional pp interactions
within the same or adjacent bunch crossings (pileup), and
are weighted to reproduce the observed pileup distribution.
The MC samples are further processed through a dedicated
simulation of the CMS detector based on GEANT4 [83].

The selection of 47 events and associated particles closely
follows the methods used in the analyses of the Run 1 [24]
and Run 2 [21] data sets. The main triggers for the Run 2
analysis select either a pair of electrons or muons, or an
electron and a muon. The minimal transverse momentum of
the leading electron (muon) is 23 (17) GeV, while that of the
subleading lepton is 12 (8) GeV. To maximize the signal
acceptance, triggers requiring three leptons with lower pr
thresholds and no isolation requirement are also used, as are
isolated single-electron and single-muon triggers with
thresholds of 27 and 22 GeV in 2016, or 35 and 27 GeV
in 2017, respectively. The overall trigger efficiency for
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simulated signal events that pass the full selection chain of
this analysis is larger than 99%. The trigger efficiency is
measured in data using a sample of 42 events collected by
the single-lepton triggers and is found to be consistent with
the expectation from simulation.

Event reconstruction is based on the particle-flow (PF)
algorithm [84], which exploits information from all the CMS
subdetectors to identify and reconstruct individual particles
in the event. The PF candidates are classified as charged
hadrons, neutral hadrons, photons, electrons, or muons, and
they are then used to build higher-level objects such as jets
and lepton isolation quantities. Electrons (muons) are
reconstructed within the geometrical acceptance defined
by a requirement on the pseudorapidity |n| < 2.5(2.4) for
transverse momentum p; > 7(5) GeV with an algorithm
that combines information from the ECAL (muon system)
and the tracker. A dedicated algorithm is used to collect the
final-state radiation (FSR) of leptons [21].

The reconstructed vertex with the largest value of summed
physics-object p2 is taken to be the primary pp interaction
vertex. The physics objects are the jets and the associated
missing transverse momentum, taken as the negative vector
sum of the pt of those jets. The jets are clustered using the
anti-kt jet finding algorithm [85,86] with a distance param-
eter of 0.4 and the associated tracks assigned to the vertex as
inputs. Jets must satisfy pp > 30 GeV and |n| < 4.7 and
must be separated from all selected lepton candidates and any
selected FSR photons with a requirement on the distance
parameter AR(Z/y,jet) > 0.4, where (AR)? = (A¢)*+
(An)?. For event categorization, jets are tagged as b-jets
using the Combined Secondary Vertex algorithm [87,88],
which combines information about impact parameter sig-
nificance, the secondary vertex, and jet kinematics.

Each lepton track is required to have the ratio of the
impact parameter in three dimensions, which is computed
with respect to the chosen primary vertex position, and its
uncertainty to be less than 4. To discriminate between
leptons from prompt Z boson decays and those arising from
hadron decays within jets, an isolation requirement for
leptons is imposed in the analysis of the 2016 data [21].
For electrons, the isolation variable is included as part of
the multivariate training inputs for electron identification
in 2017.

We consider three mutually exclusive channels: H — 4e,
4p, and 2e2u. At least two leptons are required to have
pr > 10 GeV, and at least one is required to have
pr > 20 GeV. All four pairs of oppositely charged leptons
that can be built with the four leptons are required to satisfy
merp- > 4 GeV regardless of lepton flavor. The Z candi-
dates are required to satisfy the condition 12 < m+,- <
120 GeV, where the invariant mass of at least one of the Z
candidates must be larger than 40 GeV. The region between
105 and 140 GeV in the four-lepton invariant mass m, is
identified as the on-shell region, and the region above
220 GeV is identified as the off-shell region.

Different sources of leptons such as the decays of heavy
flavor jets or light mesons may produce additional back-
ground to the H boson signal in any of these decay channels,
or the on-shell and off-shell regions. We denote this back-
ground collectively as the Z + X background, and employ a
data-driven method for its estimation and m,, dependence.
The lepton misidentification rates are first derived using
Z + 17 control regions with relaxed selection requirements
on the third lepton, and the extracted rates are then applied on
Z + 2¢ control regions, where the two additional leptons
with relaxed selection requirements have the same lepton
flavor but may have opposite charge [21,24].

IV. ANALYSIS TECHNIQUES AND
CATEGORIZATION OF EVENTS

The full kinematic information from each event using
either the H boson decay or associated particles in its
production is extracted using discriminants from matrix
element calculations. These discriminants use a complete
set of mass and angular input observables € [47,54,59] to
describe kinematics at LO in QCD. The py of either the
combined H boson and two-jet system for the production
discriminant (e.g., DVBY/VH), or the H boson itself for the
decay discriminants (e.g., D), or for their combination
(e.g., DVBF/VH+decy ig not included in the input observables.
This information is not used in the analysis of the H boson
width and anomalous couplings, as the p; of the overall
system is sensitive to QCD, parton shower, and underlying
event uncertainties.

The kinematic discriminants used in this study are
computed using the same MELA package that is utilized
in simulation. The signal includes both the four-
lepton decay kinematics in the processes H — ZZ/Zy*/
y'y* - 47, and kinematics of associated particles in
production H + jet, H + 2jets, VBF, WH, ZH, tiH,
tgH, or bbH. The background includes gg or gg —
ZZ]Zy*|y*y*]Z — 4¢ processes, and VBF or associated
production with a V boson of the ZZ system. Analytical
algorithms are available for the cross-checks of the four-
lepton kinematics in H decay and VH associated produc-
tion within the MELA framework and were adopted in the
previous CMS analyses [9,10,23].

