Physics Letters B 726 (2013) 120-144

Contents lists available at ScienceDirect

PHYSICS LETTERS B

Physics Letters B

www.elsevier.com/locate/physletb

Evidence for the spin-0 nature of the Higgs boson using ATLAS data ~ @CmssMark
ATLAS Collaboration*

ARTICLE INFO ABSTRACT

Article history:
Available online 16 August 2013
Editor: W.-D. Schlatter

Studies of the spin and parity quantum numbers of the Higgs boson are presented, based on proton-
proton collision data collected by the ATLAS experiment at the LHC. The Standard Model spin-parity
JP = 0% hypothesis is compared with alternative hypotheses using the Higgs boson decays H — yy,
H— ZZ* — 4¢ and H > WW* — ¢vlv, as well as the combination of these channels. The analysed

K ds: . . .
H%’ ::rb(fson dataset corresponds to an integrated luminosity of 20.7 fb~! collected at a centre-of-mass energy of
Spin /s =8 TeV. For the H — ZZ* — 4¢ decay mode the dataset corresponding to an integrated luminosity of

Parity 4.6 fb~1 collected at /s =7 TeV is included. The data are compatible with the Standard Model JP =0t
quantum numbers for the Higgs boson, whereas all alternative hypotheses studied in this Letter, namely
some specific J* =0~,1%, 17,21 models, are excluded at confidence levels above 97.8%. This exclusion
holds independently of the assumptions on the coupling strengths to the Standard Model particles and in
the case of the JP =2% model, of the relative fractions of gluon-fusion and quark-antiquark production
of the spin-2 particle. The data thus provide evidence for the spin-0 nature of the Higgs boson, with

positive parity being strongly preferred.

© 2013 CERN. Published by Elsevier B.V. All rights reserved.

1. Introduction

In 2012 the ATLAS and CMS Collaborations published the dis-
covery of a new resonance [1,2] in the search for the Standard
Model (SM) Higgs boson H [3-8]. The present experimental chal-
lenge is to compare its properties with the SM predictions for the
Higgs boson. In the SM, the Higgs boson is a spin-0 and CP-even
particle (JP = 0%). The Landau-Yang theorem forbids the direct
decay of an on-shell spin-1 particle into a pair of photons [9,
10]. The spin-1 hypothesis is therefore strongly disfavoured by the
observation of the H — yy decay. The CMS Collaboration has pub-
lished a spin-parity study [11] based on the H — ZZ* channel
where the SM scalar hypothesis is favoured over the pseudoscalar
hypothesis at a confidence level (CL) above 95%.

In this Letter the J¥ =0%1 hypothesis of the SM is compared to
several alternative hypotheses with JP =0~,1F,17,2%. The mea-
surements are based on the kinematic properties of the three final
states H— yy, H > ZZ* - 4¢ and H - WW™ — ¢v{v, where
£ denotes an electron or a muon. For the alternative hypotheses
leading order (LO) calculations are use to predict the kinematic
properties. To improve the sensitivity to different spin-parity hy-
potheses, several final states are combined. To test the 0~ spin-
parity hypothesis, only the H — ZZ* decay mode is used, while
for the 17 and 1~ hypotheses the H — ZZ* and H — W W* chan-
nels are combined. For the 2% study, all three decay modes are
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combined. It is assumed that only one single resonance contributes
to the various decay modes considered in each combination.

The full dataset collected at /s =8 TeV, corresponding to an
integrated luminosity of 20.7 fb~!, is analysed for all three chan-
nels. For the H — ZZ* decay mode, a dataset corresponding to an
integrated luminosity of 4.6 fb~! collected at /s =7 TeV is also
included.

While for the SM Higgs boson the Lagrangian structure and its
couplings are fully determined, the alternative hypotheses can be
described by a wide variety of models, characterised by different
structures and effective couplings. Several approaches to describe
such signatures can be found in the literature [12-17]. In this Let-
ter, the alternative model descriptions are based on Ref. [12], as
described in Section 2. In Ref. [12], the production and decay of
a generic boson with various J? quantum numbers are described
by defining the most general amplitudes consistent with Lorentz
invariance, angular-momentum conservation, Bose symmetry and
the unbroken symmetry of the SU(3) x SU(2) x U(1) gauge group.

This Letter is published together with another one [18] report-
ing the ATLAS measurements of the couplings of the Higgs boson
derived from the observed signal production and decay rates. In
that Letter the measurement of the mass of the Higgs boson, based
on the invariant mass spectra in the H - yy and H > ZZ* — 4¢
final states, is also reported. On the basis of that measurement, the
observed final states are assumed to be produced in the decay of
a single particle with a mass of 125.5 GeV [18]. The definitions
of the physics objects used in the analyses, the simulation of the
different backgrounds and the main systematic uncertainties are
described in Ref. [18]. This Letter reports only aspects specific to
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the spin and parity analyses. The ATLAS Collaboration has made
public a collection of conference notes that document in detail the
analyses reported in this Letter [19-21].

The outline of this Letter is as follows: Section 2 describes the
spin-parity models considered in all three channels and the sig-
nal Monte Carlo (MC) simulation samples used in the analyses. The
statistical procedure used to test the different spin-parity hypothe-
ses is presented in Section 3. Sections 4, 5 and 6 provide brief
descriptions of the spin-parity analyses in the H — yy, H > ZZ*
and H - WW™ decay modes. Finally, in Section 7, the combined
results in terms of compatibility with several spin-parity hypothe-
ses are presented.

