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Abstract

The first evidence for off-shell Higgs boson production is reported in the final state
with two Z bosons decaying into either four charged leptons (muons or electrons),
or two charged leptons and two neutrinos, and a measurement of the Higgs boson
width is performed. Results are based on data from the CMS experiment at the LHC
at a center-of-mass energy of 13 TeV, corresponding to an integrated luminosity of up
to 140fb~'. The total rate of off-shell Higgs boson production beyond the Z boson
pair production threshold, relative to its standard model expectation, is constrained
to the interval [0.0061,2.0] at 95% confidence level. The scenario with no off-shell pro-
duction is excluded at 99.97% confidence level (3.6 standard deviations). The width
of the Higgs boson is extracted as I'y; = 3.2*_’%‘; MeV, in agreement with the stan-
dard model expectation of 4.1 MeV. The data are also used to set new constraints on
anomalous Higgs boson couplings to W and Z boson pairs.
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The standard model (SM) of particle physics provides an elegant explanation for the masses
and interactions of fundamental particles. These are fermions, which are the building blocks of
ordinary matter, and gauge bosons, which are the carriers of the fundamental electroweak (EW)
and strong forces. In addition, the SM postulates the existence of a quantum field responsible
for the generation of the masses of fundamental particles through a phenomenon known as
the Brout-Englert-Higgs mechanism. This field, known as the Higgs field [1H3], interacts with
other SM particles, thereby giving them mass, as well as with itself. The carrier of this field is a
massive, scalar (spin-0) particle known as the Higgs (H) boson. Nearly half a century after its
postulation, it was finally observed in 2012 with a mass myy of around 125GeV by the ATLAS
and CMS Collaborations [4-6] at the CERN Large Hadron Collider (LHC). Given the unique
role the H boson plays in the SM, detailed studies of its properties are a major goal of particle
physics.

Apart from mass, another important property of a particle is its lifetime 7. Only a few fun-
damental particles are stable; others—including the H boson—exist only for a fleeting mo-
ment of time before disintegrating into other lighter species. As one of the foundational bases
of quantum mechanics, the Heisenberg uncertainty principle [7] provides a direct connection
between the lifetime of a particle and the uncertainty in its mass, a property known as the
particle’s width, I'. Any unstable particle (often referred to as a resonance) has a finite life-
time, with shorter T corresponding to broader I'. The two quantities are related through the
reduced Planck constant, 1, as I' = 71/7. Even with perfect experimental resolution, the ob-
served mass of such an unstable particle will not be constant across a series of measurements
(e.g., of the invariant mass of its decay products). The possible mass values are distributed ac-
cording to a characteristic relativistic Breit-Wigner distribution [8]], which describes the shape
of many resonant phenomena, with a nominal mass value corresponding to the maximum of
the Breit-Wigner, and with the width parameter I'. Particles are understood to be on the mass
shell (on-shell) if their mass is close to the nominal mass value, and off-shell if their mass takes
a value arbitrarily far away from the nominal mass. By the aforementioned property of the
Breit-Wigner line shape, particles are generally more likely to be produced on-shell than off-
shell when energy and momentum conservation allow it.

For relatively broad resonances, the width can be experimentally obtained by directly measur-
ing the Breit-Wigner line shape, e.g., as was done in the case of the Z boson, measured to have
a mass of my; = 91.2GeV and a width of I'; = 2.5GeV at the CERN Large Electron Positron
collider [9]. The H boson is heavier than the Z boson, and it is expected to live three orders of
magnitude longer. Its theoretically predicted width for my ~ 125GeV is I'y = 4.1 MeV [10],
and any deviation from the SM prediction may indicate the existence of new physics. Never-
theless, the width is too small to be measured directly from the line shape because of the limited
mass resolution of order 1 GeV achievable with the present LHC detectors. Another direct way
of measuring the H boson width would be to measure its lifetime by means of its decay length
and use the relationship Ty = 71/, but its lifetime is still too short (ti; = 1.6 x 10722 s) to be
detectable directly. The present experimental limit on this quantity is 7; < 1.9 x 10713 s at 95%
confidence level (CL) [11]], which is nine orders of magnitude above the SM lifetime.

The value of I'y can nevertheless be extracted with much better precision through a combined
measurement of on-shell and off-shell H boson production. In the decay of an H boson with
my ~ 125GeV to a pair of massive gauge bosons V (V = W or Z, with a nominal mass of
around 80.4 or 91.2GeV, respectively), the relationship my < my < 2my is satisfied. When
the H boson is produced on-shell (1 ~ myy), one of the V bosons must be off-shell in order
to simultaneously satisfy four-momentum conservation and this mass relation. Once the H
boson is produced off-shell with a large enough invariant mass myy > 2my (off-shell H boson



production region), the V bosons themselves are produced on-shell. Since the Breit-Wigner
mass distribution of either the H or V boson maximizes at their respective nominal masses, the
rate of off-shell H boson production above the V boson pair production threshold is enhanced
with respect to what one would expect from the Breit-Wigner line shape of the H boson alone.
It is expected that 10% of all proton-proton (pp) collision events with pp — H — VV in
the SM [12] result in two on-shell V bosons. This enhancement is large enough to allow for a
statistically significant measurement of off-shell H boson production.

