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A measurement of the Higgs boson production cross sections via associated WH and ZH production
using H - WW* — ¢vlv decays, where ¢ stands for either an electron or a muon, is presented. Results
for combined WH and ZH production are also presented. The analysis uses events produced in proton-
proton collisions collected with the ATLAS detector at the Large Hadron Collider in 2015 and 2016. The
data correspond to an integrated luminosity of 36.1 fb~! recorded at a centre-of-mass energy of 13 TeV.
The products of the H - W W* branching fraction times the WH and ZH cross sections are measured
to be 0.67f8:§}(stat.)t8:}i(syst.) pb and 0.54f8:§}1(stat.)fg:(l)g(syst.) pb respectively, in agreement with the
Standard Model predictions.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

Higgs boson production in association with a W or Z boson,
which is respectively denoted by WH and ZH, and collectively re-
ferred to as VH associated production in the following, provides
direct access to the Higgs boson couplings to weak bosons. In par-
ticular, in the WH mode with subsequent H - WW* decay, the
Higgs boson couples only to W bosons, at both the production and
decay vertices.

This paper presents a measurement of the corresponding pro-
duction cross sections through the decay H - WW™* — (viv,
using proton-proton collisions at a centre-of-mass energy of
/s = 13 TeV. The data correspond to an integrated luminosity
of 36.1 fb~! and were recorded by the ATLAS detector at the
Large Hadron Collider (LHC). Previous measurements at /s = 8 TeV
were performed by the ATLAS [1] and CMS [2] Collaborations and
recently at /s =13 TeV with 35.9 fb~! of data by the CMS Col-
laboration [3]. Recent results at /s =13 TeV on V H production in
other decay modes can be found in Refs. [4-9].

The analysis is performed using events with three (3¢) or four
(4¢) charged leptons (electrons or muons) in the final state, target-
ing the WH and ZH channels respectively. Leptonic decays of t
leptons, from H - WW* — tvtv or H > WW™* — tv{v or from
the associated vector bosons, are considered as signal, while no
specific selection is performed for events with hadronically decay-
ing T leptons in the final state. Events from V H production with
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H — t are considered as background. The leading-order Feynman
diagrams for the WH and ZH production processes are depicted
in Fig. 1.

In the WH channel, multivariate discriminants are used to
maximise the sensitivity to the Higgs boson signal, while in the
ZH channel the analysis is performed through selection require-
ments. The distribution of these W H discriminants, together with
event counts in background control regions and the signal regions
in the ZH channel, are combined in a binned maximum-likelihood
fit to extract the signal yield and the background normalisations.
The maximume-likelihood fit provides results for the WH and the
ZH channels separately and for their combination V H, assuming
the Standard Model (SM) prediction for the relative cross sections
of the two production processes.

2. ATLAS detector

The ATLAS experiment [10-12] is a multi-purpose particle de-
tector with a forward-backward symmetric cylindrical geometry
and a near 4w coverage in solid angle.! It consists of an in-

1 ATLAS 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 upwards. 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). Angular distance is measured in units
of AR =./(An)? 4 (A¢)2. Transverse momentum and energy are defined as pt =
psind and Et = E sin@ respectively.

0370-2693/© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by
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(b)

Fig. 1. Tree-level Feynman diagrams for the VH(H — W W*) topologies considered in this paper: (a) 3¢ channel and (b) 4¢ channel.

Table 1

Monte Carlo generators used to model the signal and background processes. Alternative generators,
underlying event and parton-showering models, used to estimate systematic uncertainties, are shown
in parentheses. In the last column the prediction order for the total cross section is shown. “PYTHIA6”
refers to version 6.428, “PYTHIA8” refers to versions 8.210 or 8.186.

Process Generator UEPS model Prediction order
(alternative) (alternative) for total cross section
qq— WH POWHEG-Box v2 MiNLO PYTHIA8 NNLO QCD + NLO EW [16-18]
(HERWIG 7)
qq— ZH PowHEG-Box v2 MiNLO PYTHIA8 NNLO QCD + NLO EW [16-18]
(HERWIG 7)
gg— ZH POWHEG-BOX v2 PYTHIAS NLO + NLL [19]
(HERWIG 7)
ggF H POWHEG-Box v2 NNLOPS  PyTHIA8 NNNLO QCD + NLO EW [20]
VBF H POWHEG-BOX v2 PYTHIAS NNLO QCD + NLO EW [21]
tt POWHEG-Box v2 PYTHIA8 NNLO+NNLL [22]
(HERWIG 7)
(SHERPA 2.2.1) (SHERPA 2.2.1)
wt PowHEG-Box v1 PYTHIAG6 NLO [23]
ttw/z MG5_aMC@LO PYTHIA8 NLO [24,25]
tzZ MG5_aMC@LO PYTHIAG6 LO [26]
qq/qg — €vef  SHERPA 2.2.2 SHERPA 2.2.2 NLO [27]
(POWHEG-BoX v2) (HERWIG++)
qq/qg — €eee SHERPA 2.1/2.2.2 SHERPA 2.1/2.2.2 NLO [27]
(POWHEG-BOX v2) (HERWIG++)
gg — et SHERPA 2.1.1 SHERPA 2.1.1 NLO [28]
vvv SHERPA 2.2.2 SHERPA 2.2.2 NLO [29]
(MG5_aMC@NLO) (PYTHIA8)