2. Signal modelling and Monte Carlo samples

The interactions of spin-0, 1 and 2 resonances with Standard
Model particles are described in Ref. [12] by Egs. 2, 4 and 5 for
bosons and by Egs. 8, 9 and 10 for fermions. The choices of the
boson and fermion couplings for the specific spin and parity mod-
els used in this analysis are presented in Table 1 of Ref. [12].

The implications of these choices are briefly summarised in the
following. The quark-antiquark (qq) annihilation production pro-
cess is not considered in the case of JP =0, since its contribution
is negligible compared to gluon fusion (gg). For the JP = 1% and
1~ cases, only the quark-antiquark annihilation production pro-
cess is considered, since the Landau-Yang theorem also forbids the
production of a spin-1 particle through the fusion of two on-shell
gluons. Given the large number of possible spin-2 models, a spe-
cific one, denoted by 2;; from Table 1 of Ref. [12], was chosen.
This choice corresponds to a graviton-inspired tensor with min-
imal couplings to SM particles. In the 2;; boson rest frame, its
polarisation states projected onto the parton collision axis can take
only the values of £2 for the gluon-fusion process and +1 for
the quark-antiquark annihilation process. For the spin-2 model,
only these two production mechanisms are considered. The pro-
duction of the 2} boson is dominated by the gluon-fusion process
with a contribution, at leading order in quantum chromodynam-
ics (QCD), of about 4% from quark-antiquark annihilation [16,17].
This proportion could be significantly modified by higher-order
QCD corrections. Since the experimental observables are sensitive
to different polarisations, the studies were performed for several
production admixtures by normalising the samples produced with
the two different production processes in order to obtain samples
of events corresponding to fractions, fq3, of qq annihilation rang-
ing from 0% to 100% in steps of 25%. In the following, this model
is referred to as J¥ =2%.

The production and decay of the SM Higgs boson via the domi-
nant gluon-fusion process is simulated using either the JHU Monte
Carlo generator [12] for the H — ZZ* process or the POWHEG [22]
Monte Carlo generator for the H — yy and H — W W™ processes,
each interfaced to PYTHIA8 [23] for parton showering and hadro-
nisation. The production and decay of the J” =0~,1%,1~ and
2% resonances are modelled using the JHU generator, interfaced
to PYTHIAS for parton showering and hadronisation.

The transverse momentum (pr) distributions for the gluon-
fusion signals produced with the JHU generator, which is leading-
order in QCD, are weighted to reproduce the POWHEG+PYTHIA8
spectrum. The latter was tuned to reproduce the re-summed cal-
culation of the HqT program [24]. It was checked that the distri-
butions of all kinematic variables used for the spin-parity deter-
mination are compatible between the two MC generators after the
re-weighting is applied. For the production process via qq annihi-
lation, no re-weighting is applied.

The much smaller contributions from other production pro-
cesses, namely vector-boson fusion and associated production, are

also considered. For the H — yy channel, they are included in the
analysis and simulated as described in Ref. [18]. For the H — ZZ*
channel, they are ignored because they do not affect the kinematic
distributions used in the spin analysis. For the H - W W™ analy-
sis, where only the eu final state with no additional jet activity is
considered, as described in Section 6, they contribute at a negligi-
ble level and are therefore ignored. It should be noted that for the
resonance under study, dominant contributions via vector-boson
fusion and associated production can be excluded based on the
measurements presented in Ref. [18].

For the background processes, the simulated samples are the
same as those used in the coupling analyses. A detailed list of the
MC generators and samples is given in Ref. [18].

All MC samples are passed through a full simulation of the
ATLAS detector [25] based on GEANT4 [26]. The simulation in-
corporates a model of the event pile-up conditions in the data,
including the effects of multiple proton-proton collisions in in-
time and nearby bunch crossings.

3. Statistical method

The analyses described in this Letter rely on discriminant ob-
servables chosen to be sensitive to the spin and parity of the sig-
nal while preserving the discrimination against the various back-
grounds, as described in Sections 4, 5 and 6 for the three final
states. A likelihood function £(J”, t,8) that depends on the spin-
parity assumption of the signal is constructed as a product of con-
ditional probabilities over binned distributions of the discriminant
observables in each channel:

£(J%, 1n.9)
Nchann. Nbins P
=TT TTPWujlus-st ®+8i®) x40, ()
j i
where p; represents the nuisance parameter associated with the
signal rate in each channel j. The symbol @ represents all other
nuisance parameters. The likelihood function is therefore a prod-

uct of Poisson distributions P corresponding to the observation of
Nj ; events in each bin i of the discriminant observable(s),! given

the expectations for the signal, Slf,JjP)(O), and for the background,
Bj,j(#). Some of the nuisance parameters are constrained by auxil-
iary measurements through the functions .4;(8).

While for the SM Higgs boson the couplings to the SM parti-
cles are predicted, they are not known a priori for the alternative
hypotheses, defined as ]flt. In order to be insensitive to such as-
sumptions, the numbers of signal events in each channel and for
each tested hypothesis are treated as an independent nuisance pa-
rameters in the likelihood.

