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A measurement of off-shell Higgs boson production in the ZZ — 4¢ and ZZ — 2¢2v decay channels,
where ¢ stands for either an electron or a muon, is performed using data from proton-proton collisions
at a centre-of-mass energy of /s = 13 TeV. The data were collected by the ATLAS experiment in 2015
and 2016 at the Large Hadron Collider, and they correspond to an integrated luminosity of 36.1 b1
An observed (expected) upper limit on the off-shell Higgs signal strength, defined as the event yield
normalised to the Standard Model prediction, of 3.8 (3.4) is obtained at 95% confidence level (CL).

Assuming the ratio of the Higgs boson couplings to the Standard Model predictions is independent of
the momentum transfer of the Higgs production mechanism considered in the analysis, a combination
with the on-shell signal-strength measurements yields an observed (expected) 95% CL upper limit on the
Higgs boson total width of 14.4 (15.2) MeV.
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1. Introduction

The observation of the Higgs boson by the ATLAS and CMS
experiments [1,2] at the Large Hadron Collider (LHC) marks a mile-
stone towards the understanding of the mechanism of electroweak
(EW) symmetry breaking [3-5]. Further studies of the spin, par-
ity and couplings of the new particle have shown no significant
deviation from the predictions for the Standard Model (SM) Higgs
boson [6-10]. Efforts to measure the properties of the Higgs boson
are primarily focused on on-shell production. For a Higgs boson at
a mass of 125 GeV [10,11], the expected natural width of the SM
Higgs boson is I'SM ~ 4.1 MeV [12]. However, above 125 GeV off-
shell production of the Higgs boson has a substantial cross section
at the LHC [13-16], due to the increased phase space as the vector
bosons (V =W, Z) and top quark decay products become on-shell
with the increasing energy scale. This provides an opportunity to
study the Higgs boson properties at higher energy scales. Off-shell
production can provide sensitivity to new physics that alters the
interactions between the Higgs boson and other fundamental par-
ticles in the high-mass region [17-24].

The measured off-shell event yield from gluon-gluon fu-
sion (ggF) production normalised to the SM prediction, where this
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ratio is referred to as the signal strength jtoff_shell, can be expressed
as

gg—>H*~>Z77
_ Obff-shell — 2 2
Moff-shell = — oo hw77 = Kg off-shell K7, off-shell’
Ooff-shell SM
*
where afff;gl_)zz is the cross section of the off-shell Higgs bo-

son production via ggF with subsequent decay into a ZZ pair, and
Kg off-shell and Kz off-sheil are the off-shell coupling modifiers rela-
tive to the SM predictions associated with the gg — H™ production
and the H* — ZZ decay, respectively. The off-shell Higgs boson
signal cannot be treated independently of the gg — ZZ back-
ground, as sizeable negative interference effects appear [13]. The
interference term is assumed to be proportional t0 /floff-shell =
Kg. off-shell - K7 off-shell. Similarly, fton-shenr for the on-shell Higgs bo-
son production via ggF is given by:

gg—>H—>ZZ* IC2 .Kz
__ “on-shell __ " g,on-shell Z ,on-shell
Mon-shell = g Ho72" — ,

SM
Oon-shell,sM Th /T
which depends on the Higgs boson total width I'y. A mea-
surement of the relative off-shell and on-shell event yields,
Joft-shell/ Mon-shell, Provides direct information about I'y, if one as-
sumes identical on-shell and off-shell Higgs boson coupling modi-
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fiers [15,25]. The above formalism describing the ratio of off-shell
to on-shell cross sections also applies to the vector-boson fu-
sion (VBF) production mode. As in the previous measurement [26],
for a measurement of I'y it is necessary to assume that the on-
shell and off-shell coupling modifiers are the same, and for an
upper limit that the on-shell coupling modifiers are not larger than
the off-shell couplings. It is also assumed that any new physics
which modifies the off-shell signal strength and the off-shell cou-
plings does not modify the relative phase of the interfering signal
and background processes. Further, it is assumed that there are
neither sizeable kinematic modifications to the off-shell signal nor
new sizeable signals in the search region of this analysis unrelated
to an enhanced off-shell signal strength.

The ATLAS and CMS experiments have presented studies of the
off-shell production of the Higgs boson using Run-1 proton-proton
(pp) collisions data [26-29]. ATLAS obtained an observed (ex-
pected) upper limit on the off-shell Higgs boson signal strength
(Moft-shell) in the range of 5.1-8.6 (6.7-11.0) [26], using the ZZ and
W W channels. This range is determined by the assumption that
the gg — ZZ and gg — WW background K-factors, correspond-
ing to the ratio of the next-to-leading-order (NLO) QCD predic-
tions to the leading-order (LO) predictions, lie between one-half
and twice the value of the gg — H* — ZZ(W W) signal K-factor.
An observed (expected) 95% confidence level (CL) upper limit of
'y < 23(33) MeV was obtained, assuming the gg — ZZ(WW)
background K-factor is equal to the gg — H* — ZZ(WW) sig-
nal K-factor. CMS presented a similar study in the ZZ and WW
channels, with observed (expected) 95% CL upper limit of 'y <
13(26) MeV [29]. By comparison, the precision of I'y from direct
on-shell Higgs boson mass measurements alone is approximately
1 GeV [9,30,31], limited by measurement resolution.

