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1. Amplitudesand angular distributionsfor gg — X — VV

The most general amplitude for production and decay of a spin O resetiato a couple of
vector bosons can be written as

AX — W) =v e &3 (a1, ME + 01ty + 3uvapdi o) (1.1)

The non-zero values of the couplingsdetermine the spin/parity of the resonance: e.g., the decay
of the scalar (0) Standard Model (SM) Higgs intdZ or WW has non-zera,, very small con-
tribution (~ 1%) from NLO fora; and completely negligible value @g. The decay inta/y has
instead non zero value fag = —ay/2. Specific helicity amplitudes can be computed for particular
configurations of helicity of th¥ bosons:
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Wherex = (MZ — M2, — M2,)/(2My1My2). These helicity amplitudes depend on the kinematics
of the bosons and on tt& couplings and they can be used to parametrize the distribution &f the
masses and teh angular distributions of the final decay products. Compizese distributions to
data, the value of thag couplings can be measured, the needed ingredients being

e a complete analytical computation of the angular and mass distributions in terrakaityh
amplitudes for any spin/parity hypothesis, as reportef]ifi[1, 2]

e a Monte Carlo (MC) implementing the most general tensorial structure for ardeldtiany
spin/parity hypothesis, also documented[inJ1, 2]

The analytical description of the ideal model is needed to build the most optirakihblod discrim-

inant for separation of different signal hypothesis. The MC is ne¢a@atlude full simulation of

detector effects. Moreover the analytical description and the MC areboltool to cross-check
each other, as can be seenin Fﬂg. 1.

2. Application to Higgs search in the ZZ — 4l channel

The complete information about angular and mass shapes is exploited in th&eICM&Z —
4] analysis to enhance the separation between the SM signal aZd tB®VK-continuum back-
ground. In Fig[P théd — ZZ — 4l distributions, after including a simplified description of CMS-
like detector effects (lepton smearing and acceptance cuts), are sBowiparing the distributions
with the ideal case in Fid] 1, the distortion of the shapes due to acceptanbe eppreciated: the
different sculpting forcos6; andcosf; is due to differentpr cuts on the leptons coming from the
off-shell and on-shelk, a large acceptance effect is also visiblepin Despite of the mentioned
acceptance effects, some angles keep sizable discrimination power baigiesl and background
(eg, cosfy, cosf*, @) but the most discriminating variable is the mass of the off-shelk is also
interesting to notice the enhancement in signal of the low mass tail for theadinZsh
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Figure 1. Distributions of the observables in ti — ZZ — 4l analysis, as defined iﬂ[l]. First and third
row: spin-zero signal; second and fourth row: spin-two algiThe signal hypotheses shown are J+m (red
circles), J+h (green squares), J-h (blue diamonds), asadbifrirﬂ]. Points show simulated events and lines
show projections of analytical distributions.

The most optimal way to combine these discriminating variables in a single likelihdmd is
defining
MELA — Psg Pokg(0, @1, My, Mg, 01,62, 0) ]+
Psig + Pog Psg(8*, @1, my,mp, 61, 62, 0)
also known as MELA (Matrix Element Likelihood Approach), whesg andR,g are the analytical
PDF for signal and background. The distribution of the MELA discriminar§hh signal andZZ
background is shown in Fi§] 2. Adding this variable to tie~ ZZ — 4l search, on top of the
4-leptons mass distribution, is expected to increase the signal/backgrignifitcance by~15%.
Indeed, theH — ZZ — 4l discovery analysis from the CMS experime[jt [3] includes MELA: the

(2.1)



Spin/parity of a Higgs-like resonance at LHC S.Bolognesi

resulting observed significance is 32with 5+ 5fb~! at 7 and 8 TeV, compared to 2®2which
is obtained with a simple 1D analysis exploiting only the 4-leptons mass distribution.
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Figure 2: Distributions of the observables in th — ZZ — 4l analysis, as defined ir[|[1], with lepton
smearing and acceptance cuts: SM Higgs signal (redyjand ZZ background (blue). The last plot (bottom,
right) is distribution of signal-over-background liketibd discriminant (MELA).