The test statistic q used to distinguish between the two signal
spin-parity hypotheses is based on a ratio of likelihoods:

L =0%, figr. O+
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where £(J7, ﬁ]p, é]p) is the maximum likelihood estimator, eval-

uated under either the 0T or the ]| ,flt spin-parity hypothesis. The

,&Jp, é]p represent the values of the signal strength and nuisance

T As explained in the following sections, the sensitivity for spin-parity separation
is improved by a simultaneous fit to two discriminants in the H — yy and H —
WW?* decay modes, while in the H — ZZ* channel only one discriminant is used.
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parameters fitted to the data under each JP hypothesis. The dis-
tributions of the test statistic for each of the two hypotheses are
obtained using ensemble tests (Monte Carlo pseudo-experiments).
The generation of the pseudo-experiments uses the numbers of
signal and background events in each channel obtained from max-
imum likelihood fits to data. In the fits of each pseudo-experiment,
these and all other nuisance parameters are profiled, i.e. fitted to
the value that maximises the likelihood for each value of the pa-
rameter of interest. When generating the distributions of the test
statistic for a given spin-parity hypothesis, the signal strength
is fixed to the value obtained in the fit to the data under the
same spin-parity assumption. The distributions of q are used to
determine the corresponding po-values po(0*) and po(];t). For a
tested hypothesis ]flt, the observed (expected) pp-values are ob-
tained by integrating the corresponding test-statistic distributions
above the observed value of q (above the median of the JP =0%q
distribution). When the measured data are in agreement with the
tested hypothesis, the observed value of q is expected to be close
to the median, corresponding to a pp-value around 50%. Very small
values of the integral of the ],flt distribution, corresponding to
large values of q, are interpreted as the data being in disagree-
ment with the tested hypothesis in favour of the SM hypothesis.
An example of such distributions is shown in Section 7 for the 0%
and 0~ hypotheses.

The exclusion of the alternative J ;’lt hypothesis in favour of the
Standard Model 0" hypothesis is evaluated in terms of the corre-
sponding CLs(JF,), defined as:

po(JP)

. 3
1—po(0F) ®)

CLs(Jare) =

4. H — yy analysis

The H — yy decay mode is sensitive to the spin of the Higgs
boson through the measurement of the polar angular distribution
of the photons in the resonance rest frame. For this channel, the
SM spin hypothesis is compared only to the J” = 2% hypothesis.
Spin information can be extracted from the distribution of the ab-
solute value of the cosine of the polar angle 6* of the photons with
respect to the z-axis of the Collins—Soper frame [27]:

. 1 2
|sinh(An??)|  2p¥ p¥

>
J1+ @8 my,)2 Mry

where my,, and p¥” are the invariant mass and the transverse
momentum of the photon pair, Ap¥? is the separation in pseudo-

rapidity of the two photons, and p%”, p¥2 are the transverse mo-
menta of the photons.

This channel has a large background, dominated by non-
resonant diphoton production, whose distribution in |cos6*| is
intermediate between those expected for JP =0t and JP =2%
states produced in gluon fusion. Two observables, |cos6*| and
my,, are used in the fit to data: my, provides better separation
power between the signal and the background, and |cos6*| is sen-
sitive to the spin.

The selected events contain two isolated photon candidates, as
described in Ref. [18], but with the important difference that the
kinematic requirements on the transverse momenta of the pho-
tons are proportional to my,. This choice reduces the correla-
tion between my, and |cos#*| for the background to a negligible

level. The selection requirements are set to p%” > 0.35m,, and

|cos6*| =

(4)

p%z > 0.25my,,. The fitted mass range is chosen to be 105 GeV <
my, <160 GeV.

The intrinsic width of the resonance is assumed to be negligible
compared to the detector resolution for both spin hypotheses. For
this reason, the same probability density function is used to model
the reconstructed mass spectra of both signal hypotheses, indepen-
dent of the value of |cos6*|. The chosen function is the sum of a
Crystal Ball [28] component, accounting for about 95% of the signal
events, and a wider Gaussian component to model outlying events,
as described in Ref. [18].

The |cos6*| distributions of the signal, for either spin state, are
obtained from simulated samples. The signal yields per |cos6*| bin
for a spin-0 particle are corrected for interference effects with the
non-resonant diphoton background gg — yy [29]. The size of the
correction is non-negligible only at high values of |cos6*| and its
value is taken as the systematic uncertainty on this effect. No inter-
ference between the spin-2 particle and the diphoton continuum
background is assumed, since there are no theoretical models that
describe it.

For the spin-2 state, the full size of the correction to the gener-
ated pr spectrum of the diphoton system, described in Section 2,
is taken as a systematic uncertainty.

The background distributions are derived directly from the ob-
served data, using the two mass sidebands 105 GeV < my) <
122 GeV and 130 GeV <my, < 160 GeV, where the signal con-
tribution is negligible. The background shape as a function of
my, is modelled by a fifth-order polynomial with coefficients fit-
ted to the data. The background shape as a function of |cos6*|
is taken from the two mass sidebands, since the remaining cor-
relation between the two observables is small. The statistical
uncertainties affecting the determination of the |cos#*| distri-
bution from the sidebands are propagated into the signal re-
gion (SR), 122 GeV < my, < 130 GeV, independently for each
|cos0*| bin. Detailed studies of the data in the sidebands, re-
ported in [19], show that possible residual correlations between
my, and [cos@*| are not significant compared to the statistical
uncertainties. A study of the background, based on a large sam-
ple of simulated events using the SHERPA generator [30], indicates
the presence of a residual correlation at the level of 0.6% for
|cos6*| < 0.8 and 2% elsewhere. These values are treated as the
systematic uncertainties due to possible correlations between my,,
and |cos6*|.

The fit to data is carried out simultaneously in the signal region
and the two sideband regions. In the signal region, the likelihood
is a function of the two discriminant variables m,, and |cos6*|,
while in the sidebands only my,, is considered.

The number of data events selected in the signal region is
14977, compared with a background estimate of about 14300
events and an expected SM Higgs boson signal of about 370 events.
Fig. 1 displays the data distribution for |cos6*| in the signal region,
overlaid with the signal and background components, fitted under
the JP = 0% hypothesis.

