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Figure 7. Distributions of relevant quantities for the 3¢ analyses using the 8 TeV data sample:
(a) “BDT Score” in the 3¢-3SF and (b) in the 3¢-1SFOS SRs, and (c) the angular separation
in R of the two opposite-sign leptons with smaller AR distance, ARy, , in the 3¢-0SFOS SR.
The distributions are shown with all the selections applied except for the one on the displayed
variable. Data (points) are compared to the background plus the VH(H— WW™*) (myg=125 GeV)
signal expectation (stacked filled histograms), where the background components are normalised
by applying the normalisation factors shown in table 7. The hatched area on the histogram
represents the total uncertainty on the background estimate including the statistical and systematic
uncertainties added in quadrature.
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Figure 8. Distributions of relevant quantities for the 2¢ analyses using the 8 TeV data sample: (a)
transverse mass my in the 2-DFOS SR, the smallest azimuthal opening angle between a lepton
and a jet, ¢>Z‘ijn, (b) in the 2¢-SS1jet and (c) 2¢-SS2jet SRs. The distributions are shown with all the
selections applied except for the one on the displayed variable. Data (points) are compared to the
background plus the VH(H— WW*) (myg=125 GeV) signal expectation (stacked filled histograms),
where the background components are normalised by applying the normalisation factors shown in
table 7. The hatched area on the histogram represents the total uncertainty on the background

estimate including the statistical and systematic uncertainties added in quadrature.

8.2 Statistical method

The signal extraction is performed using the profile likelihood ratio method [78], which
consists of maximising a binned likelihood function £(u, 0 | n). The likelihood is the prod-
uct of Poisson distributions for each SR and CR. The mean values of the distributions are
the sum of the expected yields of signal and background. The symbol n represents the ob-
served events in each SR and CR. The signal and background expectations are functions of
the signal-strength parameter, u, and a set of nuisance parameters, 8. The signal strength
p multiplies the SM predicted signal event yield in all categories, while background nor-
malisation factors, included as nuisance parameters, represent corrections for background
sources normalised to data. Signal and background predictions are affected by systematic
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uncertainties that are described by nuisance parameters. The normalisation factors are
left free in the fit, while the constraints on the systematic uncertainties are chosen to be
log-normal distributions.

The test statistic g, is defined as

E(:U‘a éu)

max

qu = —2In = —2InA. (8.1)

The symbol éﬂ indicates the nuisance parameter values at the maximum of the likelihood
function for a given p. The denominator is the maximum value of £ obtained with both p
and 6 floating. When the denominator is maximised, p takes the value of fi. The pg value
is computed for the test statistic gp evaluated at = 0 in eq. (8.1), and is defined to be the
probability to obtain a value of gg larger than the observed value under the background-
only hypothesis. There are no bounds on ji, although ¢q is defined to be negative if i < 0.
The equivalent formulation, expressed in terms of the number of standard deviations o, is
referred to as the local significance Zy. The signal acceptance for all production modes and
decays are computed assuming my = 125.36 GeV, which is the mass measured in H — v
and H — 4¢ decays by ATLAS [79]. The acceptance for this mass is obtained interpolating
between the values computed at my = 125 and 130 GeV.

8.3 Characterisation of the excess and V H signal region splitting

Table 13 shows the expected sensitivity to the SM Higgs boson with mass mpy =
125.36 GeV, the observed signal significance Zy for H— WW™ decays and the measured p
value using the categories described in section 5. The 3¢-3SF and 3¢-1SFOS SRs are fur-
ther split in the likelihood function according to the value of the “BDT Score”, while the
3¢-0SFOS SR is split into intervals of ARy, ¢,, as discussed in section 5.2.2. The intervals
are shown in figures 7(a)-7(c). Each of the 2¢-SS2jet and 2¢-SS1jet SRs is further split into
four sub-categories according to the flavour of the leading and sub-leading leptons. For the
2¢-DFOS a single SR is considered. The numbers in table 13 are computed by adding the
contributions from the ggF and VBF production to the signal component, and the relative
strengths of VH, ggF and VBF production are fixed to the SM values and constrained
with their theoretical uncertainties.