ner tracking detector (ID) surrounded by a thin superconducting
solenoid providing a 2 T axial magnetic field, electromagnetic (EM)
and hadronic calorimeters, and a muon spectrometer (MS). The in-
ner tracking detector covers the pseudorapidity range |n| < 2.5. It
consists of silicon pixel, silicon micro-strip, and transition-radiation
tracking detectors. Lead/liquid-argon (LAr) sampling calorimeters
provide electromagnetic energy measurements with high granular-
ity. A hadronic (steel/scintillator-tile) calorimeter covers the central
pseudorapidity range (|| < 1.7). The endcap and forward regions
are instrumented with LAr calorimeters for both EM and hadronic
energy measurements up to || = 4.9. The muon spectrometer
surrounds the calorimeters and is based on three large air-core
toroidal superconducting magnet systems that provide a field in-
tegral between 2.0 and 6.0 Tm across most of the detector. The
muon spectrometer includes a system of precision tracking cham-
bers covering the region || < 2.7 and fast detectors for triggering
within the range |n| < 2.4. A two-level trigger system is used to
select events [13].

3. Signal and background Monte Carlo simulation

Monte Carlo (MC) event generators are used to model signal
and background processes. All signal samples were generated with
a Higgs boson mass of 125 GeV [14,15]. For most processes, sep-

arate programs were used to generate the hard scattering pro-
cess and to model the underlying event and the parton shower-
ing (UEPS). A description of the MC samples is given in Table 1.
They are normalised to cross-section predictions calculated with
the QCD and electroweak (EW) orders specified in the last column
of Table 1.

The qq — WH and qq — ZH processes were generated with
POWHEG-Box v2 [30] MiNLO interfaced to PyTHIA8 [31], with the
AZNLO set of tuned parameters (tune) [32] for underlying event,
showering and hadronisation. The gg — ZH process was simu-
lated with POwWHEG-Box v2 + PyTHIA8 with the AZNLO tune for
underlying event, showering and hadronisation. For the VH sam-
ples, the PDF4LHC15 parton distribution function (PDF) set [33]
was used for the hard scattering process in POWHEG-Box v2 and
the CTEQ6L1 PDF set [34] was used for the parton showering in
PyTHIA8. HERWIG 7 [35], with the MMHT20141068cl PDF set [36],
was used as an alternative parton-showering model for VH. The
uncertainty due to the PDF choice is smaller than the uncertainty
obtained by using HERWIG as an alternative parton shower model
(Section 7).

The gluon-gluon fusion (ggF) events were generated with
PowHEG-Box v2 NNLOPS [37] interfaced to PyTHIA8 with the
AZNLO tune. The vector-boson fusion (VBF) events were gener-
ated with PowHEG-Box v2, interfaced to PYTHIA8. For the ggF and
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VBF samples, the PDF4ALHC15 PDF set was used for the hard scat-
tering process in POWHEG-Box v2 and the CTEQ6L1 PDF set was
used for the parton showering in PyTHIA8. The contribution from
the ttH and tH production modes is negligible.

The top-quark pair production (tf) was simulated with POWHEG-
Box v2 [38] using the NNPDF 3.0 NNLO PDF set [39] and inter-
faced to PyrHIA8 using the NNPDF 2.3 PDF set [40] for parton
showering, with the A14 tune [41]. For tt production, SHERPA [42]
2.2.1, with the NNPDF 3.0 PDF set, was used as an alternative
generator while HErwiG 7, with the MMHT2014l068cl PDF set,
was used as an alternative UEPS model. The single-top-quark
production Wt was generated with PowHEG-Box v1 [23] inter-
faced to PyTHIA6 [43] for parton showering with the PERUGIA2012
tune [44]. EVTGEN 1.2.0 [45] was used for the simulation of b-quark
and c-quark decays. The ttW/Z and tZ processes were gener-
ated at leading order (LO) with MG5_aAMC@LO [25] version 2.2.2
(ttW/Z) and 2.2.1 (tZ) interfaced to PYTHIAS (ttW /Z) and PYTHIAG
(tZ), using the NNPDF2.3 LO PDF set.

The qq/qg — V V* samples with final states £v£¢ and €££¢ [46]
were generated with SHERPA 2.2.2, with the exception of the ZZ*
sample in the WH analysis for which SHERPA 2.1 was used; the
CT10 PDF set [47] and the NNPDF 3.0 PDF set were used for ver-
sions 2.1 and 2.2.2, respectively. POWHEG-Box v2 [48] was used
as an alternative generator for VV*, with HERWIG++, using the
CTEQ6L1 PDF set, for parton showering. Among the loop-induced
gg-initiated diboson processes, the only relevant process in this
analysis is gg — ZZ*, for which a K-factor of 1.55 was used [28].
This process was simulated with SHERPA 2.1.1, using the CT10 PDF
set.

The triboson VVV samples were generated with SHERPA 2.2.2
and the NNPDF 3.0 PDF set. MG5_AMC@NLO was used as an alter-
native generator for VVV, with PYTHIA8, using the NNPDF2.3 LO
PDF set. The same PDF sets were used for the hard scattering and
the parton showering in all the SHERPA samples described above.