The likelihood function is fitted to data for both the spin-0
and spin-2 hypotheses with the signal and background normali-
sations treated as nuisance parameters. Fig. 2 shows the |cos6*|
distributions in the signal region, obtained after subtracting the
estimated background, and compared with the expected distribu-
tions for spin-0 and spin-2 signals. The data points differ slightly
between the two spin hypotheses, because the fitted background
depends on the profiling of the nuisance parameters associated
with the bin-by-bin systematic uncertainties.

5. H > ZZ* — 4/ analysis
The H — ZZ* — 4¢ channel, where ¢ =e or u, benefits from

the presence of several observables dependent on spin and par-
ity thanks to the full reconstruction of the four-lepton final state.
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Fig. 1. Distribution of |cos6*| for events in the signal region defined by 122 GeV <
myy, < 130 GeV. The data (dots) are overlaid with the projection of the signal
(blue/dark band) and background (yellow/light histogram) components obtained
from the inclusive fit of the data under the spin-0 hypothesis.
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Fig. 2. Distributions of background-subtracted data in the signal region as a function
of |cos6*|. The expected distributions for (a) spin-0 and (b) spin-2 signals produced
by gluon fusion, normalised to the fitted number of signal events, are overlaid as
solid lines. The cyan/grey bands around the horizontal lines at zero show the sys-
tematic uncertainties on the background modelling before the fits, which include
the statistical uncertainties on the data sidebands.

The kinematic observables are the reconstructed masses of the
two Z boson candidates and the five production and decay an-
gles described in the following. The Z boson candidates are de-
noted hereafter as Z; and Z;, where the index 1 refers to the
lepton pair with the invariant mass closer to the central value of
91.1876 GeV of the Z boson mass [31]. Their respective masses are
defined as miy and ms4. The full definition of the production and
decay angles as well as the description of their variation for dif-
ferent spin and parity values can be found in Ref. [20]. Here only
a brief summary is given: 6 (6,) is the angle between the neg-
atively charged final-state lepton in the Z; (Z;) rest frame and
the direction of flight of the Z; (Z;) boson in the four-lepton
rest frame. @ is the angle between the decay planes defined by
the two lepton pairs coming from the Z decays in the four-lepton
rest frame. @ is the angle between the decay plane of the lead-
ing lepton pair and a plane defined by the momentum of the Z;
in the four-lepton rest frame and the direction of the beam axis.
0* is the production angle of the Z; defined in the four-lepton rest
frame.

The lepton identification criteria and the analysis requirements
follow the inclusive event selection described in Ref. [18]. To in-
crease the sensitivity to the Higgs boson signal the final states are
classified depending on the flavours of the lepton pairs. The events
used to reconstruct the variables sensitive to the spin and parity
of the resonance are selected in the region of reconstructed four-
lepton invariant mass 115 GeV < my¢ < 130 GeV, defined as the
signal mass window.

After the analysis requirements 43 candidate events are se-
lected in data in the signal mass window, compared with an
expected background of about 16 events, dominated by the con-
tinuum ZZ* process, and about 18 signal events for a SM Higgs
boson with a mass of 125.5 GeV. The irreducible ZZ* background
is estimated from Monte Carlo simulation, normalised to NLO cal-
culations, while the reducible tf, Zbb and Z + jets backgrounds
are estimated from corresponding control regions in data, as de-
scribed in Ref. [18]. Fig. 3 shows the cos(f;) and ms4 distri-
butions for events passing the full selection in the signal mass
window.

In order to distinguish between pairs of spin and parity states,
the reconstructed observables described above, namely the five an-
gles and the two invariant masses, are combined using a multivari-
ate discriminant based on a boosted decision tree (BDT) [32]. The
BDT is trained on simulated signal events after full reconstruction
and event selection. Dedicated discriminants are defined for the
separation between the Standard Model JP = 0% hypothesis and
each of the considered alternative models, JP =0~,1%,1-,2%. In
the case of the spin-2 hypothesis, the studies are performed as a
function of the qq production fraction, fqg.

The response of the BDT classifiers is evaluated separately
for each pair of signal hypotheses, including the expected back-
grounds from other SM processes. In addition, to improve the
overall sensitivity, the BDT responses are evaluated separately
for two my, regions with high and low signal-over-background
ratio (S/B): low (115-121 GeV and 127-130 GeV) and high
(121-127 GeV).

Systematic uncertainties on the shapes of the BDT output and
on the normalisations of the high and low S/B mass regions are
considered. These are due to uncertainties on the lepton identifi-
cation efficiencies, the lepton energy scale and its resolution. A sys-
tematic uncertainty of £10% on the normalisation of the high and
low S/B mass regions is applied to take into account the experi-
mental uncertainty on the mass of the Higgs boson. The systematic
uncertainties on the overall background yields and on the inte-
grated luminosity are treated as described in Ref. [18]. Fig. 4 shows
the BDT discriminant distributions for the J¥ = 0% versus J¥ =0~
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Fig. 3. Distributions of (a) cos(6;) and (b) ms34 for events passing the full selection
in the signal mass window 115 GeV < my4¢ < 130 GeV for the combined /s =7 TeV
and /s =8 TeV datasets. The expected contributions from the JP = 0% (solid line)
and JP =0~ (dashed line) signal hypotheses, and the irreducible ZZ* background
are shown, together with the measured contribution from reducible non-ZZ* back-
grounds. The hatched areas represent the uncertainty on the background yields
from statistical, experimental, and theoretical sources.

and the JP =0T versus JP =17 hypotheses. The distribution of
the BDT output is used as a discriminant observable in the likeli-
hood defined in Section 3.