8.4 Signal significance extraction and determination of signal strengths

The V H-targeted categories are then combined with the categories of the ggF and VBF
analysis using H — WW?* — f(vlv decays described in ref. [22]. The combination is
again performed by building a likelihood function that includes the SRs and CRs of the
ggF, VBF and V H analyses. The experimental and theoretical uncertainties affecting
the same sources are correlated among different production modes. The p values for each
production mode (fggF, fvBF, v i) are correlated in all categories and fitted together while
the background NFs are uncorrelated among the different analyses as they cover different
phase-space regions. Therefore, when extracting py g, puwpg and pzp, the ggF and VBF
productions are treated as background and their yields determined by the global fit.
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Signal significance Zg Observed signal strength p
Category Exp. Obs. Obs. w Tot. err. Syst. err. i
Zo Zo Zo + - + -
40 041 1.9 — 4.9 46 31 1.1 0.40 —t—
2SFOS 0.19 0 \ —5.9 6.8 4.1 0.33 (.72 =—
1SFOS 0.36 2.5 p— g 8.1 54 21 0.64 ——
3¢ 0.79  0.66 M= 072 1.3 1.1 0.40 0.29 -
1SFOS and 38F  0.41 0 \ —2.9 27 21 1.2 0.92 ——
0SFOS 0.68 1.2 e 1.7 1.9 1.4 051  0.29 ——
20 059 2.1 e 3.7 1.9 1.5 1.1 1.1 ——
DFOS 0.54 1.2 e 2.2 2.0 1.9 1.0 1.1 ——
SS2jet 017 1.4 e 7.6 6.0 5.4 3.2 3.2 ——
SS1jet 0.27 2.3 p— 5y 4.3 3.8 2.3 2.0 ~S——
I T T T T T T T T T T T T T
0 1 2 3 10-8-6-4-20 2 4 6 810121416

Table 13. The signal significance Zj, and the H— W W™ signal strength p evaluated in the signal
regions, combining the 8 TeV and 7TeV data. The expected (exp.) and observed (obs.) values
are shown. The two plots represent the observed significance and the observed p. In the p plot
the statistical uncertainty (stat.) is represented by the thick line, the total uncertainty (tot.) by
the thin line. The first entry in each group (in red) indicates the combination of more than one
category. All values are computed for a Higgs boson mass of 125.36 GeV.

The fit results for the u values for the WH, ZH and V H production are:

1 +1.9

(sys.), Kz = 511—%% (Sta‘t')—O.Q (sys.),
(sys.).

UwH = 211_%3 (stat.)fo
pve = 3.0713 (stat.) T

2
8
0
7

The uncertainties on the py g value are shown in table 14 (see section 7 for their
description). The derivative of pyy with my has been evaluated to be -5.8 %/GeV at
my = 125.36 GeV.

Figure 9 shows the value of the test statistic as a function of pw g and pzgr; as shown,
the correlation between the two parameters is weak.

Table 15 summarises the signal strengths for each production mode and their com-
bination at a value of my = 125.36 GeV, together with the observed and the expected
Zy. The combined signal strength is p = 1.16f8:%g(stat.)fgﬁg(sys.), and the significance
of the excess respect to the background only hypothesis is 6.5 ¢, while the expected sig-
nificance in the presence of a Higgs boson decaying to WW™* is 5.9 . Figure 10 shows
the value of the test statistic as a function of the signal strength of each production mode
(HgeF, vBF, pvE) and as a function of the combined signal strength prww .

The obtained values are all compatible with the SM expectation within 1.4 standard
deviations. Figures 11(a) and 11(b) show the two-dimensional dependence of the likelihood
on pyy and pger, and on pyy and puypr. The p values not displayed are kept as free
unconstrained parameters in the fit. The correlation between the parameters shown in
figure 11 is small. The central values obtained for pg.r and uypr are slightly different
from those reported in ref. [22]. The shift represents a few percent of the quoted errors
and is pulled up by the presence of a small contamination by VH(H— WW¥*) events in
the 1-jet and 2-jets categories of the ggF and VBF analysis.
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Uncertainties on the signal strength py g (%)

Signal theoretical uncertainties Apyvg/pve
+
V H acceptance 11 7
Higgs boson branching fraction 7 4
QCD scale 1.6 0.7
PDF and ag 3.2 1.5
VH NLO EW corrections 2.5 1.2
Background theoretical uncertainties
QCD scale 10 9
PDF and ag 2.3 2.0
VVV K-factor 3.0 3.0
MC modelling 7.5 6.9