3. Application to Higgs spin/parity measurement

As previously mentioned, angular and mass shapes can also be exploitedsiorenthe spin
and parity of the new discovered resonance. The expected distributidche H — ZZ — 4l
channel after CMS-like lepton smearing and acceptance cuts are sh&n[gh Some angles (eg,
@, cosBy) have large discrimination between odd and even parity. The case of gpth thinimal
couplings tends to lie in between thé @Gnd 0 case.
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Figure 3: Distributions of the observables in tht¢ — ZZ — 4l analysis, as defined ir[|[1], with lepton
smearing and acceptance cuts: SM Higgs signal (red), pewdpsscalar hypothesis (yellow), spin 2 with
minimal couplings (green). The last plot (bottom, rightjtie distribution of 0 vs 0~ likelihood discrimi-
nant (pseudo-MELA): SM Higgs signal is shown with red opeaules, pure pseudo-scalar hypothesis with
blue open triangles, argl] — ZZ background with black solid circles

Similarly to what discussed in Se[d. 2 for S/B, the most optimal likelihood to discrimina
between different spin/parity models can be built as

PL [y PO mimy, 6,62, 9)
Pi+P Pl(e*v%.vmlvnbaelaezatp)

-1

spin—MELA = (3.1)
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Figure4: Left: distribution of the angl&@ in H — WW and co®* in H — yy, as defined irﬂl]. Points show
simulated events and lines show projections of analytitstidutions. Right: distribution of thAg angle
between the two charged leptonsWW — |vlv and of co9* in H — yy, after lepton/photon smearing
and acceptance cuts. Four signal hypotheses are shown ekgrdwand: SM Higgs boson (red circles),
0~ (magenta squares);dblue triangles), 2 (green diamonds), as defined ﬂ1 [1], aoq@l— ZZ background
(black solid circles).

whereP; refers to the SM Higgs PDF arié is the PDF for the alternative spin/parity hypothesis.
A different likelihood may be built for each model to be tested, e.g. “pseévBbA’ for 0 * vs 0™,
“gravi-MELA’ for 0 * vs spin 2 minimal coupling. The distribution of pseudo-MELA is shown in
Fig.B. In general many different models can be considered dependitige particular tensorial
structures which are allowed in the amplitude (up to 10 different terms caorimdered for spin
2). In [fl] complete and general formulas for all spin hypotheses parted and a few benchmarks
models have been tested, in Tﬁb. 1 a subset of these results are listed.

4. Considering different channels: ZZ, WW, yy

In the previous sections thd — ZZ — 4l channel is shown, which is the more reach on
kinematic information. Other final states can also be considered, H¢.¢:, WW — lvlv and
H—vyy.

In the fully leptonicWW channel, due to the presence of neutrinos, only one angle can be
reconstructed: thA@ angle between the two charged leptons. This angle is typically used in the
SM Higgs search to separate the signal from\th&/ EWK-continuum background. As can be
seen in Fig[}4, the distribution of this angle is very sensitive to the spin of 8wnamce: eg, the
distribution for spin 2 minimal coupling is in between the SM signal case and ttigbaund.

IntheH — yy decay only the angle between the two photons can be exploited. This angle is
completely symmetric for different parity hypotheses but has large discrimimpower between
spin 0 and spin 2 case, as shown in [fg. 4.

In [fl] a full phenomenological study of the¢ — ZZ — 4, H — WW — Ivlv andH — yy
channels is performed including a simplified description of CMS-like deteffiets. The diboson
background is simulated while the reducible background yields is includedsaiitte shapes as for
the EWK-continuum diboson background. The background is lefttrdlat and no systematics
are included. The results are summarized in Thb. 1 andFig. 5.
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scenario X =27z X —WW X —=vyy combined
0, vs background 7.& 450 5.20 9.90
05 vs O 410 l.1lo 0.00 4.20
O vs 25, 220 250 2.50 4.20

Table 1: Expected separation significance (Gaussiarbetween the SM Higgs boson scenarigX@nd
pseudo-scalar (0 or spin 2 minimal coupling (2) hypotheses in the analyzed channels and combined, for
the scenario corresponding approximately td B5! of integrated luminosity at one LHC experiment.
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Figure 5. Expected hypotheses separation significance vs signahaliss significance for the SM Higgs
boson vs 0 (left) and spin 2 minimal coupling (right) hypotheses. Rgishow two luminosity scenarios
tested with generated experiments and expectations aepekted linearly to other significance scenarios.
Dashed lines indicate what might be expected witfit83 of data in one LHC experiment.
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