All simulated samples include the effect of pile-up from mul-
tiple interactions in the same and neighbouring bunch crossings.
This was achieved by overlaying minimum-bias events, simulated
using PYTHIA8 with the A2 tune [49] and MSTW2008LO PDF
set [50]. All samples were processed through the GEANT 4 [51] AT-
LAS detector simulation [52].

4. Event reconstruction

Candidate signal events are selected using triggers that require
a single isolated lepton with minimum transverse momentum (pr)
thresholds between 24 GeV and 26 GeV for electrons and between
20 GeV and 26 GeV for muons, depending on the data-taking pe-
riod. At least one of the leptons reconstructed offline is required
to have triggered the event and to have a pr higher than the
nominal trigger threshold by at least 1 GeV. The single-lepton
trigger efficiencies on the plateau are approximately 70% for sin-
gle muons with |n] < 1.05, 90% for single muons in the range
1.05 < |n| < 2.40 and greater than 90% for single electrons in the
range |n| < 2.47. The trigger efficiency for the signal events, esti-
mated after the preselection, is 94% for WH and 98.5% for ZH.

Selected events are required to have at least one primary vertex
reconstructed from at least two associated tracks, each with trans-
verse momentum pt > 400 MeV, as described in Ref. [53]. If an
event has more than one reconstructed primary vertex, the vertex
with the largest track ) p% is selected for the analysis.

Electrons are reconstructed from clusters of energy deposits in
the EM calorimeter matched to ID tracks, and are identified using
criteria based on the calorimeter shower shape, the quality of the
match between the track and the cluster and the amount of transi-
tion radiation emitted in the ID, as described in Ref. [54]. Electrons

are required to satisfy |n| < 2.47, excluding 1.37 < |n| < 1.52,
which corresponds to the transition region between the barrel and
the endcap EM calorimeters. The efficiency for electron identifi-
cation ranges from 88% to 94%, depending on electron pr and 7.
Muons are reconstructed by combining ID and MS tracks with con-
sistent trajectories and curvatures. An overall fit of hits from the
ID track, energy loss in the calorimeter and the hits of the track in
the muon system is used to form muon candidates, as described in
Ref. [55]. The efficiency for muon identification is close to 95% over
the full instrumented 7 range. To suppress particles misidentified
as leptons, several identification requirements as well as impact
parameter, calorimeter and track isolation criteria [54,55] are ap-
plied.

Jets are reconstructed using the anti-k; algorithm with radius
parameter R = 0.4 [56,57]. The four-momenta of jets are corrected
for the effects of calorimeter non-compensation, energy loss in
non-instrumented regions, and contributions from pile-up [58].
Jets are required to have |n| < 4.5, with pt > 25 GeV for the region
In] < 2.5 and pt > 30 GeV for the region 2.5 < || < 4.5. A multi-
variate selection [59] is used to suppress jets with pt < 60 GeV
and |n| < 2.4 originated from pile-up. Furthermore, to suppress
pile-up jets in the forward region, jet shapes and topological jet
correlations in pile-up interactions are exploited [60]. Jets with pt
> 20 GeV and |n| < 2.5 containing b-hadrons (b-jets) are identified
using a multivariate technique [61] with an efficiency of 85%, esti-
mated from simulated tt events. The multivariate technique gives
rejection factors against jets originating from a light quark or gluon
and jets containing c-hadrons of 33 and 3, respectively.

The missing transverse momentum ﬁTmiSS with magnitude E‘T11iSS
in each event is calculated from the negative vectorial sum of the
transverse momenta of electrons, muons, and jets. It uses both
track-based and calorimeter-based measurements [62].

5. Event selection

In the WH channel, exactly three isolated leptons with pt >
15 GeV are required with a total charge of +1. The lepton with
unique charge is labelled ¢g, the lepton closest to ¢y in angular
distance AR is labelled ¢1, and the remaining lepton is labelled
£>. In signal events leptons £g and ¢; are most likely to originate
from the H — WW™* decay, with probabilities of 99% and 85% re-
spectively.

The most prominent background processes to the WH chan-
nel are WZ/Wy* production and top-quark processes with either
three prompt leptons, e.g. tftV, or two prompt leptons and one
non-prompt lepton from a b-hadron decay, e.g. tt. Other important
background processes are ZZ* (including Zy™*), Zy and Z+jets
production; they may satisfy the signal selection requirements if
a lepton is undetected, in the case of ZZ*, or if they contain a
misidentified or non-prompt lepton, in the case of Zy and Z+jets
production. Processes with three prompt leptons in the final state
such as tribosons, in particular WW W, also contribute to the
background. Contributions from background processes that include
more than one misidentified lepton, such as W+jets production
and inclusive bb pair production, are negligible. The background
from top-quark production is suppressed by vetoing events if they
contain any b-tagged jet.