This Letter presents an analysis of off-shell Higgs boson produc-
tion in the ZZ — 4¢ and ZZ — 2¢2v final states (£ =e, ), using
36.1 fb~! of data collected by the ATLAS detector in pp collisions
at /s = 13 TeV. The off-shell region is defined by requiring the
invariant mass of the ZZ system (mzz) to be above the on-shell
ZZ production threshold, hence well above the Higgs boson mass,
and the on-shell region is defined by a mass window around the
125 GeV resonance. This analysis adopts the same methodology
used in the Run-1 analysis reported in Ref. [26]. The analysis for
the ZZ — 4¢ final state closely follows the Higgs boson measure-
ments and high-mass search in the same final state described in
Refs. [32,33]. The off-shell Higgs signal strength is extracted using
a matrix-element discriminant, defined in Section 4, in a mass re-
gion 220 GeV < my; < 2000 GeV. The on-shell signal strength was
measured in the 118 GeV < my; < 129 GeV region in Ref. [32]. The
analysis of the ZZ — 2£2v channel, described in Section 5, follows
a strategy similar to that used in the search for heavy ZZ reso-
nances described in Ref. [33]. For this channel, the signal strength
is extracted from the transverse mass distribution in the 250 to
2000 GeV range. For off-shell production of the Higgs boson, the
dominant processes of ggF and VBF are considered. Next-to-next-
to-leading-order (NNLO) QCD and NLO EW corrections are known
for the off-shell signal process gg — H* — ZZ [25]. More recently,
NLO QCD corrections have also become available for the gg — ZZ
background and for the signal-background interference [34,35], for
which additional details are given in Section 3. Given that the QCD
corrections for the off-shell signal processes have only been calcu-
lated inclusively in the jet multiplicity, the analysis is performed
inclusively in jet observables and the event selection is designed
to minimise the dependence on the momentum of the ZZ system,
which is sensitive to the jet multiplicity.

2. ATLAS detector

The ATLAS experiment is described in Ref. [36]. ATLAS is a
multipurpose detector with a forward-backward symmetric cylin-
drical geometry and a solid-angle! coverage of nearly 4m. The
inner tracking detector, covering the region [n| < 2.5, consists
of a silicon pixel detector, a silicon microstrip detector and a
straw-tube transition-radiation tracker. The innermost layer of the
pixel detector, the insertable B-layer [37], was installed between
Run 1 and Run 2 of the LHC. The inner detector is surrounded
by a thin superconducting solenoid providing a 2T magnetic field,
and by a finely segmented lead/liquid-argon (LAr) electromagnetic
calorimeter covering the region |n| < 3.2. A steel/scintillator-tile
hadronic calorimeter provides coverage in the central region || <
1.7. The endcap and forward regions, covering the pseudorapidity
range 1.5 < |n| < 4.9, are instrumented with electromagnetic and
hadronic LAr calorimeters, with copper or tungsten as the absorber
material. A muon spectrometer system incorporating large super-
conducting toroidal air-core magnets surrounds the calorimeters.
Three layers of precision wire chambers provide muon tracking
in the range |n| < 2.7, while dedicated fast chambers are used
for triggering in the region |n| < 2.4. The trigger system is com-
posed of two stages [38]. The first stage, implemented with custom
hardware, uses information from calorimeters and muon chambers
to reduce the event rate from about 40 MHz to a maximum of
100 kHz. The second stage, called the high-level trigger, reduces
the data acquisition rate to about 1 kHz on average. The high-level
trigger is software-based and runs reconstruction algorithms simi-
lar to those used in the offline reconstruction.

3. Monte Carlo simulation and higher-order theory corrections

Monte Carlo (MC) samples of gg — (H* —)ZZ events, which
include the SM Higgs boson signal, gg — H* — ZZ, the con-
tinuum background, gg — ZZ, and the signal-background in-
terference contribution, were generated with the MC generator
SHERPA-v2.2.2 + OPENLoOPS [39-42]. Matrix elements were calcu-
lated for zero jets and one jet at LO and merged with the SHERPA
parton shower [43]. The NNPDF30ONNLO [44] PDF set was used,
and the QCD renormalisation and factorisation scales were set to
mzz/[2.

The K-factor for the gg — H* — ZZ process is known up to
NNLO in QCD as a function of mzz [12,25]. More recently, a NLO
QCD calculation which includes the gg — ZZ continuum process
has become available [34,35] allowing m; differential K-factors to
be calculated with an expansion in the inverse top mass (1/m;) be-
low 2mg, and assuming a massless-quark approximation above this
threshold. This NLO QCD calculation was used to correct all three
components with separate K-factors computed for the signal gg —
H* — ZZ (K5(mzz)), the background gg — ZZ (KB(myzz)) and
the interference (K'(mzz)). Since the NNLO QCD correction is only
known differentially in mz; for the gg — H* — ZZ process and
not for all three components in the off-shell region, an overall cor-
rection is applied by scaling the differential NLO QCD reweighted
cross section by an additional factor of 1.2, which is assumed to
be the same for the signal, background and interference. This ad-
ditional constant scale factor is justified by the constant NNLO to

1 The ATLAS experiment uses a right-handed coordinate system with its origin at
the nominal interaction point (IP) in the centre of the detector and the z-axis along
the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and
the y-axis points upward. Cylindrical coordinates (r,¢) are used in the transverse
plane, ¢ being the azimuthal angle around the z-axis. The pseudorapidity is defined
in terms of the polar angle 6 as n = —Intan(6/2).
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NLO ratio of the QCD predictions over the data region considered
in the analysis. Using these scaled NLO K-factors, the cross section
for the gg — (H* —)ZZ process with any off-shell Higgs boson
signal strength fiofrshen Can be obtained from a parameterisation

