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Abstract

Studies on anomalous Higgs boson interactions with pairs of W gauge bosons, as
well as its spin parity are presented. The analysis is performed in the Higgs boson
decay channel to WW~ with two charged leptons, one electron and one muon, and
two neutrinos in the final state. The analysis is based on data recorded with the CMS
detector in pp collisions at a center of mass energy of 8 TeV at the LHC. The ten-
sor structure of interactions under the spin-0 hypothesis is examined and alternative
spin-parity hypotheses are studied to cover the spin-1 and spin-2 models. The hy-
pothesis of the standard model Higgs boson for quantum numbers and couplings is
consistent with the data and the results are expressed as exclusion bounds of several
spin-parity hypotheses and anomalous coupling parameters.
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1 Introduction

The ATLAS and CMS experiments at the Large Hadron Collider (LHC) reported the discovery
of a new boson [1-3] with a mass of approximately 125 GeV using data from proton-proton
collisions at a center of mass energy of 7 and 8TeV in 2012. So far, the observation is compatible
with a Standard Model (SM) Higgs boson at that mass. The spin-parity of the boson has been
studied since and the observation is so far consistent with the pure scalar hypothesis when
compared to several other spin-parity hypotheses [4-6].

In particular, CMS performed a final measurement of the Higgs boson decaying to a W-boson
pair [5] using the full dataset recorded during the Run-I of the LHC at /s =7 and 8 TeV. An
excess corresponding to a significance of 4.3 standard deviations was reported in this channel
for my = 125.6 GeV, reference mass that will be used in this note from now on. A first study of
the spin-parity was performed within this measurement. The | P—ot hypothesis was favoured
against a narrow resonance with J* = 2% or 0~ decaying to a W-boson pair.

However, detailed measurements of the properties of the new boson still need to be performed
in order to determine if it is indeed a SM particle. To precisely measure its quantum numbers,
mass, and couplings to SM fields is of high interest at the LHC experiments. Phenomenologi-
cal studies have been presented in Refs. [7-13]. This note reports the study of the spin parity
and tensor structure of the Higgs boson following the strategy proposed in [11, 13]. The work
presented in [5] is extended by increasing the number of scenarios studied. In [5], the alterna-
tive scenarios of J° = 2% and 0~ where studied, here nine additional ] = 2 and three ] = 1
exotic scenarios are explored. In addition to testing pure J* states against the SM Higgs boson
hypothesis, a fit for a continuous parameter 3" (as well as {5V and £}, defined in Eq.4), re-
lated to anomalous couplings of the Higgs boson, is performed for the first time in this channel,
following what was done in [6] for H — ZZ.

The analysis aims to perform, in the context of H — WTW™ decays, and together with H —
Z7 [14], the experimental determination of all helicity amplitudes involving a Higgs boson
decaying to two gauge bosons and extract all the possible information on spin-parity and HVV
(V=Z,W) couplings from the Run-1 data at 7 and 8 TeV.

The analysis strategy is based on the final state of H - WTW™ decays in which both W bosons
decay leptonically, resulting in a signature with two isolated, oppositely charged, high pt lep-
tons (electrons or muons) and large missing transverse energy, EX, due to the presence of
undetected neutrinos. In this channel, observables such as the opening angle between the two
reconstructed leptons in the transverse plane, the dilepton invariant mass, and the transverse
mass, have been shown to be optimal to discriminate between the SM Higgs boson hypothesis
and other exotic resonances with different spin or parity [5].