The analysis of the W H channel separates events with at least
one same-flavour opposite-sign charge (SFOS) lepton pair from
events with zero SFOS lepton pairs, which have different signal-
to-background ratios. Due to the presence of Z — ¢{ decays as
a dominant background, the former is hereafter referred to as
the Z-dominated category, while the latter is referred to as the
Z-depleted category. In the Z-dominated category, the major back-
ground processes are those involving Z bosons. Events are ve-
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Fig. 2. Distribution of (a) angular separation AR,¢, and (b) BDTzqom distribution in the Z-dominated category. The dashed line shows the W H signal scaled by a factor of 30.
The hatched band in the upper panel and the shaded band in the lower panel show the total statistical and experimental systematic uncertainty in background predictions.
The WZ/Wy* and top-quark background processes are normalised with the normalisation factors from the control region analysis (Table 4). The Z+jets and Zy background

processes are estimated with the data-driven technique described in Section 6.

toed if they contain more than one jet. This requirement further
suppresses top-quark events with an additional non-prompt lep-
ton from b-hadron decays. In order to select final states with
neutrinos, E%“iss is required to be above 30 GeV. The invariant
masses myg of all SFOS pairs are required to satisfy a Z-veto se-
lection: |mg; —myz| > 25 GeV. The last two requirements suppress
WZ/Wy* and ZZ* events, and improve the Z+jets rejection. In
order to suppress background events from heavy-flavour quarko-
nia, the smallest invariant mass of SFOS pairs is required to be
greater than 12 GeV. The signal efficiency of this selection with
respect to the preselection is 34.6%. A discriminant based on a
boosted decision tree (BDT) [63,64] is used to achieve a further
separation between signal and background processes. The main
purpose of the multivariate classifier, named BDTzgom, is to distin-
guish between signal and the dominant WZ /W y* and ZZ* back-
ground processes, and hence it is trained against these two back-
ground processes. The BDTzqom uUses seven input variables. They
are the magnitude of the vectorial sum of lepton transverse mo-
menta (|Zp$" [), the invariant masses of the first lepton pair (mge, )
and of the three leptons (my,), the angular distance ARy, E?iss
and the pseudorapidity separation between the leptons with the
same charge (A7ne,¢,). Moreover the BDT uses the transverse mass

of the W boson, mj¥ = \/2 p.l;W L Eiss . (1 —cos A¢ (Zw, 13}“155)),

built from the ﬁ{“iss and the lepton ¢y which is the lepton not be-
longing to the SFOS lepton pair with invariant mass closer to the Z
boson mass, and could be either ¢1 or ¢;. Fig. 2 shows the distribu-
tion of ARy¢,, which is the most powerful variable in the BDTzqom
training, and the BDTzqony, distribution in the Z-dominated cate-
gory, before applying any selection requirement on the BDTzgom
score.

The Z-dominated signal region (SR), defined as the events
with high-ranking BDTzgqom score (BDTzgom > 0.3), is divided into
three bins with increasing sensitivity: 0.3 < BDTzqom < 0.5, 0.5 <
BDTz4om < 0.7 and 0.7 < BDTzgqom < 1.0. This binning is the result
of an optimisation to find the minimal number of BDT bins that
gives the highest sensitivity. The expected signal-to-background ra-

tio in these bins is about 0.05, 0.09 and 0.19, respectively. The full
Z-dominated event selection is summarised in Table 2.

In the Z-depleted category, the two major background pro-
cesses are WZ/Wy* with Z/y* — t7 and tt, where WZ/Wy*
has the same signature of the signal, namely three prompt lep-
tons, while tt contains a misidentified or non-prompt lepton from
a jet. Two separate BDTs, named BDTw; and BDT, are trained
to allow an optimal background rejection. The BDTy 7 uses 11 in-
put variables, of which three common to the BDTzgom are mye,,
EMiSS and Any,¢,; the other variables are the transverse momenta
of the three leptons (pf", p?, p? ), the transverse mass (m%om)

built from ¢g, ¢; and 13}“155, the invariant mass of the electrons
with same-sign charge (me.), the transverse impact parameter sig-
nificances of the lepton with lowest pr (|dosigminl), the transverse
impact parameter significances of the lepton with second-lowest
pr and opposite charge with respect to the lepton with lowest pt
(Idosigmial) and the compatibility of the event with the W Z hy-
pothesis F.’

A definition of the most likely lepton from heavy-flavour de-
cays (¢urL) is crucial for an optimal performance of the BDT,;. For
this purpose, a BDTyp. is trained purely on data using track and
calorimeter isolation as well as impact-parameter variables as in-
put. The lepton with the minimal BDTyg; output is selected as £yp;.
The BDT;; uses nine input variables, of which two common to the
BDTz4om and BDTwz are mg,, and Ang¢,, one common to the
BDTzdom IS ARgye;, and the other input variables are the number

of jets (Njet), the transverse momentum of the leading jet (p%‘“d ),

the invariant mass of the leptons with same-sign charge (mg,¢,),
and three fyp -related variables: its BDTyp. output, its transverse
momentum, pé””, and the invariant mass built from it together

2 Given the reconstructed charged-lepton momenta and the ﬁTmiSS, the event kine-
matics can be calculated under the WZ with Z — tt hypothesis and using the
collinear approximation for the v decays with one remaining unknown, e.g. the ra-
tio of one 7 energy to the energy of the lepton from this t decay. This unknown is
varied and the number of physical kinematic solutions is taken as a measure of the
compatibility with the W Z hypothesis.
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Table 2

Event selection criteria used to define the signal regions in the WH and ZH analyses. The symbols are defined

in the text.