. ; SM
of three SM MC samples: the gg — H* — ZZ signal (ogg%H*ﬁzz),

the gg — ZZ continuum background (Ugggzz,cont) and the full
process with signal, background and interference gg — (H* —)ZZ
(Ggsglﬁ(,_,*%)zz), where the last sample is required to derive the in-
terference sample:

Ogg—s (H*—)2Z (Moff-shell)

s sM
= Woft-shell + 1.2 - K>(Mzz) - Ogy_, g« 77

+ «/Hoff-shell - 1.2 - K'(mzz) - O’gSQLZZ’ Interference (1)
B SM
+1.2-K"(mzz) 'agg—>ZZ, cont
GSM

gg—ZZ, Interference
_ SM SM SM
_O-gg%(H*%)ZZ _Ugg—>H*—>ZZ _Ugg—>ZZ,cont‘ (2)

The electroweak pp — V'V + 2j processes containing both the
VBF-like events and events from associated Higgs production with
vector bosons (V H), which includes on-shell Higgs boson pro-
duction, were simulated using MADGRAPH5_aMC@NLO [45] with
matrix elements calculated at LO. The QCD renormalisation and
factorisation scales were set to my following the recommenda-
tion in Ref. [46] and the NNPDF23LO PDF set [47] was used.
PyTHIA 8.186 [48] was used for parton showering and hadroni-
sation, with the A14 set of tuned parameters for the underlying
event [49]. Due to the different I'y dependence, the on-shell and
off-shell Higgs boson production processes are separated when
weighting MC events as in Eqgs. (1) by requiring that the gener-
ated Higgs boson mass satisfy |m‘EIen' — 125 GeV| < 1 GeV. This
requirement is fully efficient in selecting the on-shell VH pro-
cess. The cross section opp—,vv12j(off-shel) for the electroweak
pp — V'V 42j process for any off-shell Higgs boson signal strength
offshell 1S parameterised in the same way as for the gg —
(H* —)ZZ process.

The qq — ZZ background was simulated with SHERPA v2.2.2,
using the NNPDF30NNLO PDF set for the hard-scattering process.
NLO QCD accuracy is achieved in the matrix-element calculation
for 0- and 1-jet final states and LO accuracy for 2- and 3-jet final
states. The merging with the SHERPA parton shower was performed
using the MEPS@NLO prescription. NLO EW corrections are applied
as a function of the particle-level mz; [50,51].

The WW and W Z backgrounds were simulated at NLO in QCD
using the POWHEG-Box v2 event generator [52] with the CT1ONLO
PDF set [53] and PyTHIA 8.186 for parton showering and hadronisa-
tion. The non-perturbative effects were modelled with the AZNLO
set of tuned parameters [54]. The interference between the qq —
ZZ and qq — WW processes for the 2¢2v final state is found to
be negligible and thus is not considered.

Events containing a single Z boson with associated jets (Z +
jets) were simulated using the SHERPAV v2.2.1 event generator. Ma-
trix elements were calculated for up to two partons at NLO and
four partons at LO using the Comix [55] and OPENLoops [41]
matrix-element generators and merged with the SHERPA parton
shower [43] using the MEPS@NLO prescription. The NNPDF30NNLO
PDF set was used in conjunction with dedicated parton-shower
tuning developed by the SHERPA authors. The Z + jets events are
normalised using the NNLO cross sections [56].

The triboson backgrounds ZZZ, WZZ, and WW Z with fully
leptonic decays and at least four prompt charged leptons were
modelled using SHERPAV v2.2.1. The contribution from triboson
backgrounds with one W or Z boson decaying hadronically is not

included in the simulation, but the impact on the analysis is found
to be negligible. For the fully leptonic tt + Z background, with
four prompt charged leptons originating from the decays of the
top quarks and Z boson, MADGRAPH5_aMC@NLO was used. The tt
background, as well as the single-top and Wt production, were
modelled using PowHEG-Box v2 interfaced to PyTHIA 6.428 [57]
with the Perugia 2012 [58] set of tuned parameters for parton
showering, hadronisation and the underlying event, and to Evt-
GEN v1.2.0 [59] for properties of the bottom and charm hadron
decays.

The particle-level events produced by each MC event generator
were processed through the ATLAS detector simulation within the
GEANT 4 framework [60,61] or the fast detector simulation package
Atlfast-II [61]. Additional pp interactions in the same and nearby
bunch crossings (pile-up) are included in the simulation. The pile-
up events were generated using PyTHIA 8 with the A2 set of tuned
parameters [62] and the MSTW2008LO PDF set [63]. The simula-
tion samples were weighted to reproduce the observed distribution
of the mean number of interactions per bunch crossing in the data.

4. ZZ — 4L analysis

The analysis for the ZZ — 4¢ final state closely follows the
on-shell Higgs boson measurements and high-mass search in the
same final state described in Refs. [32,33], with the same event
reconstruction, trigger and event selections, and background esti-
mation methods. A matrix-element-based (ME-based) discriminant
computed at LO is constructed to enhance the separation between
the gg — H* — ZZ signal and the gg — ZZ and qq — ZZ back-
grounds, and this discriminant is subsequently used in a binned
maximum-likelihood fit for the final result. To minimise the de-
pendence of the gg — ZZ kinematics on higher-order QCD effects,
the analysis is performed inclusively, ignoring the number of jets
in the events.