Kinematic distributions of particles produced in the H
boson decay or in association with H boson production are
sensitive to the quantum numbers and anomalous couplings
of the H boson. In the 1 — 4 process of the H — 4f
decay, six observables fully characterize kinematics of the
decay products QI = {6,,0,, ®, m;, my, mys}, while
two other angles relate orientation of the decay frame with
respect to the production axis, QP = {0* @}, as
described in Ref. [47]. Moreover, two sets of observables,
Qassoc.VBF _ {QYBF’ QEIBF’ q)VBF’ q%VBF’ qZ,VBF} for the
VBF process and Q&seVH — (gVH gVH @VH o2VH

q%’VH } for the VH process, can also be defined in a similar
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FIG. 1.

Three topologies of the H boson production and decay: vector boson fusion gqg — VV(qq) - H(qq) — VV(qq) (left);

associated production gg — V — VH — (ff)H — (ff)VV (middle); and gluon fusion gg — H — VV — 47 (right) representing the
topology without associated particles. The incoming particles are shown in brown, the intermediate vector bosons and their fermion
daughters are shown in green, the H boson and its vector boson daughters are shown in red, and angles are shown in blue. In the first two
cases the production and decay H — V'V are followed by the same four-lepton decay shown in the third case. The angles are defined in

either the H or V boson rest frames [47,54].

way to Q9 for H boson associated production [54]. As a
result, 13 kinematic observables, illustrated in Fig. 1, are
defined for the 2 — 6 associated production process with
subsequent H boson decay to a four-fermion final state.
With up to 13 observables, €2, sensitive to the H boson
anomalous couplings in Eq. (2), it is a challenging task to
perform an optimal analysis in a multidimensional space of
observables. The MELA approach introduced earlier is
designed to reduce the number of observables to the
minimum while retaining all essential information. Two
types of discriminants were defined for either the produc-
tion or decay process, and we also combine them into a
joint discriminant for the full 2 — 6 process where relevant.
These types of discriminants are

7Dsig (Q)
Psig(g) + Pdlt(g)

D (Q) = (7)

and

D) =& )
2 Psig(Q)Palt(Q)

where the probability of a certain process P is calculated
using the full kinematics characterized by Q for the
processes denoted as ‘“‘sig” for a signal model and “alt”
for an alternative model, which could be an alternative H
boson production mechanism (used to categorize events),
background (to isolate signal), or an alternative H boson
coupling model (to measure coupling parameters). The “int”
label represents the interference between the two model
contributions. The probabilities P are calculated from the
matrix elements provided by the MELA package and 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 of the D, discriminants, and between

—1 and 1 of D;,;. One can apply the Neyman-Pearson lemma
to prove that the two discriminants in Eqgs. (7) and (8)
become the minimal and complete set of optimal observ-
ables for the purpose of separating the two processes “sig”
and “alt” while including their interference as well [54,59].

The selected events are split into three categories: VBF-
tagged, VH-tagged, and untagged. A set of discriminants
Dy 1s constructed, following Eq. (7), where Pg, corre-
sponds to the signal probability for the VBF (WH or ZH)
production hypothesis in the VBF-tagged (VH-tagged)
category, and Py, corresponds to that of H boson produc-
tion in association with two jets via gluon fusion. When
more than two jets pass the selection criteria, the two jets
with the highest p; are chosen for the matrix element
calculations. Thereby, the D, discriminants separate the
target production mode of each category from gluon fusion
production, in all cases using only the kinematics of the H
boson and two associated jets. Figure 2 illustrates these
discriminants, designed for the VBF or V H signal enhance-
ment in the a3 coupling analysis for a pseudoscalar
contribution. A selection based on the Dy, observable,
which utilizes information from the 4¢ decay kinematics
and invariant mass, and which is discussed in more detail
below, is applied in order to enhance the contribution of the
signal over the background.

The three on-shell and off-shell categories are summa-
rized in Tables II and III, and their sequential selection
criteria are as follows:

(1) VBF-tagged requires exactly four leptons, either two
or three jets of which at most one is b-quark flavor-
tagged, or more if none are b-tagged jets, and
DyF > 0.5 using either the SM or BSM signal
hypothesis for the VBF production.

(i) VH-tagged requires exactly four leptons, either two

or three jets, or more if none are b-tagged jets, and
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FIG.2. The distributions of events for max (DYEF, DYBF97) (left) and max (DY, D0~ pZH DZAO=y (right) in the on-shell region
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in the data from 2016 and 2017 from the analysis of the a3 coupling for a pseudoscalar contribution. The requirement Dy, > 0.5 is
applied in order to enhance the signal contribution over the background. The VBF signal under both the SM and pseudoscalar
hypotheses is enhanced in the region above 0.5 for the former variable, and the WH and ZH signals are similarly enhanced in the region

above 0.5 for the latter variable.

Dyl = max (D3, D5) > 0.5 using either the SM

or BSM signal hypothesis for the VH production.

(iii) Untagged consists of the remaining events.

The requirements on the number of b-tagged jets are
applied to reduce crossfeed from ¢fH production. Even
though VH cross sections are significantly lower with
respect to VBF for my, > 220 GeV, the VH cross section
becomes comparable to the VBF cross section in the
presence of anomalous couplings. Therefore, the off-shell
analysis also benefits from featuring the VH-tagged cat-
egory with hadronic decays of the associated V. In either
the on-shell or off-shell regions, events are not tagged for
the smaller VH contribution with leptonic V decays

TABLE 1L

explicitly, but this contribution is taken into account in
the simulation and parametrization of the VH process in the
three different categories. The expected and observed
numbers of events are listed in Table IV for the on-shell
region and Table V for the off-shell region.