The measurement of the higher part of the VV invariant mass spectrum can then be used to
establish off-shell H boson production, and the ratio of off-shell to on-shell production rates
allows for a measurement of I'yy [13, 14]. For the rest of the discussion in this article, we con-
centrate on ZZ final states, i.e., H — ZZ. The CMS and ATLAS Collaborations have previously
used this method to set upper limits on I'yy, as low as 9.2 MeV at 95% CL [15, [16].
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Figure 1: Tree-level Feynman diagrams for some of the most important contributions to ZZ
production. Diagrams can be distinguished as those involving the H boson (top), and those
that give rise to continuum ZZ production (bottom).

It is important to distinguish between two types of H boson production modes: the gluon
fusion gg —+ H — ZZ process, where the H boson is produced via its couplings to fermions,
and the EW processes, which involve HVV couplings. The top row of Fig. Il shows the most
dominant contributions for the gg (top left) process, and the EW processes of vector boson
fusion (VBF, top center) and VH (top right). A more complete set of lowest order Feynman
diagrams for the EW process are shown in Supplementary Figs. [S1|and Because different
H boson couplings are involved in the gg and EW processes, we extract two signal strength
parameters puofshell for the gg mode and p{ff*e!! for the EW modes, where the signal strengths
are defined as the ratios of the measured cross sections to those predicted in the SM. We also

consider an overall signal strength parameter p°f*hell with different assumptions on the ratio
Roff-shell _  off-shell / off-shell
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A major challenge arises from the fact that there are other sources of ZZ pairs in the SM (con-
tinuum ZZ production), see for example the bottom row of Fig. |1l These continuum contribu-
tions, particularly those from qq — ZZ, are typically much larger than the contribution from



off-shell H — ZZ. In addition, some of the amplitudes from continuum ZZ processes interfere
destructively with the H boson amplitudes [12} 17-21] because they share the same initial and
final states. For example, the amplitudes in the first and second columns of Fig. (1| interfere
with each other, but the amplitude on the bottom right panel does not interfere with any of
the others. These interference effects need to be included to keep the computed pp — ZZ
cross section finite in the SM [17-20]. Figure 2displays the interplay between the H boson pro-
duction modes and the interfering continuum amplitudes, illustrating the growing importance
of their destructive interference as m;; grows in the two final states included in the analysis,
77 — 202v and ZZ — 4L.
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Figure 2: Standard model calculations of the m,,,, (left) and my, (right) distributions for the
gg — 202v and EW ZZ(— 4/) + qq processes. These processes involve H boson and interfer-
ing continuum contributions, shown in black and gold, respectively. The dashed green curve
represents their direct sum without the interference, and the solid magenta curve represents
the sum with interference included. Note that the interference is destructive, and its impor-
tance grows as the mass increases. Calculations for the gg — 4¢ and EW ZZ(— 2/2v) 4+ qq
processes exhibit similar qualitative properties.

In this article, we study off-shell H boson decays to ZZ — 2/2v, and on-shell as well as off-shell
H boson decays to ZZ — 4¢ (¢ = u or e), using a sample of pp collisions at 13 TeV collected
by the CMS experiment at the LHC. The selection and analysis of the off-shell ZZ — 202v
data sample is described in detail in this article, and it is based on data collected between 2016
and 2018, corresponding to an integrated luminosity of 138 fb'. For the ZZ — 4/ mode, the
analysis starts from previously published CMS off-shell (2016 and 2017 data sets, 78 fb~" [16])
and on-shell (2015 [16, 22] and 2016-2018 [23] data sets, 2.3fb™ ' and 138 fb ™!, respectively)
results.

Information on the off-shell signal strengths, I'yy, and constraints on possible beyond-the-SM
(BSM) anomalous couplings are extracted from combined fits over several kinematic distri-
butions of the selected 2¢2v and 4/ events. While off-shell events are the ones solely used to
establish the presence of off-shell H boson production, the measurement of I'y; relies on the
combination of on-shell and off-shell data.

Because of the presence of neutrinos, the H boson mass cannot be precisely reconstructed in
the H — 2/2v final state. Thus, on-shell information can only be extracted from the 4/ mode.
This combination of 4/ and 2/2v data enables the measurement of I'y; with a precision of ~50%.



The measurement improves the upper limit on 73 by eight orders of magnitude compared to
the direct constraint from Ref. [11]]. The inclusion of the 2¢2v data also allows the lower limits
on ]/t?,ff'Shen to reach within ~65% of its best fit value, compared to the weaker constraints from
4/ data alone, which reach within ~90% of the 4/-only best fit value [16].

The my, line shape is sensitive to the potential presence of anomalous HVV couplings [10, 11}
16}, 24-26]. Thus, BSM physics could affect the ratio of off-shell to on-shell H boson production
rates, and therefore the measurement of I';. We test the effect of these couplings on the I'y
measurement and constrain the contribution from these couplings themselves. In parametriz-
ing these anomalous HV'V contributions, we adopt the formalism of Ref. [16], with real cou-
plings a,, a3, and 1/ A2 (denoted generically as a;), where a, and a; are the coefficients of generic
CP-conserving and CP-violating higher dimensional operators, respectively, while 1/A? is the
first-order term in the expansion of a SM-like tensor structure with a dipole form factor in the
invariant masses of the two Z bosons. Finally, we note that throughout this work, we assume
that the gluon fusion loop amplitudes do not receive new physics contributions beyond the SM
prediction.

2¢2v analysis considerations

The 2/2v analysis is based on the reconstruction of Z — ¢¢ decays in the presence of another
Z boson decaying to neutrinos, which escape detection. The momentum of the undetected Z
boson transverse with respect to the pp collision axis can be measured through an imbalance

across all remaining particles, i.e., missing transverse momentum (p"** or p1"'** in vector form).