The analysis is split into three channels (4, 2e2u, 4e). Each
electron (muon) must have transverse momentum pt > 7 (5) GeV
and be measured in the pseudorapidity range |n| < 2.47 (|n| <
2.7). The highest-pt lepton in the quadruplet must satisfy p >
20 GeV, and the second (third) lepton in pr order is required
to have pr > 15 GeV (pt > 10 GeV). Lepton pairs are formed
from same-flavour opposite-charge leptons. For each channel, the
quadruplet with a lepton pair whose mass is closest to the Z bo-
son mass is kept. This pair is referred to as the leading dilepton
pair and its invariant mass, myy, is required to be between 50 GeV
and 106 GeV. The second (subleading) pair is chosen from the re-
maining leptons as the pair closest in mass to the Z boson and
in the range 50 GeV < ms4 < 115 GeV. The off-shell region is de-
fined as the range 220 GeV < my4; < 2000 GeV, while the on-shell
region is defined as 118 GeV < mye < 129 GeV.

The dominant background in the ZZ — 4¢ channel arises from
qq — ZZ events. This is modelled using MC simulation, accurate to
NLO QCD and NLO EW corrections as explained in Section 3. Other
backgrounds, such as triboson production, ttV, Z + jets, and top
quark production, constitute less than 2% of the total background
in the off-shell signal region, and are either taken from simulation
or from dedicated data control regions.

Fig. 1(a) shows the observed and expected distributions of my,
combining all lepton channels in the off-shell region. The data are
in agreement with the SM predictions, with two small excesses
at mye around 240 GeV and 700 GeV, each having a significance of
about two standard deviations (20'), as evaluated by the high-mass
resonance search reported in Ref. [33]. Table 1 shows the expected
and observed numbers of events in the signal region and addi-
tionally in the 400 GeV < my4, < 2000 GeV mass range, which is
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Fig. 1. Observed distributions in the range 220 GeV < myg; < 2000 GeV for (a) the four-lepton invariant mass my4; and (b) the ME-based discriminant Dyg combining all
lepton final states, compared to the expected contributions from the SM including the Higgs boson (stacked). Events with my4, > 1200 GeV are included in the last bin of the
my, distribution. The hatched area shows the combined statistical and systematic uncertainties. The dashed line corresponds to the total expected event yield, including all
backgrounds and the Higgs boson with iofr-shel = 5. The ratio plot shows the observed data yield divided by the SM prediction (black points) as well as the total expected

event yield with ftoffshel = 5 divided by the SM prediction (dashed line) in each bin.

Table 1

The expected and observed numbers of events in the signal region for both final states. For the ZZ — 4¢ anal-
ysis, numbers are given for both the signal region and a signal-enriched region which covers the mass range
400 GeV < myy < 2000 GeV. The other backgrounds in the ZZ — 4¢ final state include contributions from
Z + jets and top quark processes, while in the ZZ — 2¢2v final state they include contributions from tri-boson
production, the W + jets process, and top quark processes other than pair production. For the ZZ — 2¢2v anal-
ysis, the range 250 GeV < mTZZ < 2000 GeV is considered. The upper part of the table contains the expected
events for the gg — (H* —)ZZ and VBF (H* —)ZZ processes which include the Higgs boson signal, back-
ground and interference for the SM predictions. The SM estimates for the signal (S) and background (B) event
yields without interference are given in parentheses. The lower part of the table contains the corresponding
predictions for foffshen = 5. The uncertainties in the number of expected events include the statistical uncer-
tainties from MC samples and systematic uncertainties, summed in quadrature. Empty entries correspond to

contributions with event yields smaller than 0.1 events.

Process 77 — 4L 77 — 202v
mye > 220 GeV mae > 400 GeV mZZ > 250 GeV
gg— (H* —>)ZZ 96+ 15 10.6+2.0 22+4
(gg — H* = 2Z (S) 98+1.5 59+1.0 20.1+3.3)
(gg— 2Z (B) 101+16 11.8+£2.2 28 +6)
VBF (H* —)ZZ 8.294+0.34 3.07+0.13 2.83+0.14
(VBF H* — ZZ (S) 1.67 £0.08 1.14+0.04 5.45+0.30)
(VBF ZZ (B) 99+04 4.17+0.18 6.92+0.35)
qq— 27 520 + 42 77+8 132415
aq — Wz - - 68+4
WW/t/Wt/Z — 1T - - 2.6 £1.0
Z + jets - - 6.0+2.8
Other backgrounds 14.6 +0.7 2.15+0.15 1.144+0.08
Total Expected (SM) 639 £ 60 93410 234+16
Observed 704 114 261
Other signal hypothesis
g8 — (H* =)ZZ (JLofi-shell = 5) 117 +18 26+5 61+12
VBF (H* —>)ZZ (Joftshell = 5) 11.0+£0.5 4.85+0.22 8.8+0.4

enriched in signal. The latter mass region was chosen for this table
since it is optimal for a counting experiment.