Experimental uncertainties

Jet 14 9
Elfliss soft term 3.4 2.3
Electron 4.8 2.9
Muon 4.8 3.2
Trigger efficiency 1.7 0.9
b-tagging efficiency 4.7 3.2
Fake factor 14 12
Charge mis-assignment 1.1 1.0
Photon conversion rate 0.8 0.7
Pile-up 3.0 1.9
Luminosity 5.4 3.3
MC statistics 8 8
CR statistics 18 15
ggF SR statistics 5.5 4.4
VBF SR statistics 1.9 1.5
ggF+VBF CR statistics 10 9

Table 14. Percentage theoretical and experimental uncertainties on the observed V H signal
strength py . The contributions from signal-related and background-related theoretical uncer-
tainties are specified. The “VH acceptance” is evaluated using both the g¢ — (W/Z)H and the
g9 — ZH production. The statistical uncertainty due to the ggF' and VBF subtraction measured
in the categories of the ggF and VBF analysis are indicated with “ggF SR statistics” and “VBF
SR statistics”, for the contribution from the signal regions, and “ggF+VBF CR statistics” for the
contribution from the control regions. The row “MC statistics” shows the uncertainty due to the
statistics of the simulated samples. The values are obtained from the combination of the 8 TeV and
7 TeV data samples.
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Figure 9. The value of the test statistic as a function of uw gy and pzg, for my = 125.36 GeV.
The contours correspond to the values of (uw g, pzy) associated with the 68%, 90% and 95%
confidence levels. The black cross indicates the best fit to the data and the open circle represents
the SM expectation (uwm, pzm)=(1,1).

Signal significance Zg Observed signal strength p
Category Exp. Obs. Obs. n Tot. err. Syst. err. i
Zo Zo Zo + - + —
ggF 4.4 4.2 e 0.98 029 0.26 0.22 0.18
VBF 2.6 3.2 fr— 1.28  0.55 0.47 0.32  0.25 =
VH 0.93 25 e 3.0 1.6 1.3 0.95  0.65 ——
W H only 0.77 1.4 e 2.1 1.9 1.6 1.2 0.79 — ———
ZH only 0.30 2.0 e 5.1 4.3 3.1 1.9 0.89
geF+VBF+VH 5.9 6.5 16 0.24 0.21 0.18 0.15 +
[ s e e | T T T T T T T T T
01234567 01 2 3 4 5 6 7 8 9 10

Table 15. The signal significance Zj, and the signal strength p evaluated for the different pro-
duction modes: ggF, VBF and V H for my = 125.36 GeV, for the 8 TeV and 7 TeV data combined.
The two plots represent the observed significance and the observed pu. In the p plot the statistical
uncertainty (stat.) is represented by the thick line, the total uncertainty (tot.) by the thin line.
Combinations of different categories (in red) are shown too. All values are computed for a Higgs
boson mass of 125.36 GeV.

8.5 Measurement of the couplings to vector bosons and fermions

The values of pger, pyver and py g can be used to test the compatibility of the bosonic
and fermionic couplings of the Higgs boson with the SM prediction using the formalism
developed in ref. [21]. Assuming the validity of the SU(2) custodial symmetry and a
universal scaling of the fermion couplings relative to the SM prediction, two parameters
are defined: the scale factor for the SM coupling to the vector bosons (ky) and the scale
factor for the coupling to the fermions (kp). Loop-induced processes are assumed to scale
as in the SM. The H — 77 contribution is treated as signal and its yield is parameterised
as a function of Ky and kp. The total width of the Higgs boson can be expressed as the
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sum of the different partial widths, each one rescaled by the square of the appropriate
scaling factor. Neglecting the small contribution from I'(H — ~7) and rarer decay modes,
the H— WW™ decay branching fraction is expressed as:

K2 T (H— WW™)

Br(H—-WW?*) = — 7
( ) kEDsm(H — ff) + k2Dsm(H — gg) + k3. Tsm(H — VV)

where Tsv(H — ff), Tsm(H — gg) and Tsy(H — VV) are the SM partial decay widths
to fermions, gluons and weak bosons, respectively.