In each category of events, typically three observables X
are defined following Eqs. (7) and (8), as summarized in
Tables II and III. In the on-shell region, except for the SM-
like analysis, these are X = {Dyyg, Dy Dinc}. The first
observable, Dbkg, is calculated differently in the three
tagged categories. In the untagged category, Ppy, is
calculated for the dominant g — 4¢ background process.
The signal and background probabilities include both the

Summary of the three production categories in the on-shell my, region. The selection requirements on the Dy

discriminants are quoted for each category, and further requirements can be found in the text. Two or three observables (abbreviated as
obs.) are listed for each analysis and for each category. All discriminants are calculated with the JHUGEN signal matrix elements and
MCFM background matrix elements. The discriminants Dy, in the tagged categories also include probabilities using associated jets and
decay in addition to the m,, probability. The VH interference discriminants in the hadronic VH-tagged categories are defined as the
simple average of the ones corresponding to the WH and ZH processes.

Category VBF-tagged VH-tagged Untagged

Selection D;gle-”tF or DX&F»BSM > 0.5 Dgg’eftf or Dg’g BSM - or Rest of events
DI or DEAPM > 0.5

SM obs. Mg, Dyt Hiee myz, Dy 4o maz, Dijy

as obs. Dbkg’ D(\)/EBFdeec’ DXEF Dbkg7 D(I)/fl+dec’ Dg;} Dbkga Dge_c, D((ije]g

a, obs. Dyyg» DYEF+dee DYBF Dyyg, DYH0ee, DY D Dy Dint

Al obs. Dbkga DX]]BFdeec’ ID(‘)/]?erdec Dbkg» DXI]-!deec’ D(\)/]Z_+dec Dbkg’ fD(/i\elc’ DSZC-I—

AIZ}' obs. Dbkg’ D/Z\yl,VBF+dec’ DX}EE-I—(IEC Dbkg’ D/Z\}I,VH+dec’ D(I)//ﬁ-I—dec Dbkg’ Diy{dec’ DSZCJF
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TABLE IIL

Summary of the three production categories in the oft-shell m,, region, listed in a similar manner, as

in Table II. All discriminants are calculated with the JHUGEN or MCFM/JHUGEN signal, and MCFM background
matrix elements. The VH interference discriminant in the SM-like analysis hadronic V H-tagged category is defined
as the simple average of the ones corresponding to the WH and ZH processes.

Category VBF-tagged VH-tagged Untagged

Selection ng‘;‘: or D%]:tF'BSM > 0.5 ng’ " or Dg’g BSM or Rest of events
DI or DEAPM > 05

SM obs. My, DBIkZFereCa D;’S?F+dec Mg, Dt\’/lg+dec’ DXSI;I+deC My, Dléiggy D_g_zi.dec

as obs. Mg, ng/kBgF+dec’ Ds’?F%—dec Mg, Dl‘)/lg+dec’ ID(\)/fI+dec Myy, Dlgi(r:g’ Dgic

a, obs. Mg, DlY}<BgF+deC’ DXI?+F+dec Mg, DXIZMCC’ D(\;}Zfrdec Myy, Dlg}(ng’ DSZ&

Al obs. My, Dt\)/kBqutdec’ DX]]3F+dec Mg, Dl‘)/lg+dec’ IDXTIerec Myy, Dl]ii(ny D;l\e]c

TABLE IV. The numbers of events expected in the SM (or f,; = 1 in parentheses) for the different signal and
background contributions and the total numbers of observed events are listed across the three a5 analysis categories
in the on-shell region for the combined 2016 and 2017 data set.

VBF-tagged V H-tagged Untagged
VBF signal 4.7 (3.4) 0.3 (0.2) 5.7 (0.8)
WH signal 0.3 (0.6) 0.7 (1.9) 2.1 (5.3)
ZH signal 0.2 (0.4) 0.5 (1.0) 1.5 (2.5)
VV background 0.2 0.1 0.5
gg signal 5.5 (5.8) 3.2 (3.3) 98.9 (98.4)
gg background 0.8 0.3 12.7
ftH signal 0.2 (0.2) 0.1 (0.1) 1.1 (1.2)
bbH signal 0.1 (0.1) 0.1 (0.1) 1.1 (1.1)
qq — 4¢ background 1.6 1.5 120.3
Z + X background 5.2 3.0 46.3
Total expected 18.8 (18.2) 9.7 (11.4) 290.3 (289.1)
Total observed 19 9 332

matrix element probability based on the four-lepton kin-
ematics and the my, probability parametrization extracted
from simulation of detector effects. The signal my, para-
metrization assumes my = 125 GeV. In the VBF-tagged

and VH-tagged categories, Py, and P
lepton kinematics and the my, probability parametrization,
but they also include kinematics of the two associated jets.
The Py, probability density represents the EW and QCD

sig include four-

TABLE V. The numbers of events expected in the SM-like analysis (or f,3 = 0 in the a5 analysis categorization,
divided with a vertical bar) for the different signal and background contributions and the total observed numbers of
events are listed across the three SM|a; analysis categories in the off-shell region for the combined 2016 and 2017
data set. The signal, background, and interference contributions are shown separately for the gluon fusion (gg) and
EW processes (VV) under the T'y; = I'$M assumption.