The matrix-element kinematic discriminant fully exploits the
event kinematics in the centre-of-mass frame of the 4¢ system. It
is computed from eight kinematic observables: the three masses
mge, M2 and ms4, and the leading Z boson production angle
and four decay angles defined in Ref. [64]. These observables are

used to calculate the matrix elements for the different processes
with the MCFM program [15] at LO. The following matrix ele-
ments are calculated for each event in the mass range 220 GeV <
mye < 2000 GeV:

e Pg;: the matrix element squared for the qq — ZZ — 4¢ pro-
cess,
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e Pg,: the matrix element squared for the gg - (H* —)ZZ —
4¢ process, which includes the Higgs boson with SM couplings,
the continuum background and their interference,

e Py: the matrix element squared for the gg — H* — ZZ — 4¢
process without continuum background or interference.

The ME-based discriminant is defined as in Ref. [15]:

o =oso (7. 7
ME=10810\ 5— |

Pgg + ¢ Pog
where ¢ =0.1 is a constant whose value is chosen to balance the
overall cross sections of the qq — ZZ and gg — (H* —)ZZ pro-
cesses. The value of ¢ has a small effect on the analysis sensitivity.
Fig. 1(b) shows the observed and expected distributions of Dyg.
Events with a Dyg value between —4.5 and 0.5 are used for the
final result.

5. ZZ — 242y analysis

The analysis in the ZZ — 2¢2v final state closely follows the
one performed to search for ZZ resonances [33]. The reconstruc-
tion, identification and selection of electrons, muons, jets, b-jets
and missing transverse momentum are identical while the event
selection is optimised for the current analysis.

To discriminate the signal from the background and enhance
the sensitivity to off-shell Higgs boson production, the transverse

mass of the ZZ system (m#%) is used, defined as:

) 2 L2
e = [\ 7 e e | = [ g
where pg is the transverse momentum of the dilepton system,
my is the mass of the Z boson fixed to mz =91.187 GeV [65] and
E.rllniSS is the magnitude of the missing transverse momentum EIT“iSS.
The latter is computed as the negative sum of transverse momenta
of all the leptons and jets, as well as the tracks originating from
the primary vertex but not associated with any of the leptons or
jets, the so-called soft term.

The event selection is designed to minimise the dependence
on the pr of the ZZ system, and thus is performed inclusively
in number of jets. First, events with two opposite-charge lep-
tons of the same flavour are selected with the requirement of
pt > 30 (20) GeV for the leading (sub-leading) lepton. The dilep-
ton invariant mass my, is required to be in the range 76 GeV <
mg¢ < 106 GeV. Events with additional, loosely identified lep-
tons with pt > 7 GeV are rejected to reduce the amount of
W Z background. The two Z bosons originating from the decay
of an off-shell Higgs boson are boosted and tend to be back-to-
back in the transverse plane. A series of selection requirements
are applied to reduce the Z + jets background: the two lep-
tons are required to be produced with an angular separation of
AR =/(An)? + (A¢)? < 1.8; E’T‘[liSS is required to be larger than
175 GeV; the azimuthal angle between the transverse momentum
of the dilepton system and the missing transverse momentum is

-

required to be large, Ag(pL, EMs) > 2.7; pl is required to be

balanced by the EMSS and jets, | p?iss’jet — ptf1/pit < 0.2, where

prT]mSS"JEt = |l§fl.“i55 + 2 et Z)JTEt|; and EMM$S/Hr > 0.33, where Hr is the
scalar sum of lepton and jet transverse momenta. Finally, events
with a b-jet with pr > 20 GeV and |n| < 2.5, identified by the
MV2c10 algorithm [66,67] with 85% tagging efficiency, are vetoed
to suppress the top quark background.

The dominant backgrounds in the ZZ — 2¢2v channel consist
of qq — ZZ events, followed by WZ events. Other background
processes with two genuine leptons not directly originating from

a Z boson decay include WW, tt, Wt and Z — tt. The remaining
background comes from Z + jets with poorly reconstructed EIT“iSS,
W +jets events with at least one misidentified electron or muon,
semileptonic top decays, and multi-jet events.

The qq — ZZ background is modelled in the same manner as
for the ZZ — 4¢ channel. The W Z background is estimated with
simulation using a normalisation correction factor extracted from a
dedicated control region (CR). This W Z-enriched CR is defined by
selecting Z — ¢¢ candidates with an additional electron or muon
with pt > 20 GeV. Events with a b-jet are rejected to suppress
leptonic tt decays and a mp(W) > 60 GeV requirement is applied
to reduce the Z+jets contamination. The correction factor is then
calculated in the CR as the number of data events, after subtract-
ing the non-W Z contributions, divided by the predicted W Z yield,
and is found to be 1.29. The statistical uncertainty of the W Z es-
timate is about 2%, while the systematic uncertainty is estimated
to be 5% from theoretical and experimental uncertainties in the
simulation-based transfer factor between the three-lepton control
region and the two-lepton signal region.

The non-resonant-££ background, including WW, tt, Wt and
Z — TT processes, is estimated from a control sample of eu
events, in the same manner as in Ref. [33], except that the ey CR is
defined by requiring E;“iss > 120 GeV. The background estimation
is performed by extrapolating the result obtained with the relaxed
E?iss requirement to the SR, extracting the efficiency of the E;“iss
selection criteria from MC simulation of the non-resonant-¢¢ back-
ground. The m%z distributions for the non-resonant-£¢ background
are derived from the data CR and extrapolated to the SR. The total
uncertainty in the non-resonant-¢¢ estimate is about 40%, includ-
ing the statistical uncertainty of the data in the control region,
the extrapolation and the method bias estimated from simulation.
The m%z distribution differences between data and simulation are
taken as a shape uncertainty (~10%).