Thus, the analysis requires large pTS as the signature of a Z — vv.

The event selection is sensitive to the tail of the instrumental pT* resolution in pp — Z+jets

events (i.e., Drell-Yan, or DY in short), which constitutes an important reducible background.
This contribution is estimated through a study of a data control region (CR) of -y +jets events in
which p7"*® is purely instrumental, just as it is in DY.

Processes such as pp — tt and pp — WW result in dilepton final states of same (e"e™~ and
#u~) and opposite flavor (e*u T and e u*) with the same probability and the same kinematic
properties. Thus, the background contribution to the 2¢2v signal, which includes two leptons
of the same flavor, is estimated from an opposite-flavor ey CR.

The other backgrounds, which are q@ — ZZ, q@' - WZ with W — (v when the lepton is
undetected, and the small contribution from Z boson production in association with t quarks,
are estimated from simulation. However, a third CR of trilepton events that consists mostly of
qq — WZ events is included as part of the 2/2v data set in order to constrain the q@' — WZ
background with one lost lepton and, most importantly, the very large qq — ZZ background.
The ability to constrain qq — ZZ from qq’ — WZ is based on the similarity in the physics of
these two processes.

Further details on event selection, kinematic observables, and the methods to estimate the dif-
ferent contributions for the aforementioned CRs are discussed in the Methods section.

2¢2v kinematic observables

The analysis of off-shell H boson events is based on my;. This quantity can be computed from
the fully reconstructed momenta in the 4/ final state as the invariant mass of the 4/ system, .

However, because of the undetected neutrinos, we can only use the transverse mass m%z, de-
fined below, as a proxy for my , in the 2/2v final state. First, we identify g as the transverse

momentum vector of the Z boson decaying into neutrinos. Since there is no information on the



longitudinal momenta of the neutrinos, m%z is then computed as the invariant mass of the ZZ
pair with all longitudinal momenta set to zero. This results in a variable with a distribution

that peaks at my,, with a long tail towards lower values. The definition of m%z is

7
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where ;5’{7 and my, are the dilepton transverse momentum vector and invariant mass, respec-
tively, and m, the Z boson pole mass, is taken to be 91.2 GeV [27].

A second kinematic quantity to characterize 2(2v events is pss, which provides good discrim-

ination against the DY background. Finally, in events with at least two jets, we use matrix
element (MELA [26]) kinematic discriminants that distinguish the VBF process from the gg pro-
cess or SM backgrounds. These discriminants are the same D;_g'gf -type kinematic discriminants
used in Refs. [16] 23], and are based on the four-momenta of the H boson and the two jets
leading in pt. More details on these discriminants are provided in the Methods section.

Data interpretation

The results for the off-shell signal strength parameters pfshell yoff-shell ang yoffshell ang the

H boson width I'y are extracted from binned extended maximum likelihood fits over several
kinematic distributions following the parametrization in Ref. [16]. Over different data periods
and event categories, a total of 117 multidimensional distributions are used in the fit: 42 for
off-shell 2¢/2v data, which includes 18 distributions from the trilepton WZ CR, and 18 and 57
for off-shell and on-shell 4/ data, respectively.

Depending on the number of jets (N;), the 2(2v data sample is binned in m%z and pIT“iSS (N; < 2),

miss

or m%z, pr%°, and the DXEE -type kinematic discriminants (NJ > 2). For the 4/ samples, the
binning is in m,, and MELA discriminants, which are sensitive to differences between the H
boson signal and continuum ZZ production, or the interfering amplitudes, or anomalous HVV
couplings. These variables are listed in Table II of Ref. [16] for 4¢ off-shell data, under ‘Scheme
2" in Table IV of Ref. [23] for on-shell 2016-2018 data, and in Table 1 of Ref. [16] for on-shell 2015
data.

Theoretical uncertainties in the kinematic distributions include the simulation of extra jets,
which are up to 20% depending on N;, and the quantum chromodynamic (QCD) running scale
and parton distribution function (PDF) uncertainties in the cross section calculation, which are
up to 30% and 20%, respectively, depending on the process, and m%z or my,. These are partic-
ularly important in the gg process that cannot be constrained by the trilepton WZ CR. Theory
uncertainties also include those associated with the EW corrections to the q@ — ZZ and WZ
processes, which reach 20% at masses around 1 TeV [28,29].

Experimental uncertainties include uncertainties in the lepton reconstruction and trigger effi-
ciency (typically 1% per lepton), the integrated luminosity (between 1.2% and 2.5%, depending
on the data-taking period [30-32]), and the jet energy scale and resolution [33], which affect the
counting of jets, as well as the reconstruction of the VBF discriminants.

Results

A representative distribution of m%z, integrated over all N]-, is shown for 2/2v events on the left
panel of Fig.|3| Finer details in terms of N and the various contributions to the event sample are



displayed in Supplementary Fig.|[S4 Also shown on the right panel of Fig.3|is a representative
distribution of my, from the combined off-shell 4¢ events.
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Figure 3: Distributions of m%z in the 202v (left) and my, in the 4/ (right) off-shell signal regions.
The stacked histograms display the different predicted contributions after a fit to the data with
SM couplings. The gold dot-dashed line shows the distribution after a fit to the no off-shell
(I'y = 0MeV) hypothesis. The black points show the observed data, which is consistent with
the prediction with SM couplings within one standard deviation. The last bins contain the
overflow. The requirements on pss in 2/2v events, and the Dyyg-type kinematic discriminants
(see Table II of Ref. [[16]) in 4¢ events are applied in order to enhance the H boson signal con-
tribution. The values of integrated luminosity displayed correspond to those included in the
off-shell analyses of each final state. The bottom pads show the ratio of the data or dashed

histograms to the stacked histogram.