In addition to the BDT analysis an alternative approach based
on the differential decay rate with respect to the angles and the
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Fig. 4. Distributions of the BDT output for data (points with error bars) and expecta-
tions based on MC simulation (histograms). The distribution of each discriminant is
shown for a pair of spin and parity hypotheses for the signal: J” = 0% (solid line)
and JP =0~ (dashed line) in (a), J? = 0% (solid line) and J¥ =17 (dashed line) in
(b). The signal contribution for each of the two hypotheses is scaled using the pro-
filed value of the signal strength. The hatched areas represent the uncertainty on
the background yields from statistical, experimental, and theoretical sources.

masses, my and ms4, was also studied. These variables, corrected
for detector acceptance and analysis selection effects, are used
to construct a matrix-element-based discriminant. This alternative
analysis yields results compatible with those obtained with the
BDT, as described in detail in Ref. [20].
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6. H—> WW™* — {v{v analysis

The analysis of the spin and parity in the H > WW™* — fvfv
channel is restricted to events containing two leptons of differ-
ent flavour (one electron and one muon) and no observed jets
with pr > 25 GeV within |n| < 2.5 or with pr > 30 GeV within
2.5 < |n| < 4.5. The leading lepton is required to have pr > 25 GeV
and the sub-leading lepton pp > 15 GeV. At least one of the two
selected leptons is required to match a lepton that triggered the
recording of the event.

The major sources of background after the dilepton selection
are: Z/y* + jets, diboson (WW, WZ/y*, ZZ/y*), top-quark (tt
and single top) production, and W bosons produced in association
with hadronic jets where a jet is misidentified as a lepton. The
WW background also includes the small fraction of dibosons pro-
duced via gluon fusion. The requirement of two high-pt isolated
leptons significantly reduces the background contributions from
fake leptons. Multi-jet and Z/y* events are suppressed by requir-
ing relative missing transverse momentum? E%“rsesl above 20 GeV.

Further lepton topological requirements are applied to opti-
mise the sensitivity for the separation of different spin hypotheses,
namely requirements on the dilepton invariant mass mg; < 80 GeV,
the transverse momentum of the dilepton system p%ﬁ > 20 GeV
and the azimuthal angular difference between leptons A¢yy <
2.8 rad. This selection, which significantly reduces the WW con-
tinuum and Z/y* backgrounds, defines the signal region (SR).

The contributions from W W, top-quark and Z + jets processes
predicted by MC simulation are normalised to observed rates
in control regions (CRs) dominated by the relevant background
sources. The Z + jets CR is defined by inverting the A¢y, require-
ment and removing the p.li.‘z one. The Z + jets normalisation factor
of 0.92 with a total uncertainty of +8% is derived from this control
region and applied to the simulated sample. The WW CR is de-
fined using the same selection as for the SR except that the A¢y,
requirement is removed and the my, requirement is inverted. The
resulting W W normalisation factor applied to the MC prediction is
1.08 with a total uncertainty of +10%. The top-quark background
is estimated as described in Ref. [18]. The ratio of the resulting
prediction to the one from simulation alone is 1.07 with a total un-
certainty of +14%. The W + jets background is estimated entirely
from data. The shapes and normalisations of non-W W diboson
backgrounds are estimated using simulation and cross-checked in a
validation region [18]. The correlations introduced among the dif-
ferent background sources by the presence of other processes in
the control regions are fully included in the statistical procedure
to test the compatibility between data and the two spin hypothe-
ses, as described in Section 3.

After the selection, the data SR contains 3615 events, with
170 events expected from the SM Higgs boson signal and about
3300 events from background processes, after their normalisation
to data in the CRs.

Spin correlations between the decay products affect the H —
WW* — fvfv event topologies by shaping the angular distribu-
tions of the leptons as well as the distributions of the lepton mo-
menta and missing transverse energy. Due to the presence of two
neutrinos in the event, a direct calculation of the various decay
angles is not possible. Two of the most sensitive variables for mea-
suring the spin of the Higgs boson are the dilepton invariant mass,
my¢, and the azimuthal separation of the two leptons, A¢y,. Fig. 5

2 EMiss = EMISS . sin Ag, where A¢ is the azimuthal separation between the miss-
ing transverse momentum and the nearest reconstructed object (lepton or jet with
pr > 25 GeV) or 7 /2, whichever is smaller. The missing transverse energy ET"* is

defined as the modulus of the missing transverse momentum.
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Fig. 5. Distributions of (a) A¢.e and (b) my, in the signal region for my =125 GeV
and the JP = 07" hypothesis. The signal is normalised to its SM expectation. In the
lower part of the figures the ratio between data and the sum of signal and back-
ground is shown. The hatched areas represent the uncertainty on the signal and
background yields from statistical, experimental, and theoretical sources.

shows the distributions of both variables in the signal region. The
distributions observed in the data agree well with the MC predic-
tion for the expected SM JP = 0% signal. The dilepton transverse
momentum, p%", also has sensitivity to different spin hypotheses.
A BDT algorithm is used to distinguish between the spin hy-
potheses. In addition to the three variables mentioned above, the
transverse mass of the dilepton and missing momentum system,
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Fig. 6. One-dimensional distributions of the outputs of the BDT for the H -~ WW*
channel after background subtraction, using best-fit values for (a) J” = 0" and
(b) JP =2% with fqq = 100% hypotheses. In each case, the two-dimensional distri-
bution of the two classifiers is remapped into a one-dimensional distribution, with
the bins reordered in increasing number of expected signal events. Empty bins, de-
fined as bins with expected content below 0.1, are removed.

mr [18], is used in the BDT training as it provides a good separa-
tion between backgrounds and signals as well as some separation
between the different spin hypotheses for the signals. Two sep-
arate BDT classifiers are developed for each hypothesis test: one
classifier is trained to distinguish the JP = 0% signal from the sum
of all backgrounds while the second classifier separates the alter-
native spin-parity hypothesis (J” =2%, 1 or 17) from the sum
of all backgrounds. Background processes used to train both clas-
sifiers include WW, tt and single top, as well as WZ, ZZ, Wy,
Wy*, W +jets and Z + jets.