The Z + jets background, expected to be ~2% of the total back-
ground, is estimated from a combination of MC and data-driven
techniques. A Z + jets enriched CR is defined by reversing the
E‘T‘“SS/HT selection. Additionally, the b-jet veto and the require-
ment on Aq&(ﬁ%‘ , E?iss) are removed to allow more data events.
The estimation is performed by extrapolating the number of events
observed in the CR, after subtracting non-Z-boson backgrounds, to
the SR with a correction factor based on simulation. The m%z dis-
tribution for the Z + jets background is derived from simulation.
The total uncertainty in the Z + jets estimate is about 50% (80%)
for the ee (1) channel, including the statistical uncertainty of the
data in the control region and the extrapolation factor. The shape
difference in m#Z between Z + jets MC events in the SR and those
in the CR is taken into account as a systematic uncertainty.

Other backgrounds, such as triboson production, ttV, W + jets,
and top quark processes other than pair production, constitute only
a tiny fraction of the total background in the off-shell signal re-
gion, < 1%, and are taken from simulation. The contribution from
the on-shell Higgs production is negligible in the off-shell signal
region.

The expected and observed numbers of events in the signal re-
gion for the ZZ — 2¢2v analysis are summarised in Table 1. Fig. 2
shows the observed and expected distributions of m%z in both the
ee and pp channels in the off-shell region.

6. Systematic uncertainties

Systematic uncertainty sources impacting the analysis of both
channels can be divided into two categories: uncertainties in the
theoretical description of the signal and background processes and
experimental uncertainties related to the detector or to the re-
construction algorithms. The largest systematic uncertainties arise



228 The ATLAS Collaboration / Physics Letters B 786 (2018) 223-244

- ATLAS ¢ Data

50[ys=13 TeV, 36.1 fb! ----- 9g+VBF>(H-)ZZ(
H* - ZZ — 2e2v [ 1 gg+VBF—(H"=)ZZ(SM)
Bz

i wz

I Other backgrounds
Uncertainty

:5)

40

Events / 50 GeV

30

20

10

=
D 15x
5 1%g¢iw\\x“§\
L%’ 0.5
400 8‘ 1000 1200 1400
m# [GeV]
(a)

60— ATLAS e Data

F (5=13TeV, 361 0" - ggrVBF>(H)ZZ(1
5QFH >ZZ>2u2v [ ] ggtVBF—(H-)ZZ(SM)
B 2z

wz

Il Other backgrounds
Uncertainty

:5)

Events / 50 GeV

40

30

20

100

15 48 % { _____ ‘
S \ \\\\\&
0.5? \\fk\\\\\\ﬁ\\\
400 0 1000 1200 1400
m# [GeV]

Events / SM

(b)

Fig. 2. Observed transverse mass m%z distribution in the (a) ee channel and (b) pu channel of the ZZ — 2¢2v off-shell region, compared to the expected contributions from
the SM including the Higgs boson (stacked). Events with 1500 < m%z < 2000 GeV are included in the last bin of the distribution. The hatched area shows the combined
statistical and systematic uncertainties. The dashed line corresponds to the total expected event yield, including all backgrounds and the Higgs boson with fioffshen = 5.
The ratio plot shows the observed data yield divided by the SM prediction (black points) as well as the total expected event yield with fiofrshen =5 divided by the SM

prediction (dashed line) in each bin.

from the theoretical uncertainties in the gg-initiated ZZ processes
and the qq — ZZ background process. The uncertainties from ex-
perimental measurements are generally small compared to the
theoretical uncertainties in this analysis.

The theoretical uncertainties originate from the PDF choice,
the missing higher-order corrections, and the parton-shower mod-
elling. The PDF uncertainty corresponds to the 68% CL varia-
tions of the nominal PDF set NNPDF30NNLO for both qq — ZZ
and gg — (H* —)ZZ, as well as the difference from alternative
PDF sets. The alternative PDF sets used are CT1ONNLO [68] and
MMHT2014NNLO [69]. The uncertainty due to PDF is found to
be about 3% in the high-mass region considered. The uncertainty
due to higher-order QCD corrections (QCD scale uncertainty) is
estimated by varying the renormalisation and factorisation scales
independently, ranging from a factor of one-half to two. The un-
certainty in the K-factors due to the NLO QCD scale uncertainty is
10-20% as a function of mz; for the gg-initiated ZZ processes in
the probed high-mass region, and ranges from 5% to 10% as a func-
tion of myz; for the qq — ZZ background. The QCD scale uncer-
tainties are treated as correlated among the gg-initiated ZZ pro-
cesses, and uncorrelated with the gg-initiated ZZ process. There
are a few additional normalisation uncertainties associated with
the NLO K-factors discussed in section 3. In the region below 2myq,
the higher-order corrections are computed with a maximum jet
transverse momentum of 150 GeV to ensure a good description by
the 1/m; expansion. The default scale uncertainty is therefore dou-
bled for events which have a jet with pt > 150 GeV, corresponding
to about 8% of the events in this region. The scale uncertainty is
also increased by 50% around the 2m; threshold, with a Gaussian-
smoothed transition decreasing to the default uncertainty within
50 GeV of the threshold. This is intended to allow for possible ef-
fects on the K-factor which have not been estimated as the top
quark moves on-shell. It is assumed that the 10-20% NLO QCD
scale uncertainty for the gg-initiated ZZ processes covers the as-
sumption of massless loops above the 2m; threshold, and as well
the uncertainties in the 1.2 scale factor estimated only for the
NNLO/NLO signal correction but also applied to the background
and interference components. These NLO QCD scale uncertainties

are larger than those associated with the NNLO QCD signal uncer-
tainties. The EW correction uncertainty for qq — ZZ is evaluated
using the same method as in Ref. [26] and its impact is esti-
mated to be about 1%. The parton-shower uncertainty is evaluated
by varying parameters in the parton-shower tunes according to
Refs. [49,54] and found to be 2-3% in normalisation.