The constraints on ‘ugff'SheH, y%,ff'SheH, U , and I'y are summarized in Table|l] In summariz-

ing the constraints, we show the “observed” results, i.e., those extracted from our data, as well
as the “expected” ones, i.e., the results that we expect to obtain based on the SM and our initial
prediction for event selection efficiencies, background expectations, and systematic uncertain-
ties. Differences in the two set of results are found to be consistent with statistical fluctuations
in the data.

off-shell

The profile likelihood scans over the pfshell and poffshell plane are shown on the left panel

of Fig. |4, and the profile likelihood scans over these parameters individually can be found in
Supplementary Fig.|S8 The scans over I'y; are displayed in the right panel of Fig.[4] These scans
always include information from the 4¢ on-shell data, and the three cases displayed correspond
to adding the 4/ off-shell data alone, adding the 202v off-shell data alone, or adding both.

The no off-shell scenario with yOff'SheH = 0, or 'y = 0MeV is excluded at 99.97% CL (3.6
standard deviations) in the full combination. Constraints on I'y; are found to be stable within
1MeV (0.1 MeV) for the upper (lower) limits when the presence of anomalous HVV couplings
are tested. More results on anomalous H boson couplings to W and Z boson pairs can be found
in the Methods section, and all results are tabulated in the HEPData record for this analysis [34].



Table 1: Summary of results on the off-shell signal strengths and I'y;. The various fit conditions

are indicated in the column labeled “Cond.”: Results for °®shel are with R¢fi=hell either un-

constrained (u) or = 1, and constraints on p8fshell and poffshell are shown with the other signal

strength unconstrained. Results for I'; (in units of MeV) are obtained with the on-shell signal
strengths unconstrained, and the different conditions listed for this quantity reflect which off-
shell final states are combined with on-shell 4/ data. The expected central values (not shown)
are either unity or I'; = 4.1 MeV.
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Figure 4: Left panel: Two-parameter likelihood scan of pgfshel and pQffshell. The dot-dashed
and dashed contours enclose the 68% (—2AIn £ = 2.30) and 95% (—2AIn £ = 5.99) CL re-
gions. The cross marks the minimum, and the blue diamond marks the SM expectation. The
integrated luminosity reaches only up to 138 fb~! as on-shell 4/ events are not included in per-
forming this scan. Right panel: The observed (solid) and expected (dashed) one-parameter
likelihood scans over I'y;. Scans are shown for the combination of 4/ on-shell data with 4/
off-shell (magenta) or 2/2v off-shell data (green) alone, or with both data sets (black). The hor-
izontal lines indicate the 68% (—2AIn £ = 1.00) and 95% (—2AIn £ = 3.84) CL regions. The
integrated luminosity reaches up to 140 fb™" as on-shell 4/ events are included in performing
these scans. The exclusion of the no off-shell hypothesis is consistent with 3.6 standard devia-
tions on both panels.



Summary

To summarize, by analyzing ZZ events produced in proton-proton collisions at 13 TeV, we
report the first evidence for off-shell H boson production, excluding the no off-shell scenario
at 99.97% confidence level (3.6 standard deviations). We perform a measurement of its total
width, T'y = 3.21%‘; MeV, reflecting a precision of ~50%, and set limits on anomalous H boson
couplings to W and Z boson pairs. The constraint on I'y; at 95% confidence level corresponds
t0 7.7 x 1072 < 1y < 1.3 x 102! s in terms of the H boson lifetime, and improves the current
upper limit from the direct lifetime measurement by eight orders of magnitude. These results
are based on a new analysis of the 2/2v final state, combined with previously published results
for ZZ — 4 using up to 140 fb ! of proton-proton collisions collected with the CMS detector at
the LHC between 2015 and 2018. Our measurements are consistent with the SM expectations.
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Methods

Experimental setup

The CMS apparatus [35] is a multipurpose, nearly hermetic detector, designed to trigger on [36]
and identify muons, electrons, photons, and charged or neutral hadrons [37-39]. A global re-
construction algorithm, particle-flow (PF) [40], combines the information provided by the all-
silicon inner tracker and by the crystal electromagnetic and brass-scintillator hadron calorime-
ters (ECAL and HCAL, respectively), operating inside a 3.8 T superconducting solenoid, with
data from gas-ionization muon detectors interleaved with the solenoid return yoke, to build
jets, missing transverse momentum, tau leptons, and other physics objects [33} 41, 42]. In the
following discussion up to likelihood scans, we will focus on the details of the 2/2v analy-
sis. Analysis details for the off-shell 4/ data can be found in Ref. [16], 2015 on-shell 4¢ data in
Refs. [16,22], and 2016-2018 on-shell 4¢ data in Ref. [23].

Physics objects

Events in the 2/2v signal region, the ey CR, and the trilepton WZ CR are selected using single-
lepton and dilepton triggers. The efficiencies of these selections are measured using orthogonal
triggers, i.e., jet or p%‘iss triggers, and events triggered on a third, isolated lepton, or a jet. They
range between 78% and 100%, depending on the flavor of the leptons, pt, and pseudorapidity
(n) of the dilepton system, taking lower values at lower pt. Photon triggers are used to col-
lect events for the y+jets CR. The photon trigger efficiency is measured using a tag-and-probe
method [43] in Z — ee events, with one electron interpreted as a photon with tracks ignored,
as well as through a study of £/« events. The efficiency is found to range from ~55% at photon
pr = 55GeV to ~95% at photon p1 > 220 GeV.