VBF-tagged VH-tagged Untagged
VV signal 1.0[1.2 0.3]0.3 3.3]3.1
VYV background 7.319.9 2.52.8 16.2|13.3
VV interference -1.8/-2.1 0.06/0.03 —2.4|-22
gg signal 1.0[1.6 0.8]1.0 20.3]19.5
gg background 10.4|16.4 8.7|10.4 245.9|238.1
gg interference -1.6] —2.6 -14|-1.6 —34.4| -33.0
qq — 4¢ background 15.8/33.5 27.8|31.2 992.0/970.8
Z + X background 24|64 2.813.3 45.4]40.8
Total expected 34.4164.8 41.6/47.5 1286.3|1251.0
Total observed 36(92 4651 1325]1264
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FIG. 3. The distributions of events in the on-shell region in the data from 2016 and 2017. The top row shows Dy, in the VBF-tagged

(left), VH-tagged (middle), and untagged (right) categories of the analysis of the a; coupling for a pseudoscalar contribution. The rest of
the distributions are shown with the requirement Dy, > 0.5 in order to enhance signal over background contributions. The middle row

shows Dy_ in the corresponding three categories. The bottom row shows DS of the as,

the untagged categories.

background processes 42 + 2 jets, while Py, represents EW
processes VBF and VH. It was found that jet kinematics in
the Dy, calculation improves separation of the targeted
signal production both against background and against the
H boson gluon fusion production. However, in the off-shell
region and in the SM-like on-shell analysis, the four-lepton
invariant mass mg, is one of the most important observables,
because the mass parametrization becomes an important

Ddec

tec_of the a,, and DY of the A, analyses in

feature of the analysis. Therefore, the m 4, parametrization is
not used in the Dy, calculation in these cases, and this is
reflected with the superscript denoting which information is
used, either with decay only information in Dig? or with both

; ; VBF+dec VH+dec
decay and production in Dy, and Dy,

The other observable, D,;, separates the SM hypothesis
fai = 0 as Pg, from the alternative hypothesis f,; = 1 as
P, following Eq. (7). In the untagged category, the
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FIG. 4. The distributions of events in the off-shell region in the data from 2016 and 2017. The top row shows m,, in the VBF-tagged
(left), VH-tagged (middle), and untagged (right) categories in the dedicated SM-like width analysis where a requirement on Dy,
DI‘;I(ZM“, or D‘g}("g > 0.6 is applied in order to enhance signal over background contributions. The middle row shows Dl\,/kBgF*d“ (left),
Dl‘:lg““ (middle), DEL‘; (right) of the a; analysis in the corresponding three categories. The requirement m4, > 340 GeV is applied in
order to enhance signal over background contributions. The bottom row shows Dy in the corresponding three categories in the
dedicated SM-like width analysis with both of the m,, and DE}% requirements enhancing the signal contribution. The acronym s + b + i

designates the sum of the signal (s), background (b), and their interference contributions (i).

probabilities are calculated using only the decay informa-  component and the component from either VBF production
tion, and the D,; observable is called D,_ in the a3, Dy, in or (WH + ZH) associated production, respectively
the a,, Dy, in the A;, and DY in the A7 analyses [25].  [27]. The resultant set of D,; discriminants are called in
In the VBF-tagged and VH-tagged categories, both the  a similar manner to their counterparts in the untagged
production and decay probabilities are used, with the  category but indicating the production assumption in their
matrix elements calculated as the product of the decay upper index.
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The last observable, D, defined in Eq. (8), separates the
interference of the two amplitudes corresponding to the
SM-like H boson coupling and the alternative H boson
coupling model, or the SM-like H boson coupling and
background as an alternative model in the case of Dy for
the signal-background interference in the off-shell region.
In the case of the a3 analysis, this observable is called Dcp
because if CP is violated it would exhibit a distinctive
forward-backward asymmetry. In the untagged category,
decay information is used in the calculation of D;. In the
VBF-tagged and VH-tagged categories, production infor-
mation with the two associated jets is used. The Dy
discriminant extends the idea of the D/, discriminant
introduced in Ref. [11] for the H boson width measure-
ment, but allows independent treatment of the interference
component. It is used only in the SM-like analysis.

The distributions of events for several of the observables
X from Tables II and IIT are illustrated in Fig. 3 for the on-
shell and in Fig. 4 for the off-shell regions. In Figs. 3 and 4,
cross sections of all background processes are fixed to the
SM expectations, except for the Z + X background esti-
mated from the data control regions discussed above. Cross
sections of all signal processes, including BSM, are
normalized to the SM expectations in the on-shell region.

V. THE FIT IMPLEMENTATION

We perform an unbinned extended maximum likelihood
fit [89] to the events split into several categories (enumer-
ated with an index k below) according to the three lepton
flavor combinations (4e, 4u, and 2e2u), three production
categories (VBF-tagged, VH-tagged, and untagged), five
data periods (2011, 2012, 2015, 2016, and 2017), and two
mass ranges (on-shell and off-shell). Therefore, there could
be up to 90 categories of events. However, not all categories
are used in each independent measurement because of the
simpler categorization approach applied to the earlier data.
Here we focus on discussion of the 2016 and 2017 data
analyses, while treatment of the earlier data can be found in
Refs. [13,25,27].

An independent fit is performed for each of the four
anomalous HVV coupling parameters f,; cos(¢,;) using
the on-shell region only. These fits avoid any assumptions
on how the behavior of each process considered in the
analysis changes from the on-shell region to the off-shell
region. Four independent joint fits to the on-shell and off-
shell regions are performed in order to determine the width
of the H boson under the SM-like assumption or in the
presence of the three anomalous couplings as, a,, and A;.
These fits are also used to constrain the three corresponding
anomalous coupling parameters f,; cos(¢,;). When a
certain anomalous coupling is tested, all other anomalous
couplings are assumed to be zero, and only real couplings
in Eq. (2) are tested, that is with a; > 0 and cos(¢,;) = £1.