The theoretical uncertainties due to the missing higher-order
corrections and PDF variations are small for V H-like and VBF-like
processes pp — ZZ + 2j; therefore, they are not included in the
analysis.

For the ZZ — 4¢ analysis, the same sources of experimental
uncertainty as in Ref. [32] are evaluated. The leading experimental
systematic uncertainties are due to the electron and muon recon-
struction and selection efficiency uncertainties, which are smaller
than the uncertainties associated with the theoretical predictions.

Similarly, for the ZZ — 2¢2v channel, the same sources of ex-
perimental uncertainty as in Ref. [70] are evaluated. These experi-
mental uncertainties affect the sensitivity of the foff.shen Measure-
ment only at the percent level.

The uncertainty in the combined 2015 and 2016 integrated lu-
minosity is 2.1%, derived following a methodology similar to that
detailed in Ref. [71], from a preliminary calibration of the lumi-
nosity scale using x-y beam-separation scans. This uncertainty is
applied to the normalisation of the signal and also to background
contributions whose normalisations are derived from MC simula-
tions. A variation in the pile-up reweighting of MC events is in-
cluded to cover the uncertainty in the ratio of the predicted and
measured inelastic cross sections in Ref. [72].

7. Results

The results for the ZZ — 4¢ and ZZ — 2¢2v analyses are
first translated into limits on the off-shell signal strength ptoff_shell-
A single off-shell signal-strength parameter is applied for all pro-
duction modes, assuming that the ratio of the off-shell production
rates via the ggF process to those via the VBF process are as
predicted in the SM, namely uﬁ%{_ shell/Mebr o = 1. In a second
step, the off-shell analyses are combined with the on-shell ZZ* —
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Table 2

The 95% CL upper limits on [Loff_shell, I‘H/F?_,M and Rgg. Both the observed and expected limits are given.
The 10 (20) uncertainties represent 68% (95%) confidence intervals for the expected limit. The upper
limits are evaluated using the CLs method, with the SM values as the alternative hypothesis for each

interpretation.

Observed Expected
Median +1o +2 0
off-shell 77 — 4¢ analysis 45 43 [3.3,5.4] [2.7,7.1]
77 — 262v analysis 53 44 [3.4,5.5] [2.8,7.0]
Combined 3.8 34 [2.7,4.2) [2.3,5.3]
Ty/TM Combined 35 3.7 [2.9,4.8] [2.4,6.5]
Rgg Combined 43 41 [3.3,5.6] [2.7,8.2]

4¢ [73] analysis, where the on-shell Higgs signal strength is mea-
sured to be [lon-shell = 1‘28f8:%;. The combination with the on-
shell analysis is performed with two assumptions that correspond
to different interpretations of the results. In the first combination,
the parameter of interest is the ratio of off-shell to on-shell sig-
nal strengths, which can be interpreted as the Higgs boson width
normalised to its SM prediction: Loff-shell//ton-shel = I’ /T3M. This
interpretation assumes that the off- and on-shell coupling modi-
fiers are the same for both ggF and VBF production modes (i.e.,
Kg on-shell = Kg,off-shell = KV, on-shell = KV oft-shell)- In the second
combination, the parameter of interest is the ratio of off-shell
to on-shell signal strengths for the ggF production only, Rgz =

/LE%F_ shell/ ,u(gf:she“, which can be interpreted as the ratio of off-shell

to on-shell gluon couplings: Rgg = /céoff_she“/Kéqon_she“. In this case
the coupling scale factors kv = Ky on-shell = KV off-shell associated
with on- and off-shell VBF production and the H® — ZZ decay
are assumed to be the same and fitted to the data (profiled). This
also assumes that the total width is equal to the SM prediction.

The statistical analysis is based on the framework described
in Refs. [74-76]. A binned likelihood function is constructed as a
product of Poisson probability terms over all bins of the fit tem-
plates considered. This function depends on the parameter of in-
terest u, corresponding to one of the different interpretations dis-
cussed above (off-shells FH/I‘zM and Rg), and 6, a set of nuisance
parameters that encode the effects of systematic uncertainties on
the signal and expected backgrounds, as described in Section 6.
The nuisance parameters are constrained using either Gaussian or
log-normal terms.