The analysis inherits largely from the Run-I H — W*W™ paper [5] and has many common
features with the H — ZZ analysis [14] developed in parallel. The results obtained for H —
WHW™ and H — ZZ will be combined to extract the final information regarding spin parity
and anomalous couplings of the Higgs boson using Run-1 data. The analysis presented here
uses 19.440.8 fb~! of proton-proton collision data recorded by the CMS experiment at the LHC
at /s =8 TeV.
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2 Tensor Structure and Spin Parity

The spin-0 | P models 07, 0;, and 0~ correspond to the terms with a4, a, and a3, respectively,
appearing in the decay amplitude for a spin-0 boson defined as

. 2 2 ~.
A(H - WW) — o1 ({ﬂl — olom q(lA—:)qZZ m%vf?feik + aZf;;Sl)f*(z),yv + a3f;f£1)f*(2),‘uv> )

where f)#v = el'gV — €¥q! is the field strength tensor of a gauge boson (W in decay or gluon

in production in this analysis) with momentum g; and polarization vector €;; f}(,i,) is the conju-
gate field strength tensor. Here, the amplitude coupling notation proposed in [11] is followed.
Parity-conserving interaction of a pseudo-scalar corresponds to a3, of a scalar to a,, 4,, and
A1. The above sum retains only the leading terms in the g7 expansion, which is therefore valid
for small effective fractions of new contributions beyond the leading a; term. The SM Higgs
coupling at tree level (to WTW™) is described by the a, term, while the a, term appears in the
loop-induced processes, and as a small contribution due to radiative corrections in the WW—
couplings.

The couplings in Eq. (1) are generally complex form-factors which may depend on kinematic
invariants, such as vector boson g?. The lowest order in g expansion, as shown in Eq. (1), is
kept all couplings are assumed to be real in this analysis. Three fractions of the corresponding
cross-sections (f)3 ", f¥W, and V) can describe the couplings, and three phases (¢, ¢3, and
¢a1) are assumed to be 0 or 71, which are defined as follows
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where 0} is the effective cross-section of the process corresponding toa; = 1,a;.; = 0(or Ay =1,
aj = 0). Given the measured value of fy, it is possible to extract the coupling constants in any
parameterization. For example, following Eq. (1) the couplings will be
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where f/W = (1 — fAW — fWW _ fIVW — ) is the effective fraction of the SM tree-level contri-

bution, which is expected to dominate. The values of the effective cross section ratios are listed
in Table 1.

Table 1: Table of cross section ratios for a 125.6 GeV Higgs boson used to convert effective
fractions. Here 0; is the effective cross-section of the process corresponding to a; = 1,a;; = 0
in the H — WW — fv/lv final state.

Ratio | o1/03 | o1/0% | 01/ 04
Value | 3.01 1.25 1.87




For more exotic spin assignments of the new boson, a variety of tensor couplings is possible.
In the case of the spin-one resonance, the scattering amplitude for its interaction with a pair of
the massive V bosons consists of two independent terms and can be written as:

A(Xj1 = VV) = b [(e1q) (€3ex) + (€39) (e1ex)] + baewupeke; €3 7 (6)

where ey is the polarization vector of the particle X. Here b; # 0 coupling corresponds to
a vector particle, while b, # 0 coupling corresponds to a pseudovector particle. In the case
of a general spin-two resonance and its interaction with a pair of W bosons, the scattering
amplitude can be expressed in the following way:
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The cq and c5 couplings correspond to parity-conserving interaction of a spin-2 tensor with the
minimal couplings.

Assuming that the chiral symmetry is exact in the limit when fermion masses vanish, the gen-
eral scattering amplitude that describes the interaction of the Higgs-like boson with fermions
is

A(Xj=off) = *uz (01 + p275) U1, 8)

where i is the fermion mass and i, and u; are the Dirac spinors. The two constants p; and
p, correspond to the scalar and pseudo-scalar couplings. g7 production of a spin-0 resonance
is suppressed, but this is not the case for higher spins. For higher spins:

_ m
A(Xj=1ff) = €l'iiy (W (Pgl) +P§1)75> + fq” (Pg ) +P£1)75)) u, )

v (o My udy
A(Xjoaf ) = 170 <w1u (o +p§2)75) + 0 (e +p§2)75)> ur. (10)

The pgl) (pgl)) coupling corresponds to parity-conserving interaction of a vector (pseudo-vector).