The on-shell analysis with the study of the as, a,, A,

and A127 couplings has been presented in Ref. [27] using a

partial data set. This part of the analysis remains essentially
unchanged, except for a small change in the definition of
the interference discriminant in Eq. (8) and the inclusion of
information from the kinematics of the two associated jets
in the Dy, calculation discussed in Sec. IV. The SM-like
on-shell analysis is similar to the one presented in Ref. [21]
in methodology, but it uses the observables X and categori-
zation k described in Table II and Sec. IV. The on-shell
probability density is normalized to the total event yield in
each process j and category k according to

ij()?; Ejkvg) :ﬂjpj-ikg(i Ejk»fcziv¢ai) +7D?/1:g()?§ Ejk)v 9)

where E = (up, ty, Uy, faicos(¢p,;)) are the unconstrained

parameters of interest, £ are the constrained nuisance
parameters for a particular parametrization, and X are the
observables listed in Table II, specific to each a;. The on-
shell signal strength y2; in Eq. (9) is defined in references to
Eq. (1) as either up or uy according to the process type j
(99, VBF, WH, ZH, {iH, bbH, qG — 4¢, and Z + X). Each
process includes both signal (sig) and background (bkg)
components, but may contain only signal (/7H and bbH) or
only background (¢ — 4¢ and Z + X) contributions in the
particular cases. The interference between the signal and
background components, when both are present, is negli-
gible in the on-shell region because of the very small width
I'y compared to the mass range of interest. This also leads
to the on-shell parametrization in Eq. (9) being independent
from the width T'y.

The off-shell probability density follows Eqs. (1) and (9)
closely but with the additional contribution of interference
(int) between the signal and background amplitudes as

Pi(X: &, §) = }0 PAE(F: &t faie bai)
I’LFH i Il
+ jro e (5 Sk fais i)
+ ,P?l]c(g()_é; i) (10)

where the notation remains the same as for Eq. (9). The X
observables are listed in Table III and are specific to each
coupling analysis. They include my,, and two other dis-
criminants. The process type j does not include f7H and
bbH because of their negligible contribution in the off-shell
region, while the VBF, WH, and ZH processes are
combined into one EW process. The parametrization in
Eq. (10) depends on the width T'y explicitly and the
reference value is taken to be I'y = 4.07 MeV, which

determines the relative strength of Pj.ikg and ;‘}{‘ with

respect to P];,lfg in the parametrization.

The EW H boson production (VBF and VH) or produc-
tion via gluon fusion have different dependence on
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Observed (solid) and expected (dashed) likelihood scans of f,3 cos(¢h,3) (top left), [ cos(¢yn) (top right), fa; cos(Pa;)

(bottom left), and fiyl cos( i}]) (bottom right) using on-shell events only. Results of analysis of the data from 2016 and 2017 only
(black) and the combined Run 1 and Run 2 analysis (red) are shown. The dashed horizontal lines show the 68 and 95% C.L. regions.

anomalous HVV couplings, equally in the on-shell or off-
shell regions. There are two HVV vertices in the former
production mechanism with the subsequent H — VV — 47
decay while there is only one HV'V decay vertex in the latter
case. In addition, there is interference with the background in
the off-shell region. This leads to the following general
expressions for the signal (sig) or interference (int) con-
tributions appearing in Eqs. (9) and (10):

-

o /int
P;'lkg/m <X; Jk» faiv ¢ai)

M
=Y PRI EE ) fo(1 = fu) T cos™ (). (11)

m=0

where the sum over the index m runs up to M = 4 in the case
of the EW signal process; M = 2 in the case of the gluon
fusion, 17H, and bbH signal processes, or the interference
between the signal and background in the EW process; and
M = 1 inthe case of the interference between the signal and
background in the gluon fusion process. In this expression,
the index m corresponds to the exponent of g, in the squared
scattering amplitude from Eq. (2), which may contain
contributions from production and decay, and the factor
cos(¢,;) = *1 affects only the sign of the terms that scale
with an odd power of q;.

The P;i,f,/,im and P?],:g probability densities are normalized

to the expected number of events, and are binned
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histograms (templates) of the observables X listed in
Tables II and III, except for the signal m,, parametrization
in the on-shell region as discussed below. These templates
are obtained by reweighting the existing signal or back-
ground samples for different couplings and then finding
their linear combination. Since my, is treated directly as an
observable in the on-shell SM-like fit, the signal m4, shape
for each process j and category k is parametrized using a
double-sided crystal-ball function [90], and the full signal
probability density is parametrized as the product of the
parametric my, shape and a template of other discriminants
conditional in my,. In all cases, the H boson mass my =
125 GeV is assumed.

The final constraints on f,; cos(¢,;) and I'y are placed
using the profile likelihood method using the RooFit toolkit
[91] within the ROOT [92] framework. The extended like-
lihood function is constructed using the probability den-
sities in Egs. (9) and (10) with each event characterized by
the discrete category k and typically three continuous
observables X. The likelihood £ is maximized with respect

to the nuisance parameters E i« describing the systematic
uncertainties discussed below and the yield parameters pp
and py. The allowed 68% and 95% C.L. intervals are
defined using the profile likelihood function, —2AIn L =
1.00 and 3.84, for which exact coverage is expected in the
asymptotic limit [93].