In the ZZ — 4¢ channel, a binned maximum-likelihood fit to
the Dy distribution is performed to extract the limits on w. The
fit model accounts for signal and background processes, includ-
ing gg —> (H* -)ZZ, VBF (H* —)ZZ, q@ — ZZ and other back-
grounds. The probability density functions of the signal-related
processes gg — (H* —)ZZ and VBF (H* —)ZZ are parameterised
as a function of the off-shell Higgs boson signal strength [ioff_shell
as given in Eqgs. (1) and (2). In the ZZ — 2¢2v channel, a simi-
lar maximum-likelihood fit to the m%z distribution is performed.
The modelling of the dominant signal and background processes
is the same as in the ZZ — 4¢ channel. The likelihood function
for the combination of the ZZ — 4¢ and ZZ — 2¢2v channels is
the product of the Poisson likelihoods of these individual channels.
The main common theoretical and experimental systematic uncer-
tainties are treated as correlated within different channels.

The PDF uncertainties and uncertainties from higher-order QCD
corrections applied to the qq — ZZ process are considered corre-
lated between the on-shell and off-shell measurements. Given the
different theoretical computations, the corresponding uncertainties
are considered uncorrelated for the gg-initiated ZZ processes be-
tween the on-shell and off-shell measurements, and the impact of
such a correlation effect is found to be small. In addition to the
main theoretical uncertainties, the common experimental system-

atic uncertainties are treated as correlated between the on-shell
and off-shell measurements.

Hypothesis testing and confidence intervals are based on the
profile likelihood ratio [77]. The parameters of interest are different
in the various tests, while the remaining parameters are profiled.
All 95% CL upper limits are derived using the CLs method [78],
based on the ratio of one-sided p-values: Rcy (i) = pp/(1—p1)
where p, is the p-value for testing a given ( = [Loffshell OF 1 =
I'y/TM (the non-SM hypothesis) and p; is the p-value derived
from the same test statistic under the SM hypothesis of [Loff_shell =
1 in the first case and I'y/T3M =1 in the second case.?

The negative log-likelihood, —21In %, is scanned as a function of
a single parameter of interest, chosen to be offshel, 'y /F%M or
Rgg. The results are shown in Fig. 3 for observed and expected
values. The results based on the CLg method for the two individ-
ual analyses and their combination are reported in Table 2. As a
result of the small data excess observed in the off-shell region, the
observed limits on offshenr are less stringent than the expected
ones. The observed (expected) limit on I'y/T3M is 3.5 (3.7) at the
95% CL. Due to the fact that the measured on-shell signal strength
Mon-shell 1S larger than one [32], the observed limit on FH/F%M is
smaller than the expected limit. The limit on I'yy/ F%M can be trans-
lated into a limit on the total width of the Higgs boson, leading to
an observed (expected) 95% CL upper limit on the Higgs boson to-
tal width of 14.4 (15.2) MeV.

These results are significantly improved compared to the Run-1
publication [26], the expected limit being about a factor two better.

If instead of constraining the qq — ZZ background to the the-
oretical expectation, the normalisation is left as a free parameter
in the profile likelihood fit, the upper limits on fton-shep are about
4% worse in the ZZ — 4¢ channel. If only the NLO K-factor are
applied to the SM prediction of the gg-initiated ZZ processes,
without the additional NNLO/NLO K-factor of 1.2 (Section 3), the
upper limits on [Loff.sheyr and FH/FiIM are about 10% worse.

The impact of the various systematic uncertainties on the ex-
pected limit in the iofrshen fit are listed in Table 3. The values in
this table were derived by fixing all the nuisance parameters asso-
ciated with the systematic uncertainties to the values derived from
the SM-conditional fit to the data, with the exception of the one
under study. The uncertainties with the largest impact on the sen-
sitivity of [Lofrshen are the theoretical uncertainties of the gg- and
qqg-initiated ZZ processes.

8. Conclusion

A determination of the off-shell Higgs boson signal strength in
the ZZ — 4¢ and ZZ — 2¢2v final states and their combination is

2 In the context of this analysis the alternative hypothesis is given by the SM
value(s) for all relevant parameters of the fit model.
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Table 3

The expected 95% CL upper limit on ftofshen With a ranked listing of the impact
of the leading systematic uncertainty individually, comparing with no systematic
uncertainty or all systematic uncertainties. The upper limits are evaluated using the
CLs method.

Systematic uncertainty 95% CL upper limit on [Loff_shell

Z7Z — 4L Z7Z — 202v Combined
QCD scale qq — ZZ 4.2 39 32
QCD scale gg — (H* -)ZZ 4.2 3.6 31
Luminosity 4.1 35 31
Remaining systematic uncertainties 41 3.5 3.0
All systematic uncertainties 4.3 44 34
No systematic uncertainties 4.0 34 3.0

presented. The result is based on pp collision data collected by the
ATLAS experiment at the LHC, corresponding to an integrated lu-
minosity of 36.1 fb~! at a collision energy of /s = 13 TeV. Using
the CLs method, the observed (expected) 95% confidence level (CL)
upper limit on the off-shell signal strength is 3.8 (3.4). Assuming
the ratio of the relevant Higgs boson couplings to the SM predic-
tions are constant with energy from on-shell production to the

high-mass range considered in this analysis, a combination with
the on-shell measurements yields an observed (expected) 95% CL
upper limit on the Higgs boson total width of 14.4 (15.2) MeV.

Assuming that the total width of the Higgs boson is as ex-
pected in the SM, and the coupling scale factors associated with
on- and off-shell VBF production and the H® — ZZ decay are
the same, the same combination can be interpreted as a limit
on the ratio of the off-shell to the on-shell couplings to glu-
ons Rgg = K;,off-shell/K;on-shen' An observed (expected) limit of
4.3 (4.1) at 95% CL on Ry is obtained.
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