The pgz) (pgz)) couplings correspond to parity-conserving interaction of a spin-2 tensor (pseudo-
tensor). However, in practice in the q§ — X — WTW~ production and decay, there is no

) )

observable difference between the p;’’ and p,"’ couplings in g4 production.

In Table 2 all the spin-0, 1, 2 scenarios explored in the analysis are shown. Mixed states of
spin-0 are not shown but are considered in the analysis for the measurement of the continuous
parameters. The subscripts m (minimal couplings) and / (couplings with higher-dimension
operators) distinguish different scenarios. When certain coupling is indicated as non-zero, any

()

value would produce equivalent results. In the case of g4 production, p;
sumed to be the same for all quark flavors.

couplings are as-
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Table 2: List of analysis scenarios of the production and decay of an exotic X particle with
quantum numbers JP. The subscripts m (minimal couplings) and h (couplings with higher-
dimension operators) distinguish different scenarios. When certain coupling is indicated as

()

non-zero, any value would produce equivalent results. In the case of g7 production, p,
plings are assumed to be the same for all quark flavors.

cou-

Jr mode production couplings decay couplings
0F gg— X — WHW- (any) a)”) # 0 O 20
0f gg—X - WW- (any) a)”) # 0 0 20
0, gg— X = WHw- (any) aéo) #0 Ay # o0
00 g¢—=X - WTW- (any) a3 75 0 0) #0
1" g7 — X - WHW~ pé orp1 40 by #0
1= gg—=X > WW- pg orp2 7$0 by #0
25 gg—=>X - WIW- 1 #0 cp=c5#0
25 88— X - WW- o #0 o #0
2, 88— X - WW- c3 #0 3 #0i
27 gg—X - WIW- cy #0 c #0
22_ gg—>X—>W+W_ a1 #0 <K cs5#0
2 8g—=X - WIW- c1#0 6 #0
2, gg—>X > WW- c1 #0 c; #0
2, 88—+ X - WHw- g #0 g #0
2, 88— X - WIW- g #0 c9g #£0
2,0 88— X = WHW~ g #0 c1p # 0
25 g — X - WTW~- pgz) or pf) #0 c1=¢5#0
25 g — X - WHw- p§2) or péz) #0 0 #0
25 g — X - WHw- pgz) or péz) #0 3 #0
27 g X - WIW- pgz) or péz) #0 ct #0
27 g X > WIW- pgz) or pgz) #0 c1<Kcs#0
2 g7 X - WHW- o orpl? £0 co # 0
25 g7 — X — WHW- o orpl? £0 o7 #0
2 qi— X — WHW- o orpl? £0 g #0
2,5 G1— X = WIW- o orpl? £0 co # 0
200 gi—X o> WHW-  pPorpl 20 c10 # 0




3 Data and Simulated Samples

The data and the simulated samples for the SM backgrounds are the same as for the main
H — WTW~ — ¢Tvl~ ¥ analysis [5] while new signal samples are introduced specifically for
this analysis.

A dedicated simulation program JHUGen [10, 11, 13] is used to describe various final states in
the production and decay to two vector bosons of the spin-0, 1, and 2 resonances in hadron-
hadron collisions. For the spin-1 and 2 resonances, implementation of the processes gg/q7 —
X — WTW~ — 4f is incorporated into a simulation program which allows the general cou-
plings of the X particle to gluons and quarks in production and to vector bosons in decay and
includes all the spin correlations and interferences of all contributing amplitudes. For a spin-0
resonance, NLO QCD effects in the gluon fusion production through POWHEG event genera-
tors are introduced. Production of a spin-0 particle in vector-boson-fusion (VBF) and associated
VH production (V=W,Z) is also modeled with spin correlations of associated particles. Simu-
lation is interfaced to parton shower simulation as well as full detector simulation through the
Les Houches Event file format.

Spin-0 signal samples were generated for gg¢ — H, VBE, VH, and tfH production, but contribu-
tion of tfH events is found to be negligible in this analysis. The analysis is designed to study
anomalous couplings in the H — WTW™ decay.