Several systematic uncertainties are featured in the
vectors of constrained parameters E k- The template shapes
describing probability distributions in Egs. (9), (10), and
(11) are varied separately within either theoretical or
experimental uncertainties. In the following, a range of
uncertainties affecting the template distributions is given
for the my, values from around 100 GeV (typical for the on-
shell range) to around 1 TeV (in the off-shell range),
respectively. The factorization (or renormalization) scale
uncertainties are evaluated by multiplying the central scale
by 2 or 1/2, and the uncertainties range from 40.7%
(F17%) to 12% (%) in the gg process, from *{%%
(73 %) to £5% (F32%) in the VBF process, from 3%

(13 %) to £6% (32 %) in the processes with an associated

EW boson, and from fgg 9 to 1% (+3%) in the qg — 47
background. PDF parametrization uncertainties are evalu-
ated by taking the envelope of the 100 alternative NNPDF
variations. Variations due to PDF parametrization uncer-
tainties [or due to uncertainties in ag(myz) = 0.1180+
0.0015] range from *|2% (32%) to 3% (33 %) in
the gg process, from 3% to about *32% in the EW
processes, and are approximately +3% (from *|{% to
+0.5%) for the gg — 47 background. The signal proc-
esses, and the backgrounds that interfere with the signal,
feature the uncertainties as a function of the multiplicity
and kinematics of associated jets due to the hadronization
scale used in PYTHIA and the underlying event variations,

obtained with the variations of the PYTHIA tune. In the
VBF-tagged categories, the correlated template variations
for the hadronization scale (underlying event) range from
+11% (£45%) to F8% (F40%) in the gg process, from
+8% (£24%) to F6% (F8%) in the VBF process, and
from +13% (+20%) to F10% (F32%) in the processes
with an associated EW boson. In the V H-tagged categories,
these correlated template variations instead range from
+15% (£50%) to F9% (F45%) in the gg process, from
+8% (£25%) to F7% (F30%) in the VBF process, and
from £4% (£19%) to 4% (F13%) in the processes with
an associated EW boson. Template shapes in the gg
processes are also varied to account for a second jet in
the hard process, and these correlated variations range from
+18% (£32%) to F15% (F14%) in the VBF-tagged (VH-
tagged) category. The ¢gg — 4¢ background further fea-
tures an uncertainty in the NLO EW corrections applied to
the simulation [79,80], which are significant at higher m,,
values, reaching up to 20% at 1 TeV.

Experimental uncertainties involve jet energy calibration
(JEC) uncertainties, which are only relevant when produc-
tion categories are considered, and lepton efficiency and
momentum uncertainties, which are similar for the different
processes and categories. Systematic uncertainties in the
JEC account for variations in the VBF-tagged (V H-tagged)
category, and range from +13% (+4%) to 8% (£1%) in
the gg process, from £5% (7} %) to about £11% (+:6%) in
the VBF process, from £9% (+4%) to +£12% (£1%) in
processes with an associated EW boson, and from £17%
(£8%) to £15% (39 %) for the qg — 4¢ background. The
cross-section uncertainties due to electron (muon) effi-
ciency range from "% (39 %) to 133 % (193 %) to T %
(fg‘g %) in the 2e2u channel, and roughly double for the 4e
(4y) channel, from my, ~ 100 GeV to 230 GeV to
around 1 TeV.

In the estimation of the Z 4+ X background, the flavor
composition of hadronic jets misidentified as leptons may
be different in the Z 4 1£ and Z + 2¢ control regions, and
together with the statistical uncertainty in the Z 4 27
region, this uncertainty accounts for about +30% variation
in the background estimate from the 2017 data set. The
uncertainty on the modeling of this misidentification as a
function of p; and 7, combined with the Z + 1£ control
region statistical uncertainty, leads to a 3% to *39%
variation in the 4e channel, £(10-20)% variation in the
my, shape in the 22y channel, and £4% to * |5 % variation
in the 4u channel. Uncertainties in the Z + X background
in the 2016 data set are only slightly larger. The normali-
zation of the background processes derived from the MC
simulation is affected by the uncertainties in the integrated
luminosity of 2.5% [94] and 2.3% [95] in the 2016 and
2017 data sets, respectively. The integrated luminosity is
measured using data from the CMS silicon pixel detector,
drift tubes, and the forward hadron calorimeters, or from
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TABLE VI. Summary of allowed 68% C.L. (central values with uncertainties) and 95% C.L. (in square brackets) intervals for the
anomalous coupling parameters f,; cos(¢,;) obtained from the analysis of the combination of Run 1 (only on-shell) and Run 2 (on-shell
and off-shell) data sets. Three constraint scenarios are shown: using only on-shell events, using both on-shell and off-shell events with
the 'y left unconstrained, or with the constraint 'y =T %M.

Parameter Scenario Observed Expected

fa3 c08(¢ha3) On-shell —0.000173:90% [~0.163,0.090] 0.0000 %015 [-0.082,0.082]
Any 'y 0.00001050% [~0.0165, 0.0087] 0.00007J0012 [~0.038,0.038]
[ 0.00007399%3 [~0.0067,0.0050] 0.000010991% [~0.0098,0.0098]

fa2c08(¢a2) On-shell 0.0004+9:9926 1-0.0055, 0.0234] 0.0000* 39939 [-0.021,0.035]
Any I'y 0.0004 73996 [-0.0035,0.0147] 0.0000530015 [=0.015,0.021]
Iy =TM 0.0005*2:3%35 [-0.0029, 0.0129] 0.0000 0012 [~0.010,0.012]

Jarcos(gar) On-shell 0.000239939 [-0.209, 0.089] 0.0000*9:%12 10,059, 0.032]
Any I'y 0.00010:%%3 [~0.090, 0.059] 0.000015:5043 [~0.017,0.019]
Iy =IM 0.0001 73002 [=0.016, 0.068] 0.000073002 [=0.015,0.018]

I3 cos(pa Z) On-shell 0.0000703553 [~0.17,0.61] 0.0000739%! [-0.098, 0.343]

the fast beam conditions monitor and pixel luminosity
telescope. All systematic uncertainties are treated as corre-
lated between different time periods except for the lumi-
nosity and jet-related uncertainties which originate from
statistically independent sources.