WH

ZH

Preselection
total lepton charge +1

3 isolated leptons (pt > 15 GeV)

4 isolated leptons (pr > 10 GeV)
total lepton charge 0

Category Z-dominated Z-depleted 2-SFOS 1-SFOS
Number of SFOS 2orl 0 2 1
Number of jets <1 — <1 <2
Nu_mber of b-jets 0 0 0 0
EMiss [GeV] >30 - > 45 -
p1 [GeV] - - > 45 _
mee [GeV] > 12 (min. SFOS)  — > 10 > 10
‘mu — mz| [GEV] > 25 (SFOS) — <10 (mgﬂ}) <10 (mgzgl)
Meye, [GeV] - - <55 <60
Agpogst - - <23 <19
mer [GeV] — — - <50
AqbwhﬁTmiss [rad] — — - >0.4
Mayg [GEV] - - > 140 -
BDT BDTzdom > 0.3 BDT,; > 0.2&BDTy 7 > 0.15  — -
S T A A S 30— e
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Fig. 3. Distribution of (a) BDTwz and (b) BDT;; in the Z-depleted category. The dashed line shows the WH signal scaled by a factor of 10. The hatched band in the upper
panel and the shaded band in the lower panel show the total statistical and experimental systematic uncertainty in background predictions. The WZ/W y* and top-quark
background processes are normalised with the normalisation factors from the control region analysis (Table 4).

Table 3
Summary of the Z-depleted fit regions.
Bin 1 Bin 2 Bin 3 Bin 4 Bin 5 Bin 6
0.2 <BDT; <0.3 0.3 <BDT; < 0.45 0.45 < BDTy;
0.15<BDTwz <0.35 0.35 <BDTw; 0.15<BDTwz <035 035<BDTwz; 0.15<BDTwz <0.35 0.35<BDTw;z

with the closest opposite-charge lepton (mgyy ¢, )- Fig. 3 shows
the outputs of BDTwz and BDT; in the Z-depleted category, be-
fore applying any selection requirements on the BDT scores.

The choice of input variables for the different BDTs was the
result of an optimisation study where several thousand different
BDTs using different set of input variables have been compared and
the best performing BDTs have been selected for the final analysis.

The full Z-depleted event selection is summarised in Table 2.
The events with high-ranking BDT scores (BDT,; > 0.2 and BDTy 2z
> 0.15) are used to define the Z-depleted SR. In this region, the
BDT scores are used as discriminant variables in the statistical
analysis, with three bins in BDT,, each being subdivided into

two bins in BDTw; as shown in Table 3. The expected signal-
to-background ratio in these bins ranges from about 0.07 in the
first bin up to about 3.6 in the last bin. The signal efficiency with
respect to the preselection, before any cut on the BDT scores, is
23.5%.

The ZH channel requires events to contain four isolated lep-
tons with pr > 10 GeV and total electric charge of zero. Events
that contain a SFOS lepton pair with my; < 10 GeV are rejected to
suppress the contamination from heavy-flavour quarkonia. Follow-
ing this preselection, events are classified according to the number
of SFOS lepton pairs: 1-SFOS and 2-SFOS. Events with no SFOS lep-
ton pairs are not considered.
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Fig. 4. Distributions of (a) the azimuthal separation between the Higgs-candidate lepton pair and the missing transverse momentum Adyoe, fmis in 1-SFOS events and (b)

the missing transverse momentum E.'r“iSS in 2-SFOS events, after preselection. For the latter the last bin contains overflow events. The dashed line shows the ZH signal scaled
by a factor 20 (left) and by a factor 250 (right). The hatched band in the upper panel and the shaded band in the lower panel show the total statistical and experimental
systematic uncertainty in background predictions. The ZZ* background process is normalised in the 2-SFOS case with the normalisation factor from the control region
analysis (Table 4). The Mis-Id background is estimated with the data-driven technique described in Section 6.

The reconstruction of the ZH process proceeds through the
identification of the leptons from the Z boson, called ¢, and ¢3,
as the SFOS lepton pair with invariant mass closest to the Z bo-
son mass, mz. Then, the remaining two leptons, labelled ¢¢ and
{1, are candidates for originating from the Higgs boson decay. The
background in the ZH channel is almost exclusively due to ZZ*
production. This constitutes ~92% of the total background after the
preselection is applied. Processes with four prompt leptons in the
final state such as triboson production, in particular ZW W, which
has the same signature as the signal, and ttZ also contribute to
the background. Other background processes such as WZ/Wy*,
Z+jets and tV may contribute when at least one jet, hadron or a
converted photon is misidentified as a lepton.

In order to suppress the tfZ process, events containing b-tagged
jets are rejected and at most one and two jets are allowed in
2-SFOS and 1-SFOS classes, respectively. To reduce the ZZ* back-
ground process in events with two SFOS lepton pairs, a threshold
of 45 GeV is applied to the E%‘iss and to the vector sum of the
lepton transverse momenta, p3‘. The invariant mass of ¢ and
€3, My,e,, is required to satisfy |mg,e; —mz| < 10 GeV, and the
invariant mass of €9 and €1, mygy,, is required to be between
10 GeV and 60 GeV (55 GeV) in 1-SFOS (2-SFOS) events. The vari-
able A¢?§f}5t denotes the difference in azimuthal angle between
the leptons from the Higgs boson candidate in the frame where
the Higgs boson pr is zero. The Higgs boson transverse momen-
tum is approximated with p ~ —pZ, or pH ~ —pZ — 3" pI if at
least one jet is present in the event. Events are required to satisfy
Agpot < 1.9 (2.3) rad in the 1-SFOS (2-SFOS) class. In 1-SFOS
events the ZZ* process contributes through the Z — tt decay,
therefore the reconstructed mass of the t pair, m;; is required to
be below 50 GeV; m is computed using the collinear approxima-
tion method [65]. In addition, the azimuthal separation between
the Higgs-candidate lepton pair and the fJTmiSS, N pmiss» is re-
quired to be above 0.4 rad. The final selection of these variables is
optimised in order to maximise the signal significance. Fig. 4(a) il-
lustrates the discriminating power of the Adyy,. pamiss variable for