Simulated spin-0 scenarios include SM Higgs boson 07, pseudo-scalar 0~, scalar with higher
order corrections, O,T, and Ojgl, as well as mixed samples where parameters have been varied,
such as f;g W=0.5, flg W=0.5, and X‘iwz—O.S. In order to increase the statistics of the simulated
samples for each hypothesis studies, the MELA package [15] was adopted to re-weight any
H — WW sample to model any other spin-0 sample, leading to an order of magnitude increase
in statistics for further analysis.

For spin-1, two g§ — X samples have been produced, the exotic pseudo-vector 17, and the
exotic vector 1. An additional mixed sample with f,, = 0.5 has also been produced. The spin-
1 hypotheses are considered under the assumption that the resonance decaying into WW~ is
not necessarily the same resonance observed in the H — 7y channel, as ] = 1 in the latter case
is prohibited by the Landau-Yang theorem. For spin-2, a variety of g¢ and g4 scenarios have
been produced, including tensor with higher dimension operators 2;[ and pseudo-tensor 2,
See Table 2 for the list of models considered.

4 Event Selection

The objects, event selection and background estimation, are exactly the same as in the legacy
paper of the H — WTW™ channel [5]. The treatment of the systematic uncertainties is also
identical. This analysis introduces several new signal samples produced explicitly for this
study and presented in section 3 without further modification on the analysis.

Final states with two leptons, a substantial amount of E%‘iss, and either 0 or 1 jets, are studied.
Signal events are produced mainly by gluon-fusion, providing a clear signature not accompa-
nied by hadronic activity (0 jets). The VBF and VH production fraction is very small, below
10% and no particular optimization of the selection has been made for these cases.

The particle flow algorithm [16] is used to reconstruct all observable particles in the event.

Events are selected if they have exactly one electron and one muon, with opposite charge,
passing the full identification and isolation criteria presented in [5]. The leading lepton should
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have pt > 20 GeV, and for the second one pr > 10 GeV is required. Only electrons (muons)
with || <2.5(2.4) are considered. Events are classified according to the number of selected jets
that fulfil Er > 30 GeV and || < 4.7.

The ey pair is then required to have an invariant mass above 12 GeV, and a pt above 30 GeV.

A projected EXS variable is employed to further select signal events. It is defined as the com-
ponent of EF"*° transverse to the nearest lepton if the difference in azimuth between this lepton
and the Ef"*° vector is less than 77/2. If there is no lepton within 77/2 of the direction of EJ"
in azimuth, ET"** is used directly. Since the projected ET"*® resolution is degraded by pile-up,
the minimum of two ET"*® observables is used: the first includes all reconstructed particles in
the event, while the second uses only the charged particles associated with the primary vertex.
Events with projected Ei** above 20 GeV are selected for the analysis.

Data-driven corrections are applied to simulation as described in [5].

Two variables are used to define the signal region, the invariant mass of the ey pair, m;;, and the
transverse mass mr. The signal region is defined by m;; < 200 GeV, and 60 < mr < 280 GeV.
The distribution of this variables for data and expected SM Higgs signal and backgrounds are
presented in figure 1.

Two-dimensional m;; — mt templates are built and used as input of the statistical procedure.
The templates for background and data are the same as the ones used in [5]. For illustrative
purposes templates for SM Higgs boson and 2" are presented in Figure 2

New templates for SM Higgs boson and alternative J© modes are used to perform the study.
The shapes of the variables used in the templates are similar for VBF and WH component, the
main VH production mode, with respect to gg — H.
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Figure 1: Distributions of m;; and m for data and expected SM Higgs signal and backgrounds
for events with 0 jets (Upper row) and 1 jet (Lower row).
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Figure 2: Two-dimensional templates of n;; and mr for SM Higgs boson 0}, (a) and 2; (b).