Jets are reconstructed using the anti-kt algorithm [44] with a distance parameter of 0.4. Jet
energies are corrected for instrumental effects, as well as for the contribution of particles orig-
inating from additional pp interactions (pileup). A multivariate technique is used to suppress
jets from pileup interactions [45]. For the purpose of this analysis, we select jets of pp > 30 GeV
and |5| < 4.7, and they must be separated by AR = V(A¢)? + (A)? > 0.4, with ¢ being
the azimuthal angle measured in radians, from a lepton or a photon of interest. Jets within
7] < 2.5(|n] < 2.4 for 2016 data) can be identified as b jets using the DEEPJET algorithm [46]
with a loose working point. The efficiency of this working point ranges between 75% and 95%,
depending on py, 77, and the data period.

The missing transverse momentum vector pMi is estimated from the negative of the vec-
tor sum of the transverse momenta of all PF candidates. Dedicated algorithms [47] are used
to eliminate events featuring cosmic ray contributions, beam-gas interactions, beam halo, or
calorimetric noise.

The algorithms to reconstruct leptons are described in detail in Ref. [37] for muons and Ref. [38]]
for electrons. Muons are identified using a set of requirements on individual variables, while
electrons are identified using a boosted decision tree algorithm. Leptons of interest in this
analysis are expected to be isolated with respect to the activity in the rest of the event. A
measure of isolation is computed from the flux of photons and hadrons reconstructed by the
PF algorithm that are within a cone of AR < 0.3 built around the lepton direction, including
corrections from the contributions of pileup. We define loose and tight isolation requirements
for muons (electrons) with pr > 5GeV and || < 2.4 (|| < 2.5). The efficiency of loose selection
for muons (electrons) ranges from ~85% (65-75%, depending on 7) at pr = 5GeV to > 90%
(> 85%) at pr > 25GeV. The additional requirements for tight selections reduce efficiencies by
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10-15%.

Photons are reconstructed from energy clusters in the ECAL not linked to charged tracks, with
the exception of converted photons [38]. Their energies are corrected for shower containment
in the ECAL crystals and energy loss due to conversions in the tracker with a multivariate
regression. In this analysis, we consider photons with pr > 20GeV and |y| up to 2.5, with
requirements on shower shape and isolation used to identify isolated photons and separate
them from hadronic jets. The selection requirements are tightened in the y+jets CR, which
leads to selection efficiencies in the range 50-75%, depending on p and 7.

Event simulation

The signal Monte Carlo samples are generated for an undecayed H boson for gg, VBF, ZH,
and WH productions using the POWHEG 2 [48-51] program at next-to-leading order (NLO) in
QCD at various H boson pole masses, ranging from 125 GeV to 3 TeV. The generated H bosons
are decayed to four-fermion final states through intermediate Z bosons using the JHUGEN [26]
program, with versions between 6.9.8 and 7.4.0.

These samples are reweighted using MELA matrix elements following the prescription of Ref. [16]
to obtain the final ZZ event sample, including the H boson contribution, the continuum, and
their interference. The MELAANALYTICS package developed for Ref. [16] is used to automate
matrix element computations and to account for the extra partons in the NLO simulation. The
g8 generation is rescaled with the next-to-NLO (NNLO) QCD K-factor, differential in myy,
and an additional uniform K-factor of 1.10 for the next-to-NNLO cross section computed at
my; = 125GeV [10].

The tree-level Feynman diagrams in Fig. [1|illustrate the complete set contributing to the gg —
Z7Z process on the leftmost top and bottom panels, and some of the diagrams contributing
to the EW ZZ production associated with two fermions on the middle and top right panels.
Supplementary Figs. [S1{and [S2|display the full set of diagrams for the EW process.

The qq@ — ZZ and WZ MC samples are also generated with POWHEG 2 applying EW NLO cor-
rections for two on-shell Z and W bosons [28},29], and NNLO QCD corrections as a function of
myy [62]]. The tree-level Feynman diagrams for these noninterfering continuum contributions
are illustrated in Supplementary Fig. Samples for the tZ+X processes, or other processes
contributing to the CRs, are generated using MADGRAPH5_aMC@NLO at NLO or LO preci-
sion using the FxFx [53] or MLM [54] schemes, respectively, to match jets from matrix element
calculations and parton shower.

The parton shower and hadronization are modeled with PYTHIA (8.205 or 8.230) [55], using
tunes CUETP8M1 [56] for the 2015 and 2016 data sets, and CP5 [57] for the 2017 and 2018
periods. The PDFs are taken from NNPDF 3.0 [58] with QCD orders matching those of the
cross section calculations. Finally, the detector response is simulated with the GEANT4 [59]
package.

Signal region selection requirements

Events in the 2¢2v final state are required to have two opposite-sign, same-flavor leptons (y "y~
or eTe™) satisfying tight isolation requirements with pr > 25GeV, m,, within 15GeV of m,
and p4 > 55GeV. Additional requirements are imposed to reduce contributions from Z+jets
and tt processes as follows. Events with b-tagged jets, additional loosely isolated leptons of
pr > 5GeV, or additional loosely identified photons with pr > 20 GeV are vetoed. To further
improve the effectiveness of the lepton veto, events with isolated reconstructed tracks of pr >
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10 GeV are removed. This requirement is also effective against one-prong T decays.