The ggF (g9 — H) process depends directly on the fermion scale factor m% through the
top and bottom quark loops, while the VBF (¢q¢ — Hqq) and V H(qq — V H) production
cross sections are proportional to ﬂ%/, as expressed by the following relations:

o(g9 — H) = kj.osm(gg — H), o(qq — Hqq) = x30sm(qq — Hqq),
o(qq - WH,ZH) = k¥osm(qq — WH, ZH).

where the o without subscript indicates the (ky, kr)-dependent cross sections and ogu
represents the SM cross sections. The gg — Z H production cross sections are more complex
functions of both xy and g [80]:

o(g9 = ZH)g 1oy = (0.37 X k% — 1.64 X kp X Ky + 2.27 X k¥) osm(99 — ZH) g Tev,
(99 — ZH) 7 tev = (0.35 % I{%v — 158 X kp X Ky +2.24 x /{%/) osm(99 = ZH) 7 1ev,

The signal event yield is expressed as o - Br(H— WW™) using the narrow-width approxi-
mation. Only the relative sign between ky and kp is observable and hence in the following
only xy > 0 is considered, without loss of generality.

Sensitivity to the sign results from negative interference, in the gg — ZH process,
between the box diagram in which both the Z and H bosons are produced directly from
the heavy-quark loop and the triangle diagram in which only the Z* is produced and subse-
quently radiates a Higgs boson [81]. Because the relative weights of such processes depend
on the /s of the interaction, different coefficients appear in the expression for 8 and 7 TeV.

The likelihood dependence on ky and K is shown in figure 12. The product o(gg —
H) - Br(H— WW?*), which is measured with good accuracy, does not depend on |kp| in
the limit |kp| > ky. This explains the low sensitivity to high values of k.

On the other hand pvpr and py g, as measured for the H— WW™* decay, should vanish
in the limit |kp| > Ky due to the increased value of the Higgs boson total width and the
consequent reduction of the H— WW™* branching fraction. The observation of significant
excesses in the VBF and V H production modes therefore leads to an exclusion of the
|kp| > Ky Tegion.

The fit to the data results in two local minima and, although the negative kg solution
is preferred to the positive solution at 0.50, the observed results are compatible with the
SM expectation, and the best fit values are:

[kp| = 0.857030, kv | = 1067010,

and their correlation is p = 0.54.
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Figure 12. The likelihood scan as a function of ky and kg both with and without the
VH(H— WW?*) contribution. Both the expected and observed contours corresponding to the 68%,
and 95% C.L. are shown. The yellow star and circles indicate the best fit values to the data, and
the white cross represents the SM expectation (ky, kp)=(1,1).

9 Conclusions

A search for the Standard Model Higgs boson produced in association with a W or Z
boson and decaying into WW™* is presented. Associated W H production is studied in the
final states in which the three W bosons decay to leptons or where one W boson decays
to hadrons while the others decay leptonically. The two-lepton and four-lepton final states
are used to search for ZH production. The dataset corresponds to integrated luminosities
of 4.5fb~ and 20.3fb~! recorded by the ATLAS experiment with LHC proton-proton
collisions at 1/s = 7 TeV and 8 TeV, respectively. For the Higgs boson mass of 125.36 GeV,
the observed (expected) deviation from the background-only hypothesis, which includes the
Standard Model expectation for H — 77, corresponds to a significance of 2.5 (0.9) standard
deviations. The ratio of the measured signal yield to its Standard Model expectation for
the V H production is found to be vy = 3.0713 (stat.)f(l):g (sys.). A combination with the
gluon fusion and vector boson fusion analyses using the H — WW* — fvfv decay is also
presented. Including V' H production the observed significance for a Higgs boson decaying
to WW* is 6.5 ¢ with an expectation of 5.9 ¢ for a Standard Model Higgs boson of mass
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mpg = 125.36 GeV. The combined signal strength is p = 1.16f8:ig(stat.)fg:}g(sys.). The
data were analysed using a model where all Higgs boson couplings to the vector bosons
are scaled by a common factor ky and those to the fermions by a factor kg. They are
measured as |ry| = 1.0670 10 and |kp| = 0.8515:30.
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