5 Parameter estimation

To extract the anomalous coupling parameters { = { fINW, FAW, FVVY, a binned maximum
likelihood fit is performed to the selected events. The overall likelihood for N bins is
8 (7) + bkg) B ()l

L= ]‘[ ( o (11)

n;® and n?kg are the number of expected signal and background events in the bin i, and #;
is the number of observed events from data. Both signal and background are obtained from
full simulated events. The final signal yield is a function of the anomalous coupling parame-
ters, nflg(é ). Considering f, WW measurement for example, the signal yield is expressed in the
following function

mE ™) = W= ) S YO (= O )

nf’g’o and 7, represent the expected number events from the a; and a, terms in the bin i,

respectlvely, while ni" is predicted by the interference between a; and a, term. The sign of
the interference is pos1tive when ¢, is 0 and negative when ¢, is 7t. The signal strength y is
floated in the fit.

sig,0 h

In the binned maximum likelihood fit, the coupling fractions is reated as parameter of interest.
The systematics related to normalization and shape are profiled. A scan of the parameter of
interest is performed to extract the 68% and 95% CL. Three parameters are measured for a
spin-0 scenario: f3", fAW, and f"Y

The CP-odd cross-section fraction in the Higgs boson coupling to two vector bosons is repre-
sented by . In [6], a first measurement of " in H — ZZ is presented, where any phase
between the a; and a3 couplings is considered. To measure f3", the function described in
Eq. 12 is parameterized using a SM Higgs boson 0}, template, a pseudo-scalar 0~ template, and
a template to represent their interference, extracted from a dedicated sample with f4" = 0.5.

Figure 3 shows the likelihood scan of f4". The signal component of the likelihood of event i
is:

oy = (L= FAM)Ch, + PV L+ /(1= ™) Fv (13)

The average expected and observed distribution of -2/nL as a function of 3" is presented.
The 68% and 95% CL are represented by horizontal lines.The observed best fit value of f,3 is
compatible with 0 (0.160 away), and the pure pseudo-scalar model is 1.13¢ deviated.

By definition f)3"V (and subsequently fJ" and f}/"V) is an amplitude square fraction, going
from 0 to 1. Here, a real amplitude is considered, and the relative phase ¢,3 is either 0 or 7.
In order to distinguish the two phase scenarios, f}3" cos(¢,3) is drawn from -1 to 1, where the
negative side corresponds to phase 7.

The scalar with higher-dimension operators in couplings to the vector bosons is represented by
5" The fit parameterization is obtained using a 0}, template, a 0;" template, and a template
to represent their interference, extracted from a dedicated sample w1th fAW = 0.5.

Figure 4 shows the likelihood scan of f}3"V. The signal component of the likelihood is of event
iis:

o = (1= FW)Ch o+ FAWLH 4+ /(L= FW) FAv (14)

a2
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Figure 3: Average expected and observed distribution of —2AInL as a function of f3"V. The
68% and 95% CL are represented by horizontal lines. The dashed curve represents the SM
Higgs expectation, and the solid curve is the observed. The positive and negative side stands
for ¢ = 0 and ¢ = 71, respectively.
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Figure 4: Average expected and observed distribution of —2AInL as a function of f5". The
68% and 95% CL are represented by horizontal lines. The dashed curve represents the SM
Higgs expectation, and the solid curve is the observed. The positive and negative side stands
for ¢ = 0 and ¢ = 71, respectively.
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The average expected and observed distribution of -2[nL as a function of f}3" is presented.
The 68% and 95% CL are represented by horizontal lines. The presence of a strong interference
between the SM and the anomalous coupling causes a very different kinematic around f,; =
0.5, ¢s2 = 7, which brings a large exclusion. The observed best fit value of f, is non-zero, but
is still compatible with the SM within 0.45¢. The same shape of the likelihood as the expected
is observed, where there is a large exclusion near f;’;’ W =025, Qa2 = 7.