The value of prT“iss is required to be > 125GeV (> 140 GeV) for N; <2(= 2). Requirements are
imposed on the unsigned azimuthal opening angles (A¢) between p1"** and other objects in
the event in order to reduce contamination from ps® misreconstruction: AgptL. . > 1.0 between
pmiss and plf, ApLIS > 25 between IS and F + ¥ ik, min Ag). > 0.25 (0.50) between

miss
pmiss and 7 for N. = 1 (N; > 2), where 7). is the transverse momentum vector of a jet.
Pr Pr j j Pr ]

Finally, events are split into lepton flavor (up or ee) and jet multiplicity (N; = 0,1, > 2) cat-

egories. The resulting event distributions are illustrated along the m%z observable in Supple-
mentary Fig. [54

Matrix element kinematic discriminants

In events with N] > 2, we use two MELA kinematic discriminants for the VBF process, D%EE

and DZEtF a2 [16]. Each of these discriminants consists of a ratio of two matrix elements, or
equivalently a ratio of event-by-event probability functions, expressed in terms of the four-
momenta of the H boson and the two jets leading in pt. The four-momentum of the H boson
in the 2/2v channel is approximated by taking the # of the Z — 2v candidate, together with
its sign, to be the same as that of the Z — 2¢ candidate. This approximation is validated with

Monte Carlo (MC) studies.

In both discriminants, one of matrix elements is always computed for the SM H boson pro-
duction through gluon fusion. The remaining matrix element is computed for the SM VBF
process in D;;EtF , so this discriminant improves the sensitivity to the EW H boson production.
The D;gff 2 discriminant also computes the remaining matrix element for the VBF process, but
under the a, HVV coupling hypothesis instead of the SM scenario. We find that this second dis-
criminant brings additional sensitivity to SM backgrounds as well as being sensitive to the a,
HVYV coupling hypothesis by design. When anomalous HVV contributions are considered, the
a, hypothesis used in the computation is replaced by the appropriate a; hypothesis to optimize
sensitivity for the coupling of interest.

Control regions

As already mentioned, Z+jets events can be a background to the 2¢2v signal selection. This
can occur because of resolution effects in p7"*® and the large cross section for this process.
Since y+jets and Z+jets have similar properties, the Z+jets contributions at high p7"** can be

estimated from a y+jets CR [60].

In this CR, all event selection requirements are the same as those on the signal region, except

that the photon replaces the Z — (¢ decay. The m%z kinematic variable is constructed using
the photon pr in place of pt/, and m; in place of m,. Only photons in the barrel region (i.e.,
17| < 1.44) are considered for N; < 2 to eliminate beam halo events that can mimic the -y 4 piss
signature. Reweighting factors are extracted as a function of photon pr, photon 77 (when N; >
2), and the number of observed pp collisions by matching the corresponding distributions in
y+jets sidebands at low prT“iSS (< 125GeV) to those of DY sidebands with the same requirement
at each N; category separately. These reweighting factors are then applied to the high-py"*
y+jets data sample.

Contributions to the +jets CR from events with genuine large p™'* from the Z(— vv)y, W(—
tv)y, and W(— {lv) + jets processes are subtracted in the final estimate of the instrumental
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piss background. The first two are estimated from simulation, where the Z+y contribution is
corrected based on the observed rate of Z(— ¢¢) + . The W + jets contribution is estimated
from a single-electron sample selected with requirements similar to those in the y+jets CR.
Representative distributions for this estimate are shown in Supplementary Fig.

Processes such as pp — tt and pp — WW, including nonresonant H boson contributions,
can produce two leptons and large p™is® without a resonant Z — ¢¢ decay. The kinematic
properties of the dilepton system in these processes is the same for any combination of lepton
flavors e or u. These nonresonant ee or pu background processes are therefore estimated from
an ey CR. This CR is constructed applying the same requirements used in the signal selection
except for the flavor of the leptons. Data events are reweighted to account for differences in
trigger and reconstruction efficiencies between ey, and ee or uu final states. Representative
distributions for this estimate are shown in Supplementary Fig.

A third CR selects trilepton qq — WZ events. These events are used to constrain the nor-
malization and kinematic properties of the qq — ZZ and WZ continuum contributions. The
Z — (! candidate is identified from the opposite-sign, same-flavor lepton pair with m,, closest
to my, and the value of m, for this Z candidate is required to be within 15 GeV of my. Trigger
requirements are only placed on this Z candidate. The remaining lepton is identified as the
lepton from the W decay (¢yy). The leading-pr lepton from the Z decay is required to satisfy
pr > 30GeV, and the remaining leptons are required to satisfy pr > 20 GeV.

Similar to the signal region, requirements are imposed on the unsigned A¢ between ﬁ%‘iss and
other objects in the event in order to reduce contamination from the DY and qq@ — Z+ pro-
cesses: A‘Pmlss > 1.0 between g and p+' for the Z candidate, A(,bffi?sets > 2.5 between piniss
and pi + ¥ p}, and min Aq)imss > 0.25 between pIss and ﬁ]T

¢
The W boson transverse mass is defined through the vector transverse momentum of fyy, fJ'TW,

ans
as mT \/2 (pr pITmss — ﬁT - piss) and additional requirements are imposed on pTis* and
mT in order to reduce contamination from the DY and qq — Z+y processes further: pTiss >

Lo
20GeV, mT > 20GeV (10GeV) for yy = p (e), and A X mT + prTmss > 120GeV, with A = 1.6
(4/3) for tyy = u (e). All other requirements on b-tagged jets, and additional leptons or photons
are the same as those for the signal region.