VI. RESULTS

Four f,;cos(¢,;) parameters sensitive to anomalous
HVYV interactions, as defined in Egs. (2) and (6), are tested
in the on-shell data sample using the probability densities
defined in Eq. (9). Since only the real couplings are tested,
cos(¢p,;) = *1. Figure 5 shows the results of the likelihood
scans of these parameters for the 2016 and 2017 periods of
the 13 TeV run and for the full combined data set from
collisions at 7, 8, and 13 TeV. The analysis of the 2016 and
2017 data uses the approach presented here with the
observables sensitive to anomalous couplings in both
production and decay. Because of the smaller numbers
of events, the data from the 2015 period of the 13 TeV run
and from the 2011 and 2012 periods of the 7 and 8 TeV
runs are analyzed using only the decay information as in
Refs. [25,27], which is equivalent to having all events in the
untagged category of this analysis. The results from on-
shell events in the combined data set are listed in Table VI.
These results supersede our previous measurements of
these parameters in Refs. [25,27].

The observed and expected 68% C.L. constraints are
significantly tighter than in the Run 1 analysis [25] as it is
evident from the narrow minima at f,; = 0 in Fig. 5. This
effect comes from utilizing production information because
the cross section in VBF and VH production increases
quickly with f,,. Moreover, the minima of the —21n L
distributions appear rather sharp because of the higher order
polynomial of the f,; parameters appearing in Eq. (11) in the
case of VBF and VH production. At the same time, the

constraints above f,; ~0.02 are dominated by the decay
information from H — 4¢. The best fit (., p1y) values in the
four analyses under the assumption that f,, =0 are as
follows: (1.21%077,0.841000) at f,3=0, (1.19757],
0.9110%) at f,, =0, (1.265070,0.5379%)) at fr; =0,
and (1.247912,0.5550%) at f%" = 0. The values obtained
for the different analyses vary because of the different
categorization and observables in each a; analysis.

The combination of on-shell and off-shell regions allows
the setting of tighter constraints on f,; cos(¢,;) using the
probability densities defined in Egs. (9) and (10). As
discussed above, the on-shell region is analyzed using
the 2015, 2016, and 2017 data, and the earlier Run 1 data.
The off-shell region is analyzed using only 2016 and 2017
data because no such analysis of the three anomalous
couplings has been performed with the Run 1 or 2015 data
in this region. The one-parameter likelihood scans of
faicos(¢p,;) combining all such available on-shell and
off-shell events is shown for two cases in Fig. 6, either
with 'y unconstrained in the fit or with the constraint
[y = I3M. The corresponding 68% and 95% C.L. con-
straints are summarized in Table VI. The full two-parameter
likelihood scans of f,; cos(¢,;) and ['y are likewise shown
in Fig. 6. Using the transformation in Eq. (5), the
faicos(¢,;) results can be interpreted for the coupling
parameters used in Eq. (2), as shown in Table VII.

Limits on ['y are set by combining events from the on-
shell and off-shell regions. The left-hand panel of Fig. 7
shows the results of the likelihood scans of I'y for the 2016
and 2017 period of the 13 TeV run and for the combined
data set from collisions at 7, 8 and 13 TeV under the
assumption of SM-like couplings. The small contribution
from the 2015 data set is not considered in this case, but the
Run 1 analysis includes both the on-shell and off-shell
regions in the analysis of the H - ZZ — 4¢ decay [11,13].
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FIG. 6. Constraints on f 3 cos(¢,3) (top), f 4 €08(¢h,,) (middle), and f 4 cos(¢y ;) (bottom) from the combined Run 1 and Run 2 data set
using both on-shell and off-shell events. Left plots: likelihood scans of the parameters of interest with unconstrained I"y (red) or assuming
I'y = F%M (blue). The dashed horizontal lines show the 68% and 95% C.L. regions. Right plots: observed two-parameter (I, f; cos(¢hy;))
likelihood scans. The two-parameter 68% and 95% C.L. regions are indicated with the dashed and solid curves, respectively.
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TABLE VII. Summary of the allowed 95% C.L. intervals for the anomalous HV'V couplings using results in Table VI. The coupling
ratios are assumed to be real and include the factor cos(¢y;) or cos(¢) = +1.
Parameter Scenario Observed Expected
az/a, On-shell [-1.13,0.80] [-0.76,0.76]
Any I'y [-0.33,0.24] [-0.50, 0.50]
Iy =1I%M [-0.21,0.18] [-0.25,0.25]
ar/a; On-shell [-0.12,0.26] [-0.24,0.31]
Any I'y; [-0.098,0.202] [-0.21,0.25]
Iy =M [-0.089,0.189] [-0.17,0.18]
(Ary/|a1]) cos(gpar) (GeV) On-shell [—o0, —130] U [160, o] [—o0, —180] U [210, 0]
Any T'y [—o00, —160] U [180, o] [—00, —250] U [240, 0]
Iy =M [—00, —250] U [170, o] [—00, —260] U [250, o]
(A7 \/]ay]) cos(pai %) (GeV) On-shell [—o0, —170] U [100, o] [—o0, —200] U [130, o]

The combined results are listed in Table VIII. The best fit
(up,py) values in these results are (1.20707,0.627977)
when Ty =T9M, and (1.21709,0.6570%1) when Ty is
unconstrained. The width constraints are also placed with
the f,308(Pu3), far c0S(duz), or fo; cos(¢a1) parameters
unconstrained, and are shown in Fig. 7 right panel and
summarized in Table IX. These results are obtained with
the same fit configurations as for the study of anomalous
couplings in the combination of the on-shell and off-shell
regions.