The resulting two-dimensional distribution of the two classifiers
is then used in binned likelihood fits to test the data for compat-
ibility with the presence of a JP =0T, 1%, 1~ or 2% particle in
the data. The analysis of J¥ =27, including the retraining of the
second classifier with the JP =21 sample as signal, is repeated
for each of the five values of fyg. The BDT output distributions
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for data, after background subtraction, are shown in Fig. 6, after
remapping the two-dimensional distribution of the two classifiers
into a one-dimensional distribution.

The BDT relies on a good description of the input variables and
their correlations. These were studied in detail and found to be
well described by simulation [21]. In addition, dedicated studies
were performed to verify that a BDT with the chosen four in-
put variables is able to reliably separate the main backgrounds
in a background-enriched region, and that the response is well
modelled.

Two different categories of systematic uncertainties are consid-
ered: experimental or detector sources, such as the jet energy scale
and resolution, or the lepton identification efficiencies, scale and
resolution, as well as theoretical sources such as the estimation of
the effect of higher-order contributions through variations of the
QCD renormalisation and factorisation scales in the Monte Carlo
simulation. The experimental uncertainties affect both the signal
and background yields and are described in Ref. [18]. Monte Carlo
samples with systematically varied parameters were analysed. Both
the overall normalisation and shape distortions are included as
nuisance parameters in the likelihood.

The WW background in the signal region is evaluated through
extrapolation from a control region using the simulation. The theo-
retical uncertainties on the extrapolation parameter oo = Nsgr/Ncg,
the ratio of the number of events passing the signal region selec-
tion to the number passing the control region selection, are eval-
uated according to the prescription of Ref. [33]. Several sources of
uncertainty on the normalisation are considered: uncertainties on
the QCD renormalisation and factorisation scales, Parton Density
Functions (PDF), the choice of Monte Carlo generator, and the un-
derlying event and parton shower model. The total uncertainty on
the extrapolation is +4.8%. Another important uncertainty arises
from the shape modelling of the irreducible WW continuum back-
ground. The uncertainty on the shapes of the BDT discriminants is
studied by varying the factorisation and renormalisation scales, by
comparing the predictions of HERWIG [34] and PYTHIAS8 leading-
order parton shower programs, and by evaluating the uncertainties
from the CT10 [35] PDF error set and combining them with the
difference in central values between NNPDF [36] and CT10. An en-
velope for the predicted BDT shape for each discriminant is derived
and included in the binned likelihood fit as a shape uncertainty.

7. Results

The SM JP = 0% hypothesis is tested against several alternative
spin-parity hypotheses using the analyses described in the previ-
ous sections. Using the statistical procedure described in Section 3,
integral probabilities, the pg-values, are determined to quantify the
level of agreement of the data with different spin-parity hypothe-
ses. When giving the confidence level associated with the rejection
of a spin-parity hypothesis, the CLs approach defined in Eq. (3) is
used.

7.1. Systematic uncertainties

The sources of systematic uncertainty accounted for in the anal-
yses of the individual channels are discussed in Sections 4, 5 and 6.
In the combination, the correlations among the common sources
of systematic uncertainties across channels are taken into account.
Systematic uncertainties on electron and muon identification, re-
construction and trigger efficiencies, as well as on their energy
and momentum resolution, are common to both the H — ZZ* and
H — WW?* channels. Systematic uncertainties on the energy scale
of electrons and photons affect all three decay channels. It was
also verified that the results presented in the following are insen-
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sitive to variations of the Higgs boson mass within the measured
accuracy of about +0.6 GeV [18].

The overall impact of the systematic uncertainties is evaluated
by comparing the baseline results of the likelihood fits obtained
by profiling all nuisance parameters not directly measured from
the data, with the results obtained by fixing them at their nominal
values. For all tested hypotheses, the combined rejection signifi-
cance is found to be degraded by less than 0.30 when including
all nuisance parameters in the fit with respect to fixing them at
their nominal values.

The production mode has a significant impact on the underly-
ing pr spectrum of the Higgs boson. For signals produced through
gluon fusion, the dependence on the pr modelling was studied
by comparing the discriminant observables before and after re-
weighting the signal to the POWHEG+PYTHIA8 spectrum. How-
ever, the impact on the discriminant observables is found to be
negligible compared to other sources of systematic uncertainty
and therefore is neglected. For the gg-initiated processes the pr
spectrum is expected to be softer than for processes produced
via gluon fusion. Since no higher-order QCD predictions are avail-
able for the qg annihilation production process, no specific sys-
tematic uncertainty is assigned to the pt spectrum of such sig-
nals. The impact of the large variation obtained by re-weighting
the signals produced at leading order in qq annihilation for the
JP = 2% model to the POHWEG+PYTHIAS gluon-fusion predic-
tion was evaluated. The resulting weights increase from about
unity at low transverse momentum to about four near 100 GeV.
The H—> WW™ and H — ZZ* channels are almost insensitive to
such re-weighting, which leads to changes in the BDT discrimi-
nant shapes of the order of a few percent. The H — yy channel is
more sensitive to the signal pt spectrum due to the impact on its
acceptance at high |cos6*| values. For this channel, the expected
sensitivity for the spin-2 rejection is reduced by about 30% for
fqq = 100%, when the re-weighting is applied. Since the combined
result for this case is dominated by the H — ZZ* and H > WW*
channels, the overall impact of this re-weighting on the combined
JP =27 rejection is negligible, below 0.15.