1-SFOS events after the preselection. This variable reduces the ZZ*

contribution which becomes the dominant background source af-
ter the b-tagged jet veto and myy, selection are applied. Fig. 4(b)
shows the E?iss distribution for 2-SFOS events after the prese-
lection. In order to be orthogonal to the H — ZZ* analysis of
Ref. [66], 2-SFOS events are required to have an invariant mass
of the four-lepton system, mg4¢, above 140 GeV. The full event se-
lection for ZH is summarised in Table 2.

The total efficiency times acceptance of this selection for the
process WH with subsequent H - WW?* decay is about 0.073%
while for ZH it is about 0.026%. These numbers are given with
respect to all W and Z decays.

6. Background estimation

The main background contamination originates from processes
with the same final state as the signal, namely diboson production
(WZ/Wy*, ZZ*), top-quark processes with three or four prompt
leptons such as tfV, and triboson production. Other relevant back-
ground contributions arise from processes, such as tt or Z-+jets,
where the reconstructed leptons either originate from non-prompt
decays of heavy-flavour hadrons or from jets misidentified as lep-
tons.

Two dedicated regions, hereafter named control regions (CRs),
are used to estimate the normalisation factors (NFs) of the main
prompt background processes by fitting the expected yields from
simulation to data: WZ/Wy* for the WH channel and ZZ* for
the ZH channel in the 2-SFOS SR. In the 1-SFOS SR, ZZ* is esti-
mated purely from simulation.

The CRs are made orthogonal to the corresponding SRs by in-
verting various selection criteria with respect to the SR definitions.
The W Z CR is defined by reversing the Z-veto in the Z-dominated
W H signal region. To improve the purity of the W Z CR, the min-
imum E%’iss is increased from 30 GeV to 50 GeV. The ZZ CR is
defined by inverting the mgye, requirement defined in the ZH
2-SFOS SR. In order to increase the number of events, the E‘T“iss.

Aq)?gfft, p‘T“’, and my, requirements are removed. Table 4 sum-
marises the event selection for the WZ and ZZ CRs and the NFs
for the background processes, obtained from the fit described in
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Fig. 5. Post-fit distributions of the dilepton invariant mass mg,¢, in the WZ CR (a) and of the four-lepton invariant mass my¢ in the ZZ CR (b). For the latter the last bin
contains overflow events. Post-fit distributions of the dilepton invariant mass mg,¢, is shown also in the top-quark CR (c). The hatched band in the upper panel and the
shaded band in the lower panel show the total statistical and experimental systematic uncertainty in background predictions. The Mis-Id background is estimated with the

data-driven technique described in Section 6.

Table 4

Definition of control regions in the WH and ZH analyses. Selections indicated in
boldface font are designed to ensure the control region (CR) is orthogonal to the
relevant SR. In the last line normalisation factors which scale the corresponding
yields in the signal region are shown with their uncertainties, including both the
statistic and the systematic uncertainties.

Channel (Category) WH (Z-dominated and Z-depleted) ZH (2-SFOS)
CR wz Top-quark 4

Number of leptons 3 3 4

Total lepton charge +1 +1 0

Number of SFOS 2or1 <2 2

Number of jets <1 >1 <1

Number of b-jets 0 >1 0

ET'* [GeV] > 50 > 50 (2 or 1 SFOS) —

|mge —mz| [GeV] <25 > 25 (2 or 1 SFOS) <10 (me,e;)
Meye, [GeV] - - > 55

my, (min. SFOS) [GeV] > 12 > 12 (2 or 1 SFOS) —
Normalisation factors 0.9940.05 0.974+0.08 1.13+0.06

Section 8. The NFs are hereby completely dominated by the CR
statistics and their values do not change when only the control re-
gions are used in the fit. Figs. 5(a) and 5(b) show the distributions
of myye, in the WZ CR and the invariant mass of the four lep-
tons in the ZZ CR, as obtained from the final fit in the statistical
analysis (post-fit) described in Section 8.

The background contributions with misidentified leptons are es-
timated using different techniques. The top-quark background in
the WH channels is normalised using a CR (top-quark CR) defined
by requiring at least one b-tagged jet. To improve the purity of
the top-quark CR, the minimum E;“iss is increased from 30 GeV to
50 GeV if at least one SFOS pair is present in the event. Processes
with one misidentified lepton (tf and Wt) constitute 94% of the
top-quark CR, the remaining events contain three prompt leptons
from ttW decays. The full selection requirements applied to define
the top-quark CR and the measured NF are also summarised in Ta-
ble 4. Fig. 5(c) shows the my,,, distribution in the top-quark CR as
obtained from the final fit.
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Table 5

Post-fit predictions and data yields in the four SRs. The uncertainties include those
from the sample statistics, and the theoretical and experimental systematic uncertain-
ties. The sum of the single contributions may differ from the total value due to rounding.
Moreover, the total uncertainty differs from the sum in quadrature of the single-process
uncertainties due to the correlations. “Other Higgs” contains Higgs production mecha-
nisms and decay processes different from VH and H — W W™ respectively, except for
the H — ZZ* contribution which is included in the “ZZ*” row. The corresponding pre-
fit predictions for the background processes differ only by the normalization factors listed

in Table 4.