Finally, (4" represents the scalar with higher-dimension operators coupling to vector bosons,
which otherwise has the same tensor structure as in the SM. Parameterization is obtained with
a 0, template, a f1"V = 1 and ¢o; = 0 template, and a template to represent their interference,

extracted from a dedicated sample with "V = 0.5, pp1 = 7.

CMS (preliminary)
T T T T ‘ T T ‘ ‘
----- Expected for SM Higgs boson

19.4 fb™ (8 TeV)
T T T T

~
=

-2A InL

— Observed |

. 1
f cos(@, )

Figure 5: Average expected and observed distribution of —2AInL as a function of f}}V. The
68% and 95% CL are represented by horizontal lines. The dashed curve represents the SM
Higgs expectation, and the solid curve is the observed. The positive and negative side stands
for ¢ = 0 and ¢ = 7, respectively.

Figure 5 shows the likelihood scan of f{""

iis:

. The signal component of the likelihood is of event

‘Ci\lww = < - /K\gw)£6+m +f/KV1W‘C}A1:1 + \/(1 - mw)f)(vlwﬁﬁnt (15)

The average expected and observed distribution of -2/n.L as a function of £} is presented. The
68% and 95% CL are represented by horizontal lines. Similar to f;,, measurement, the strong
destructive interference between the SM and the anomalous coupling around the f{"V = 0.5
region gives a much higher exclusion than other phase spaces. The observed best fit value of

W is 0.310 away from the SM. A high exclusion is observed in the same region as expected.
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6 Hypotesis testing

In addition to the measurement of the spin-0 parameters Zg W ;’;’ W and fX‘gW ; spin-1 and spin-

2 scenarios are also studied. Different pure spin hypothesis are compared with the SM Higgs
boson 0". The comparison with spin-1 and spin-2 scenarios is performed in the same way that
it was done for [5].

The yields of the different hypothesis are nominally taken from the simulated samples assum-
ing the SM Higgs boson cross section. A signal-plus-background model is built for each hy-
pothesis, based on the two-dimensional templates on m;; — mr, using the same bin widths and
data selection as for the low mpy case described in [5]. The background templates are the same
as in the SM Higgs boson search analysis.

For each hypothesis a binned maximum likelihood (£) fit is performed, to simultaneously ex-
tract the signal strength and background contributions. This likelihood fit model is the same
as in the SM Higgs boson search. Fits are performed for both models, and the likelihoods are
calculated with the signal rates allowed to float independently for each signal type. The test
statistic, ¢ = —2In(L;p/Ly+), where Ly+ and L;r are the best fit likelihood values for the SM
Higgs boson and the alternative hypothesis is then used to quantify the consistency of the two
models with data. The expected separation between the two hypotheses is quoted in two sce-
narios, when events are generated with a-priori expectation for the signal yields (¢/cosp = 1)
and when the signal strength is determined from the fit to data.

The observed separation quotes consistency of the observation with the 0,, model or J* model
and corresponds to the scenario where o/ og), is determined from the fit to data and are defined
as the median of g expected for one hypothesis under the other hypothesis.

6.1 Spin-1

The results for the three spin-1 scenarios are shown in figure 6. The average separation be-
tween the SM Higgs boson and each alternative spin-1 hypothesis is larger than one standard
deviation. The alternative spin-1 hypotheses are disfavored with CLs values of 3.9% for 1°,
14.0% for 17, and 8.7% for 1,,y.
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Figure 6: Distributions of —2/n(Lyx/ Ly ), combining the O-jet and 1-jet categories in the ey final
state, for the 17, 1M* and 1~ hypotheses at mpy = 125.6 GeV. The distributions are produced
using the signal strength determined from the fit to data. The observed value is indicated by
the red arrow.
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6.2 Spin-2

The results for the different spin-2 scenarios are shown assuming a f,; fraction of 0% in figure 7.
The median test statistic for the 0" and ] = 2 hypotheses as well as its observed value, as a
function of the g5 — H component, is presented in figure 8 for each of the scenarios tested. The
results are obtained using the o/ og) value determined from the fit to data.
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Figure 7: Distributions of —2In(La/ Ly ), combining the O-jet and 1-jet categories in the ey final
state, for the nine spin-2 hypotheses at my = 125.6 GeV. The distributions are produced using
the signal strength determined from the fit to data. The observed value is indicated by the red
arrow. The distributions are shown for the case fz; = 0.