The events are finally split into categories of the flavor of fyy (i or e) and jet multiplicity (N; =
0,1, > 2), and binned in mT , defined using the W boson mass myy, = 80.4GeV [27] as

() = [t

Event distributions along mT % from this CR are shown in Supplementary Fig.

2

P + PT + mw?| — P+ P + PT

Likelihood scans

As mentioned in the discussion of data interpretation, the likelihood is constructed from several
multidimensional distributions binned over the different event categories. Profile likelihood
scans over pQffshell g offshell 1 off-shell ‘and 'y are shown in Supplementary Fig.|S8l When testing
the effects of anomalous HVV couplings, we perform fits to the data with all BSM couplings set
to zero, except the one being tested, in the model to be fit. Because the only remaining degree
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of freedom is the ratio of these BSM couplings to the SM-like coupling, a;, the probability
densities are parametrized in terms of the effective, signed on-shell cross section fraction f,;
for each of the a; coupling, where the sign of the phase of a; relative to a, is absorbed into the
definition of f,; [23]. The constraints on I'y; are found to be stable within 1 MeV (0.1 MeV) for
the upper (lower) limits under the different anomalous HVV coupling conditions, and they are
summarized in Table

In addition, we provide a simplified illustration for the exclusion of the no off-shell hypoth-
esis in Fig. In this figure, the total number of events in each bin of the likelihood are
compared from the 2/2v and 4/ off-shell regions for the fit of the data to the no off-shell
(Npo off-shel) Scenario, and the best fit (Npeq 1) Events can then be rebinned over the ratio
Ny oft-shell/ (Nno off-shell T Npest fit) €xtracted from each bin, and these rebinned distributions can
then be compared at different I'; values. In particular, we compare the observed and expected
event distributions over this ratio under the best fit scenario, and the scenario with no off-shell
H boson production (I'; = 0MeV), in order to illustrate which bins bring most sensitivity to
the exclusion of the no off-shell scenario. The exclusion is noted to be most apparent from the
last two bins displayed in this figure. We note, however, that the full power of the analysis
ultimately comes from the different bins over the multidimensional likelihood, and that this
figure only serves to condense the information for illustration.

When we perform separate likelihood scans over the three f,; fractions, only the corresponding
BSM parameter is allowed to be nonzero in the fit. Profile likelihood scans for f,,, f,3 and fa;
under different fit conditions are shown in Supplementary Fig. and the summary of the
allowed intervals at 68% and 95% CL is presented in Supplementary Table

VBF (s-channel): VBF (t-channel):
a1 il
A Y A
Z A
42 42
WH

ﬁ‘q;vZ
7z

Figure S1: The tree-level Feynman diagrams contributing to the EW ZZ + f f production, where
f refers to any /, v, or g, are shown for the H boson-mediated contributions. Diagrams featuring
VBEF production are grouped together in the upper row, and those featuring VH production are
grouped in the lower row.
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VBS ZZ production:

LG T W Al
V /
7 A
—j,—’\/\/\/\/ f —j/—'v\/\/\,
q q Z

Figure S2: The tree-level Feynman diagrams contributing to the EW ZZ + f f production, where
f refers to any ¢, v, or ¢, are shown for the continuum ZZ production contributions. Diagrams
featuring vector boson scattering (VBS) production are grouped together in the upper half, and
those featuring VZZ production are grouped in the lower half.

——<—h
7 Z

Figure S3: The Feynman diagrams contributing to the q@ — ZZ and qq' — WZ processes

at tree level are represented with a single diagram. These two processes constitute the major

irreducible, noninterfering background contributions in the off-shell region.
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Figure S4: Postfit distributions of m” in the N, = 0 (left), = 1 (middle), and > 2 (right)
categories of the 2¢2v signal region with a piss > 200 GeV requirement to enrich H boson con-
tributions. The color legend for the stacked or dot-dashed histograms is given above the plots.
Postfit refers to individual fits of the data to the combined 2¢2v + 4/ sample, assuming SM H
boson parameters (stacked histogram) or no off-shell H boson production (dot-dashed gold
line, equivalent to setting I'y = 0 MeV). The middle pads show the ratio of the data or dashed
histograms to the stacked histogram, and the lower pads show the relative contributions of
each process in the stacked histogram. The rightmost bins contain the overflow.
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Figure S5: The distributions of m%z are shown from the y+jets CR for the N] =0, N] =1,
and N; > 2 categories from left to right. The requirement pmiss > 200 GeV is applied in the
N]- > 2 category to focus on the region more sensitive to off-shell H boson production. The
stacked histograms show the predictions for contributions with genuine, large piss, or the
instrumental piss background from the -y +jets simulation. The black points show the observed
CR data. The distributions are reweighted with the y — ¢/ transfer factors extracted from the
pmiss < 125GeV sidebands. The rightmost bins include the overflow. In these distributions,
we find a discrepancy between the observed data and the predicted distributions because the
reweighted <y +jets samples have inaccurate piss response and the simulation is at LO in QCD.
Therefore, we use the difference between the observed data and the genuine-p7"** contributions
to model the instrumental pTss background instead of using simulation for this estimate.