Process WH ZH
Z-dominated Z-depleted 1-SFOS 2-SFOS

WH 11+6 58 £28 —
ZH 11 £06 0.61 £ 0.34 33+17 1.8 £ 0.9
WZzZ/Wy* 401 £2.8 1.7 £ 05 —
zz* 24 £ 11 0.27 £ 0.09 0.14 + 0.14 1.2+03
vvv 1.5+ 01 0.71 £0.11 0.32 £+ 0.05 0.20 £ 0.03
% 0.14 + 0.03 0.13 £ 0.03 0.04 £+ 0.02 0.03 £ 0.01
Other top-quark 84 +26 19 £0.8 —
Other Higgs 0.31 £ 0.03 0.06 + 0.01 <0.01 0.04 £ 0.01
Misid. leptons 9.7 £34 <0.1 0.19 + 0.08 036 + 0.12
Total background 62 +5 47 £ 1.0 0.65 £ 017 1.8 £03
Observed 76 10 5 2

A data-driven technique is used to estimate the Z+jets and Zy
contribution in both the WH and ZH channels and the contribu-
tions from W Z/Wy* and top-quark processes in the ZH channel.
These contributions typically have one misidentified lepton (Z+jets
and Zy in the WH channel, and WZ/Wy* and tZ/ttW in the
ZH channel) or two misidentified leptons (Z+jets and tW /tt in
the ZH channel). A control sample where one or two of the lep-
ton candidates fail to meet the nominal identification or isolation
criteria but satisfy looser identification criteria, referred to as anti-
identified leptons, is used. The contribution from misidentified lep-
tons in the SR is then obtained by scaling the number of events
in the control sample by extrapolation factors measured in a data
sample enriched in Z+jets events. The latter is obtained by select-
ing events with two prompt leptons from a Z boson decay and
a loosely identified lepton considered to be the misidentified lep-
ton candidate. The extrapolation factors are defined as the ratio
of the number of misidentified lepton candidates that pass the
nominal identification criteria to the number that pass the anti-
identification criteria. In both the control sample and the data
samples enriched in Z+jets events, the contribution from back-
ground events not estimated with this method is subtracted using
MC expectations. Details of this method can be found in Ref. [67].
The uncertainty in the data-driven background processes described
in this section includes the statistical uncertainty in the Z+jets
enriched sample, the uncertainty from Z+jets MC modelling, and
the theory uncertainty from the subtraction of other processes. For
the ZH channel, which can have events with two prompt leptons
and two misidentified leptons, the uncertainty in the extrapolation
from the control sample to the SRs is also included.

7. Systematic uncertainties

The systematic uncertainties can be categorised into those aris-
ing from experimental sources and those from theoretical sources.
The dominant experimental uncertainties come from the misiden-
tification of leptons (see Section 6), the mismodelling of the
impact-parameter significance, the b-tagging efficiency [61] and
the jet energy scale and resolution [58]. Other sources of uncer-
tainty are due to the modelling of pile-up, the calibration of the
missing transverse momentum measurement [62], and the lumi-
nosity measurement. The uncertainty in the combined 2015+2016
integrated luminosity is 2.1%. It is derived from the calibration of

the luminosity scale using x-y beam-separation scans, following a
methodology similar to that detailed in Ref. [68], and using the
LUCID-2 detector for the baseline luminosity measurements [69].

The impact of the uncertainties on lepton energy (momentum)
scale and resolution, and identification and isolation criteria [54,
55,70] is negligible. The experimental uncertainties are varied in a
correlated way across all background processes and all signal- and
control-region bins, so that uncertainties in the extrapolation from
control to signal regions are correctly propagated. The luminosity
uncertainty is only applied to background processes that are nor-
malised to theoretical predictions, and to the Higgs boson signal.
The theoretical uncertainties are evaluated by comparing nominal
and alternative event generators and UEPS models as described in
Section 3 and by varying PDF sets and the QCD renormalisation
and factorisation scales. The uncertainty due to the PDF choice for
the signal process is 1% while the uncertainty obtained by using
HERWIG as an alternative parton shower model is 3 — 10%, depend-
ing on the signal region. All uncertainties are propagated through
the full analysis chain and treated as being bin-dependent and
region-dependent, i.e. potentially modifying not only the normali-
sation but also the shape of the BDT output distributions. When-
ever the influence on the shape is found to be negligible, as in the
case of the PDF and scale variations, only the normalisation uncer-
tainties are used. A list of the systematic uncertainty sources and
their impact on the cross-section measurement are shown later in
Section 8.