The systematic uncertainties mostly cancel in the ratios
of cross sections in the measurement of fractional param-
eters f,; cos(¢,;), and are therefore negligible. The width

511" (7 TeV) + 19.7fb™ (8 TeV) + 77.5 o™ (13 TeV)

CMS ,
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--- Expected, 2016+2017
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-2 AlnL

0 2 4 6 8 10 12 14
Iy (MeV)

constraints are also dominated by the statistical uncertain-
ties, but because of the nontrivial dependence of systematic
uncertainties on m,y, their dominant contributions may be
worth examination. The two leading theoretical and two
leading experimental uncertainties affecting the width con-
straints (observed and expected at 68% C.L.) are the
uncertainty on the NLO EW corrections for the gg — 47
background (£0.5 and £1.9 MeV), the variation of renorm-
alization scale in gluon fusion (0.2 and £0.4 MeV), the
muon efficiency uncertainty (0.1 and 0.4 MeV), and the
electron efficiency uncertainty (£0.1 and £0.3 MeV).
The width constraints could also be reinterpreted as an
off-shell signal strength with a change of parameters. For
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FIG.7. Observed (solid) and expected (dashed) likelihood scans of I'y;. 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, f,3 cos(¢,3) (red), f,cos(dyn) (blue), and fr; cos(Pa;)
(violet). The dashed horizontal lines show the 68% and 95% C.L. regions.
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TABLE VIII. Summary of the total width I'y; measurement,
showing the allowed 68% C.L. (central values with uncertainties)
and 95% C.L. (in square brackets). The limits are reported for the
SM-like couplings using the Run 1 and Run 2 combination.

Observed
3.272% 10.08, 9.16]

Parameter

T, (MeV)

Expected
41739 10.0, 13.7]

TABLE IX. Summary of the total width I'; measurements,
showing allowed 68% C.L. (central values with uncertainties) and
95% C.L. (in square brackets). The I'y limits are reported for the
anomalous coupling parameter of interest unconstrained using
the Run 1 and Run 2 combination.

Unconstrained
Parameter parameter Observed Expected
Iy Ja3 €08(da3) 24130 [0.02, 41237 (0.0,
(MeV) 8.38] 13.9]
Ty Fa2c08(¢a2) 2.5%2210.02,  4.1732 (0.0,
(MeV) 8.76] 13 9]
Ty Jarcos(gar) 24123 70.06, 4.1732 (0.0,
(MeV) 7.84] 13.9]

TABLE X. Summary of allowed 68% C.L. (central values with
uncertainties) and 95% C.L. (in square brackets) intervals for

poftshell - yoff-shell “ang yoff-shell obtained from the analysis of the
combination of Run 1 and Run 2 off-shell data sets.

Parameter Observed Expected
poft—shell 0787972 [0.02, 2.28] 1.00%539 0.0, 3.2]
poft-shell 0.861022 [0.0, 2.7] 1.0715 10.0, 3.5]
ottt 0.674)20 [0.0, 3.6] 1038 10.0, 8.4]

this interpretation, we perform an SM-like analysis of only
the off-shell events, where the signal strength is modified
by the parameter u°™h° common to all production
mechanisms in Egs. (1) and (10), with [y =Ty = '™
and the SM expectation corresponding to x°f-sPel = 1. In
addition, we also perform a fit of the off-shell events with
two unconstrained parameters pSshell and p9fshell which
express the signal strengths in the gluon fusion and EW
processes, respectively. These constraints are summarized
in Table X.

VII. SUMMARY

Studies of on-shell and off-shell H boson production in
the four-lepton final state are presented, using data from the
CMS experiment at the LHC that correspond to an
integrated luminosity of 80.2 fb~! at a center-of-mass
energy of 13 TeV. Joint constraints are set on the H boson
total width and parameters that express its anomalous

couplings to two electroweak vector bosons. These results
are combined with those obtained from the data collected at
center-of-mass energies of 7 and 8 TeV, corresponding to
integrated luminosities of 5.1 and 19.7 fb~!, respectively.
Kinematic information from the decay particles and the
associated jets are combined using matrix element tech-
niques to identify the production mechanism and increase
sensitivity to the H boson couplings in both production and
decay. The constraints on anomalous HV'V couplings are
found to be consistent with the standard model expectation
in both on-shell and off-shell regions, as presented in
Tables VI and VII. Under the assumption of a coupling
structure similar to that in the standard model, the H boson
width is constrained to be 3.23_‘5 MeV while the expected

constraint based on simulation is 4.1f§"8 MeV, as shown in
Table VIII. The constraints on the width remain similar
with the inclusion of the tested anomalous HVV inter-
actions and are summarized in Table IX. The width results
are also interpreted in terms of the H boson signal strength
in the off-shell region in Table X. The observed off-shell
signal strength, or equivalently a nonzero value of the
width, is more than 2 standard deviations away from a
background-only hypothesis, which provides a new direc-
tion to measure H boson properties when more data are
available.
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