CMS 138 b (13 TeV) CMS 138 fb? (13 TeV)
T T T ‘ ‘ ‘ T T T ‘ T T T T T T ‘ ‘ T T T ‘ T T T
200 N22 ! euCRpred. | L N=22 { eyCRpred. |
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150 22y i - 212y 1
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3 B ww - 212y {1 3 | l B ww - 212v
@ 1 @
c 4
() B (0]
> >
( { m
04 06 08 1 0.2 4. 0 1
, ai
D2jet D2jet
Figure S6: The distributions of the SM D)5’ (left) and D;;EtF 2 kinematic discriminants are

shown in the 2(2v signal region, N; > 2 category. The stacked histograms show the predictions
from simulation, and the black points show the prediction from the ey CR data. While only
the data is used in the final estimate of the nonresonant background, we note that predictions
from simulation already agree well with the data estimate.
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Figure S7: Postfit distributions of m‘TNZ in the N = 0 (left), = 1 (middle), and > 2 (right) cate-
gories of the WZ — 3/1v control region. The color legend for the stacked or dashed histograms
is given above the plots. Postfit refers to a combined 2/2v + 4/ fit assuming SM H boson pa-
rameters. The middle pads show the ratio of the data or dashed histograms to the stacked
histogram, and the lower pads show the relative contributions of each process in the stacked
histogram. The rightmost bins contain the overflow.
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Figure S8: Observed (solid) and expected (dashed) likelihood scans for ygff'Sheu or y?,ff'SheH (left),
yOff'SheH (middle), and I'yy (right). Scans for ygff'Sheu (blue) and y%ff'Sheu (magenta) are obtained
with the other parameter unconstrained. Those for yOff'Shell are shown with (blue) and with-
out (magenta) the constraint R%f,fl?heu = 1. Constraints on 'y are shown with and without
anomalous HVV couplings. The horizontal lines indicate the 68% (—2AIn £ = 1.00) and 95%
(—2AIn £ = 3.84) CL regions. The integrated luminosity reaches up to 138 fb~' when only
off-shell information is used, and up to 140 fb~! when on-shell 4/ events are included.



22

CMS <138 fb! (13 TeV)
S | A
10° & 1 Observed 2[2v+4l -
E ¢ Observed 4l 7
107 s No off-shell E
é' e, Best fit, 212v component A
c 10g, * Best fit, 4 component  —
@ B e G 1
2 Bl g Best fit I, 3.2 MeV
€ 1g b ¢ E
L Bl ARy % 3
L ! B
10 E o + 3
i ¢ i
107 & L3
e 2

-~ ..g): 1 ;ii;\%ﬁ\\\\*\\\\\\%\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\#\\\\\\\\\é
m ¢ } i

X 0 L L L L

0.5 0.52 0.54 0.56 0.58 0.6
Nno off-shell / (Nno off-shell + Nbest fit)

Figure 59: Distributions of ratios of the postfit number of events in each 2/2v and 4/ off-shell
signal region bin. The ratios are taken after separate fits to the no off-shell (I'y = 0MeV)
hypothesis (Nyq oftshenn) and the best overall fit (N ;). The stacked histograms display the
predicted contributions after the best fit, and the gold dot-dashed line shows the predicted
distribution of these ratios for a fit to the no off-shell (I'y = 0MeV) hypothesis. The black
points represent the observed data. The first and last bins contain the overflow, and the black
hashed band represents the combined postfit uncertainty on the best fit. The bottom panel
displays the ratio of the various displayed hypotheses or observed data to the prediction from
the best fit. The integrated luminosity reaches only up to 138 fb™~! since on-shell 4¢ events are
not displayed.
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Figure S10: Likelihood scans of f,, (left), f,3 (middle), and f,; (right) are shown with the con-
straint [y = '™ = 4.1GeV (blue), I'y unconstrained (magenta), or based on on-shell 4/ only
(green). Observed (expected) scans are shown with solid (dashed) curves. The horizontal lines
indicate the 68% (—2AIn £ = 1.00) and 95% (—2AIn L = 3.84) CL regions. The integrated
luminosity reaches up to 140 fb ! as on-shell 4/ events are included in the fits.
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Table S1: Summary of results on I'yy (in units of MeV) under different anomalous HVV cou-
pling scenarios. Tests with the anomalous HVV couplings are distinguished by the denoted on-
shell cross section fractions. The expected central values (not shown) are always I'yy = 4.1 MeV.
The various fit conditions are indicated in the column labeled “Cond.”, where the abbreviation
“(u)” indicates which f,; fraction is unconstrained. The SM-like result is the same as that from
the combination of all 4¢ and 2/2v data sets in Table

Param.  Cond. Observed Expected
68% | 95% CL  68% | 95% CL

I'y SM-like  3.2*77 (%33 Byl A

I'y faz (W) 34175 1133 A

I'y faa @) 27430 138 A

I'n far ) 277501533 ey

Table S2: Summary of the allowed 68% and 95% CL intervals for the anomalous HVV coupling
parameters f,;, obtained from the combined analysis of on-shell and off-shell events. Con-
straints are shown with either I'yy = I't™ = 4.1 GeV required, or I'y left unconstrained. The
designation ‘b.f.” stands for the best-fit value for these parameters. The expected best-fit values
are always null, so they are not quoted explicitly.

Parameter ) Observed Expected
Scenario

(x10°) bf  68%]95%CL 68% | 95% CL

; Ty =ISM 79 [6.6,225] | [-32,514] [—78,70] | [~359,311]
> T, unconst. 72 [2.7,216] | [~38,503] [—82,73] | [~413,364]
; Ty =TM 22 [—64,32] | [-46,107] [-55,55] | [~198,198]
u3 [y unconst. 24 [—6.2,33] | [—46,110] [—58,58] | [—225,225]
f Ty =TM 29 [-062,17] | [-11,46]  [—11,20] | [47, 68]
M Ty unconst. 3.1 [—0.56,18] | [~10,47]  [—11,21] | [~48,75]
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