8. Results

A binned likelihood function is constructed as a product of Pois-
son probability terms over the eleven bins of the different SRs
defined in Section 5. The function has two independent scaling pa-
rameters: the signal strength parameter u, defined as the ratio of
the measured signal yield to that predicted by the SM, for each of
the WH and the ZH processes. Additionally, one Poisson proba-
bility term is added for each CR to determine simultaneously the
normalisation of the corresponding background processes. System-
atic uncertainties enter as nuisance parameters in the likelihood
function and their correlations are taken into account. The final
results are obtained using the profile likelihood method [71]. The
resulting post-fit prediction and data yields in the four SRs are
shown in Table 5.
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Fig. 6 shows the post-fit distribution of BDT scores in the WH
Z-dominated and Z-depleted SRs. The post-fit event yields in the
ZH 1-SFOS and 2-SFOS SRs are shown in Fig. 7.

The measured signal strengths for the WH and ZH production
modes in the H - W W™ decay channel are simultaneously deter-
mined to be

pwn = 23704 (stat.) T332 (exp syst.) T35 (theo syst.) = 2.3712,

Wzn = 2.9 3 (stat) T0 35 (exp syst.) TO S (theo syst.) =2.9713,

compared to the expected results of uwy = 1.0fg:gg(stat.)
fgé%(exp syst.)fg:;é(theo syst.) = l.Ofa:g and pzy = 1.0f(1):g(stat.)
+0.

To20(exp syst.)fg:fé(theo syst.) = 1.0:1):3. The observed (expected)
significances of WH and ZH production modes are 2.6 (1.3) stan-
dard deviations and 2.8 (1.2) standard deviations above the SM
background, including other Higgs-boson processes, respectively.
When determining the significance for WH production, the ZH
signal-strength parameter is left floating in the fit, and vice versa.
The combination of the WH and ZH channels leads to an ob-
served (expected) significance for the combined VH production
mode of 4.1 (1.9) standard deviations above the SM background,
including other Higgs-boson processes. The p-value with respect
to the value predicted by the SM corresponds to about two stan-
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Fig. 8. Two-dimensional likelihood contours of owy - By—ww+ VS. 0zh - BHoww*
for 68% and 95% confidence level (CL) compared with the prediction from the Stan-
dard Model.

dard deviations. The validity of the asymptotic approximation used
in deriving these results was tested using pseudo-experiments. The
combined signal strength for VH is measured to be

pvi = 25708 (stat.) T339 (exp syst.) TO3¢ (theo syst.) = 2.5709

with an expected signal strength of uyy = 1.0f8:gi(stat.)

035 (exp syst)T032 (theo syst) =1.0°97.

The cross-section times branching-fraction values, owy - By— ww*
and ozy - By wws=, are simultaneously determined to be:

owH - BHoww+
=0.677331(stat.) 01T (exp syst.)T3:p4 (theo syst.) pb,

OzH - BHww+
=0.54703) (stat.) 7000 (exp syst.) T3 a1 (theo syst.) pb.

The main contributions to the uncertainties in owy - By ww=
and ozy - By_ww+ are summarised in Table 6. The predicted
cross-section times branching-fraction values are 0.293 + 0.007 pb
and 0.189 + 0.007 pb for WH and ZH [72], respectively. The
68% and 95% confidence level two-dimensional contours of owp -
By—ww+ and ozy - By_ww~ are shown in Fig. 8. The correspond-
ing one-dimensional results, where the other parameter is left
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Table 6
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Breakdown of the main contributions to the total uncertainty in owy - By—ww= (left) and ozy - By—ww= (right). The
individual sources of systematic uncertainties are grouped together. The sum in quadrature of the individual components
differs from the total uncertainty due to correlations between the components. Systematic uncertainties that affect the

shape of the fitted distribution are indicated by an asterix.

Source

Aowy - Busww+ [%]

Data statistics in SR
Data statistics in CR

Theoretical uncertainties
WZ/Wy*(*)
Top-quark(*)

WH signal(*)
zz*

Experimental uncertainties
Impact parameter mismodelling
Misidentified leptons
b-tagging

MC statistics

Luminosity

TOTAL

43
6

—_

Source Aoz - Busww+ [%]
Data statistics in SR 50
Data statistics in CR <1
Theoretical uncertainties 15
ZH signal 14
Top-quark 1
WZ/Wy* <1
zzZ* <1
Experimental uncertainties 7
Misidentified leptons 3
b-tagging 1
MC statistics 11
Luminosity
TOTAL 54

floating in the fit, are consistent with the SM predictions within
1.30 for WH and 1.5¢0 for ZH.

9. Conclusion

Measurements of the inclusive production of a Higgs boson in
association with a W or Z boson are presented. Results of the WH
and ZH production cross section times branching fraction for H —
WW* are obtained selecting the leptonic decays W — ¢v and
Z — ¢, with £ =e, u, in /s =13 TeV proton-proton collisions
recorded with the ATLAS detector at the LHC in a data sample
corresponding to an integrated luminosity of 36.1 fb~1. The prod-
ucts of the H — W W™ branching fraction times the WH and ZH

cross sections are measured to be 0.67fg:§;(stat.)fg:}fi(syst.) pb

and 0.54703)(stat.)" 0. 03(syst.) pb, respectively, compatible with
the Standard Model predictions of 0.293 4 0.007 pb for WH and
0.189+0.007 pb for ZH within up to 1.50. The W H channel with
H — WW?* is purely sensitive to the HW coupling and this mea-
surement is to date the most precise measurement of this channel.
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