In all cases the data favor the SM hypothesis with respect to the alternative hypothesis. The
alternative hypothesis The alternative hypothesis 2; is excluded at a 92.9% (100%) CL or higher
for fz3 0% (100%). Other hypothesis for which H — W+W ™ achieves a good discrimination are
2,5, excluded at a 90.8% (100%) CL or higher for fz; 0% (100%); or 2;/;.
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Figure 8: Observed and expected median test statistic for the 0" and ] = 2 hypotheses, as a
function of the fy; fraction for each of the spin-2 models tested using the o/csy value deter-
mined from the fit to data.
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7 Resulis

An extension of the studies on the spin parity of the Higgs boson performed in [5] is presented
using the full 8 TeV proton-proton collision dataset recorded by the CMS experiment at the
LHC. The analysis chain, data, backgrounds, systematic treatment, and framework is left un-
touched. Several simulated samples with alternative spin-0, 1 and 2 scenarios are generated.

For spin-0 scenarios, the first measurement of the parameters f;’g{ W ;/;/ W and fxvlw, inH —
WTW~™ decays is presented. The measurements, performed taking into account interference
effects, are summarized in table 3. The 68% and 95% CL for £V and {1V could be quoted,
but the A" is not reaching 68% yet all over the range.

Agreement with the SM expectations is observed. The fraction of a CP-odd contribution to
the decay amplitude, expressed through the fraction f)J"V of the corresponding decay rate is
consistent with the expectation for the SM Higgs boson, as well as f4" and f}}"V. The best
fit values for the three parameters are within less than 0.4c from the SM expectation. The
observed best fit value of ;g/ Wis compatible with 0 (0.160 away), and the pure psuedo-scalar
model is excluded at 1.13¢. The observed best fit value of f,; is non-zero, but is still compatible
with the SM within 0.45¢. The observed best fit value of £}V is 0.31¢ away from the SM. The
H — WTW™ channel is not sensitive enough on its own to measure the experimental value of
these parameters, however, when combined with H — ZZ there is a sizeable improvement on
the sensitivity.

For pure spin-1 and 2 scenarios, the alternative hypotheses are compared to a SM Higgs boson.
In the later case, the results are obtained as a function of the g§ — H component. When this
fraction is equal to 100%, a maximal separation is achieved in all the scenarios, the minimal
separation is obtained when this fraction is 0% and the exotic scenarios are more similar to the
mostly g¢-produced SM Higgs boson. For spin-2, the results corresponding to f;; = 0% and
fq7 = 100% are shown. Table 4 presents a summary of the results of the hypothesis testing.

A preference for a scalar SM Higgs boson with spin 0;), is observed, in all cases the data favors
the SM hypothesis with respect to the alternative hypothesis. The average separation between
the SM Higgs boson and each alternative spin-1 hypothesis is larger than one standard devia-
tion. The alternative spin-1 hypotheses are disfavored with CLs values of 3.9% for 17, 14.0%
for 1%, and 8.7% for 1,,y.

Table 3: Summary of the observed and expected limits of the f3", fAW, flYWparameters for
spin-0, under the assumption that all the couplings are real. Unless otherwise specified the
other amplitudes are assumed to be the SM prediction. The confidence intervals are extracted
from the asymptotic properties of the —2AInL distribution (at —2AInL = 3.84) and have an
approximate coverage of 95%.