7.2. Test of SM JP =07 against J* =0~

The distributions of the test statistics ¢ from the H — ZZ*
channel for the JP =01 and 0~ hypotheses are shown in Fig. 7
together with the observed value.

The expected and observed rejections of the J¥ =0t and 0~
hypotheses are summarised in Table 1. The data are in agreement
with the JP = 0% hypothesis, while the 0~ hypothesis is excluded
at 97.8% CL.

7.3. Testof SM J¥ = 0% against JP =17

The expected and observed rejections of the J¥ =01 and 1t
hypotheses in the H - ZZ* and H - WW™ channels and their
combination are summarised in Table 2. For both channels, the
results are in agreement with the JP = 0% hypothesis. In the
H — ZZ* channel, the 17 hypothesis is excluded at 99.8% CL,
while in the H - WW?™ channel, it is excluded at 92% CL. The
combination excludes this hypothesis at 99.97% CL.

7.4. Test of SM JP = 0% against JP =1~

The expected and observed rejections of the JP = 0% and
1~ hypotheses in the H — ZZ* and H - W W™ channels and
their combination are summarised in Table 3. For both chan-
nels, the results are in agreement with the JP = 0T hypoth-
esis. In the H — ZZ* channel, the 1~ hypothesis is excluded
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Fig. 7. Expected distributions of q = log(£(J? = 0")/£(JP = 07)), the logarithm
of the ratio of profiled likelihoods, under the J” = 0% and 0~ hypotheses for the
Standard Model J” = 0% (blue/solid line distribution) or 0~ (red/dashed line dis-
tribution) signals. The observed value is indicated by the vertical solid line and
the expected medians by the dashed lines. The coloured areas correspond to the
integrals of the expected distributions up to the observed value and are used to
compute the po-values for the rejection of each hypothesis.

at 94% CL. In the H — WW?* channel, the 1~ hypothesis is
excluded at 98% CL. The combination excludes this hypothesis
at 99.7% CL.

7.5. Test of SM JP = 0% against JF =2%

The expected and observed rejections of the J¥ =01 and 2t
hypotheses in the three channels are summarised in Table 4, for all
fqq values of the spin-2 particle considered. For all three channels,
the results are in agreement with the spin-0 hypothesis. The re-
sults from the H — y y channel exclude a spin-2 particle produced
via gluon fusion ( fg3 = 0) at 99.3% CL. The separation between the
two spin hypotheses in this channel decreases with increasing fqg.
For large values of fg3, the |cos6*| distributions associated with
the spin-0 and spin-2 signals become very similar. In the case of
the H — ZZ* channel, a separation slightly above one standard
deviation is expected between the J* =01 and J¥ = 2T hypothe-
ses, with little dependence on the production mechanism. The
H — WW?* channel has the opposite behaviour to the H — yy
one, with the best expected rejection achieved for large values
of fqg, as illustrated in Table 4. The results for the H - WW*
channel are also in agreement with the J” = 0% hypothesis. The
JP = 2% hypothesis is excluded with a CL above 95%. The data
are in better agreement with the J” =0T hypothesis over the full
range of fqg.

Table 5 shows the expected and observed pg-values for both
the JP =0t and JP =2% hypotheses for the combination of the
H— yy, H— ZZ* and H - WW¥* channels. The test statistics
calculated on data are compared to the corresponding expectations
obtained from pseudo-experiments, as a function of fy3. The data
are in good agreement with the Standard Model JP = 0% hypoth-
esis over the full fo; range. Fig. 8 shows the comparison of the
expected and observed CLs values for the J¥ =27 rejection as a
function of fqz. The observed exclusion of the J P'— 2+ hypothe-
sis in favour of the Standard Model JP = 0% hypothesis exceeds
99.9% CL for all values of fgg.
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Table 1

Summary of results for the 0% versus 0~ test in the H — ZZ* channel. The expected pg-values for rejecting the 0% and 0~ hypotheses (assuming the alternative hypothesis)
are shown in the second and third columns. The fourth and fifth columns show the observed pg-values, while the CLs value for excluding the 0~ hypothesis is given in the
last column.

Channel 0~ assumed 0% assumed Obs. po(JP =0%) 0Obs. po(JP =07) CLs(JP =07)
Exp. po(JP =0T) Exp. po(JP =07)
H—zz* 1.5-1073 3.7-1073 031 0.015 0.022
Table 2

Summary of results for the J = 0% versus 1% test in the H — ZZ* and H - WW* channels, as well as their combination. The expected po-values for rejecting the
JP =0% and 17 hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed po-values,
while the CLs values for excluding the 17 hypothesis are given in the last column.

Channel 1t assumed 0" assumed Obs. po(JP =01) Obs. po(JP =11) CLs(JP =11)
Exp. po(J” =0%) Exp. po(JP =17)
H— ZZ* 46-1073 1.6-1073 0.55 1.0-1073 2.0-1073
H—> WW* 011 0.08 0.70 0.02 0.08
Combination 2.7-1073 47-1074 0.62 1.2-107* 3.0-1074
Table 3

Summary of results for the J” = 0% versus 1~ test in the H — ZZ* and H — WW* channels, as well as their combination. The expected po-values for rejecting the
JP =0% and 1~ hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth and fifth columns show the observed po-values,
while the CLs values for excluding the 1~ hypothesis are given in the last column.

Channel 1~ assumed 0t assumed Obs. po(JP =0%) Obs. po(JP =17) CL(JP=17)
Exp. po(JP =07) Exp. po(JP =17)
H—ZZ* 0.9-1073 3.8.1073 015 0.051 0.060
H—> WW* 0.06 0.02 0.66 0.006 0.017
Combination 1.4-.1073 3.6-1074 0.33 1.8.1073 2.7-1073
Table 4

Summary of results for the various fractions fyg of the qq production of the spin-2 particle for the H — yy (top), H — ZZ* (middle), and H — WW* (bottom) channels.
The expected pg-values for rejecting the J* = 0% and JP = 2% hypotheses (assuming the alternative hypothesis) are shown in the second and third columns. The fourth and
fifth columns show the observed pg-values, while the CLs values for excluding the J” = 2% hypothesis are given in the last column.

fai 2+ assumed 0+ assumed Obs. po(JP =0%) Obs. po(JP =2%) CLs(JP =2%)
Exp. po(J* =0%) Exp. po(J* =27
H—vyy

100% 0.148 0135 0.798 0.025 0.124
75% 0.319 0.305 0.902 0.033 0.337
50% 0.198 0.187 0.708 0.076 0.260
25% 0.052 0.039 0.609 0.021 0.054

0% 0.012 0.005 0.588 0.003 0.007
H—Z7z*

100% 0.102 0.082 0.962 0.001 0.026
75% 0117 0.099 0.923 0.003 0.039
50% 0.129 0113 0.943 0.002 0.035
25% 0125 0.107 0.944 0.002 0.036

0% 0.099 0.092 0.532 0.079 0.169
H—> wWw*

100% 0.013 361074 0.541 1.7-1074 3.6-107%
75% 0.028 0.003 0.586 0.001 0.003
50% 0.042 0.009 0.616 0.003 0.008
25% 0.048 0.019 0.622 0.008 0.020

0% 0.086 0.054 0.731 0.013 0.048
Table 5

Expected and observed pg-values for the JP” =01 and JP = 2% hypotheses as a function of the fraction fqq of the qq spin-2 production mechanism. The values are tabulated
for the combination of the H — yy, H — ZZ* and H — W W* channels. The CLs values for excluding the J” =2% hypothesis are given in the last column.

e 2t assumed 0" assumed Obs. po(JP =0%) 0Obs. po(JP =21) CLy(JP =27%)
Exp. po(J” =0%) Exp. po(J© =27)

100% 3.0-1073 8.8-107> 0.81 1.6-10°° 0.8-107°
75% 9.5.1073 8.8-1074 0.81 3.2.107° 1.7-107%
50% 1.3-1072 2.7-1073 0.84 8.6-107° 53.1074
25% 6.4-1073 2.1-1073 0.80 0.9-10~* 46-10*

0% 2.1-1073 5.5.107% 0.63 1.5-107% 42.1074
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Fig. 8. Expected (blue triangles/dashed line) and observed (black circles/solid line)
confidence levels, CLs(JP = 271), of the JP = 2% hypothesis as a function of the
fraction fgg (see text) for the spin-2 particle. The green bands represent the 68%
expected exclusion range for a signal with assumed J” = 0T. On the right y-axis,

the corresponding numbers of Gaussian standard deviations are given, using the
one-sided convention.

7.6. Summary

The observed and expected CLs values for the exclusion of the
different spin-parity hypotheses are summarised in Fig. 9. For the
spin-2 hypothesis, the CLs value for the specific 2;; model, dis-
cussed in Section 2, is displayed.

8. Conclusions

The Standard Model J” = 0% hypothesis for the Higgs boson
has been compared to alternative spin-parity hypotheses using
J/s=28 TeV (20.7 fb~') and 7 TeV (4.6 fb~!) proton-proton colli-
sion data collected by the ATLAS experiment at the LHC. The Higgs
boson decays H — yy, H — ZZ* — 4¢ and H > WW* — ¢vlv
have been used to test several specific alternative models, includ-
ing JP=0-,1%,1~ and a graviton-inspired J” =2* model with
minimal couplings to SM particles. The data favour the Standard
Model quantum numbers of J¥ = 0%. The 0~ hypothesis is re-
jected at 97.8% CL by using the H — ZZ* — 4¢ decay alone. The
1% and 1~ hypotheses are rejected with a CL of at least 99.7% by
combining the H - ZZ* — 4¢ and H - WW™* — fvlv channels.
Finally, the J” = 2% model is rejected at more than 99.9% CL by
combining all three bosonic channels, H - yy, H - ZZ* — 4¢
and H - WW™* — ¢vlv, independent of the assumed admixture
of gluon-fusion and quark-antiquark production. All alternative
models studied in this Letter are excluded without assumptions
on the strength of the couplings of the Higgs boson to SM parti-

ATLAS
H— vy ® Data
s=8TeV [Ldt=20.7 fb"
v CL, expected
H—ZZ* - 4l ; P_Q+
assumingJ™ =0
Vs=7TeV [Ldt=4.6fb" .+L1]GI 9
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Fig. 9. Expected (blue triangles/dashed lines) and observed (black circles/solid lines)
confidence level CLs for alternative spin—parity hypotheses assuming a J* =07 sig-
nal. The green band represents the 68% CLs( ]St) expected exclusion range for a
signal with assumed J” = 0. For the spin-2 hypothesis, the results for the specific
2, model, discussed in Section 2, are shown. On the right y-axis, the corresponding
numbers of Gaussian standard deviations are given, using the one-sided convention.

cles. These studies provide evidence for the spin-O nature of the
Higgs boson, with positive parity being strongly preferred.
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