] | Observed and expected limits @95%CL (real couplings) |

Parameter Expected Observed
fa3 - -
fa2 —0.56 < facos(pm) < —0.24 —0.58 < fac0s(¢par) < —0.25
fAl 043 < fA1COS(§DA1) <048 044 < fAlCOS((PAl) < 0.49

The alternative hypothesis 2, is excluded at a 92.9% (100%) CL or higher for fz; 0% (100%).
Other hypothesis for which H — WHW™ achieves a good discrimination are 2,, excluded at
a 90.8% (100%) CL or higher for f;; 0% (100%); or 2;[3. Other scenarios are more complicated
to separate from a SM Higgs boson, like 2,7, for which the expected and observed separation
is smaller than one standard deviation. The summary of the spin-1 and spin-2 results is also
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Table 4: Summary of the models used in the analysis of the spin and parity hypotheses. The
expected separation is quoted for two scenarios, where the value of ¢ /sy for each hypothe-
sis is determined from the fit to data and where events are generated with c/osy = 1. The
observed separation quotes consistency of the observation with the 0;; model or J” model and
corresponds to the scenario where ¢ /05y is determined from the fit to data. The last column
quotes the CLs value that defines the minimum confidence level (1 - CLs) at which the | P model

is excluded.

] JP model \ JP production \ Expected (c/osp = 1) \ Observed 0™ \ Observed J” \ CLs ‘
1- qq9 — H 1.80 (2.90) -0.20 210 3.9%
1 pin qq9 —H 1.60 (2.60) -0.10 1.70 8.7%
1+ q9 —H 1.50 (2.30) 0.1c 1.40 14.0%
2, 88 — H (fz5 = 0%) 1.40 (2.40) -0.50 2.00 7.1%
2, g8 — H (fy5 = 0%) 0.60 (1.10) 0.3c 0.30 63.7%
2, g8 — H (fs5 = 0%) 1.00 (2.00) -0.40 1.50 20.3%
2;[2 88 — H (fg5 = 0%) 1.30 (2.30) -0.50 1.90 9.2%
2,5 88 — H (fg3 = 0%) 1.30 (2.30) -0.50 1.90 9.2%
2,06 g8 — H (fs7 = 0%) 2.00 (2.20) -0.30 2.60 1.4%
2, 88 — H (fyg = 0%) 150 (2.30) 0.1 1.7¢ 9.3%
2,5 g8 — H (fs7 = 0%) 1.10 (2.10) -0.60 1.80 12.2%
2,10 88 — H (fz; = 0%) 1.60 (2.80) -0.3c 1.9¢ 6.8%
2, qq — H (f47 = 100%) 2.20 (3.40) -0.30 2.80 0.7%
2 qq — H (f47 = 100%) 1.30 (1.90) 040 1.00 25.3%
2, qq — H (f47 = 100%) 1.60 (2.50) 0.1c 1.50 11.7%
2 94 — H (fz3 = 100%) 2.10 (3.20) -0.50 290 0.7%
2;3 qq — H (f47 = 100%) 2.10 (3.20) -0.50 290 0.6%
2, qq7 — H (f;7 = 100%) 2.20 (3.30) -0.20 250 1.3%
2, qq7 — H (f47 = 100%) 1.70 (2.70) -0.40 220 3.7%
2, q7 — H (f47 = 100%) 1.60 (2.50) 0.1 1.50 11.5%
2,10 q7 — H (f;7 = 100%) 2.10 (3.20) -0.01c 210 3.2%

presented in Figure 9. There is a correlation between the different results that is due to the fact
that the variables used are the same in all the scenarios, the data is also the same, as well as the
SM Higgs hypothesis.

All the results are consistent with the results presented in [14] for H — ZZ and with the SM

expectations for a SM Higgs boson.
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Figure 9: Summary of the expected and observed values for the test-statistic q distributions for
the alternative spin-one and spin-two hypotheses tested with respect to the SM Higgs boson.
The orange (blue) bands represent the 10, 20, and 3¢ around the median expected value for the
SM Higgs boson hypothesis (alternative hypothesis). The black points represents the observed

value.
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