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1. Introduction

The discovery of a new particle with mass of about 125 GeV in the search for the Standard
Model (SM) Higgs boson at the CERN Large Hadron Collider (LHC) [1], reported in July 2012 by
the ATLAS [2] and CMS [3] Collaborations, is a milestone in the quest to understand the origin of
electroweak symmetry breaking [4, 5, 6, 7, 8, 9]. The present experimental challenge 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 (J°¥ = 0%). The Landau—Yang theorem forbids the direct decay of an on-
shell spin-1 particle into a pair of photons [10, 11]. The spin-1 hypothesis is therefore strongly
disfavored by the observation of the H— Yy decay.

The CMS Collaboration has published a spin—parity study [12] based on the H — ZZ* channel
where the SM scalar hypothesis is favored over the pseudo—scalar hypothesis at a confidence level
(CL) above 95%. The ATLAS Collaboration has recently submitted two letters, based on the
three main bosonic decay modes, on the measurement of the mass and couplings [13] and on the
determination of the spin-parity quantum numbers [14]. The CDF and DO Collaborations have
recently submitted combined studies on the properties of the new boson [15].

At this conference an overview of the experimental searches for the SM Higgs boson has
been presented in a dedicated talk [16]. In this document the combination of these searches and
their interpretation in terms of the properties of the new boson are reported. In Section 2 the
measurement of the mass of the new boson is presented. In Section 3 the SM scalar hypothesis
is confronted with several alternative J* models, namely J* = 0~,17,1~ and 2*. Studies on the
production and decay rates and test of the couplings via fits to the data are reported in Section 4.

2. Mass

The measurement of the mass of the new boson is a crucial step in the determination of its
properties. Once the mass is measured all cross-sections and branching ratios for the SM Higgs
boson can be predicted with good accuracy.

The mass can be measured independent of assumptions on the couplings to the SM particles
by a fit to the mass spectra of the channels with high mass resolution, namely the H— ¥y and
H — ZZ* — 4/¢ decay modes.

The measured mass computed by combining these two channels by ATLAS [13] gives a value
of My = 125.5+0.244 £0.64,, GeV and by CMS [17] with a value of My = 125.740.354 0.3y,
GeV. The two measurements are compatible with each other. In Figure 1 the test statistic used for
the mass determination, minus twice the logarithm of the profiled likelihood, is plotted versus the
boson mass for the two bosonic decay modes and their combination.

In addition CMS has also measured, by using the H— ¥y mass spectrum [18], the first direct
constraint on the total width of the new boson I'y; < 6.9 GeV at 95% CL. This limit is far from the
expected SM width of about 4 MeV but is the first direct measurement of this important observable.

3. Spin

Several alternative models have been tested against the SM scalar hypothesis by the ATLAS,
CMS and DO Collaborations. The modeling of the alternative hypotheses is mainly based on
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Figure 1: Values of the —2log [L(My)/L(My)] from the ATLAS (left) and CMS (right) Collaborations. The
black curves show the combination of the two bosonic decay modes.

Ref. [19]. With this generator several alternative J* = 0~,1%,17,2" can be produced with leading
order (LO) kinematics. Alternative generators are available, like the one described in [20, 21] that
has been used by the DO Collaboration to model the graviton-inspired J© = 27 signal.
The CMS Collaboration has produced results mainly based on the H — ZZ* — 4/ final state [22].

In this final state several variables sensitive to the spin and parity of the new boson are available,
namely two invariant masses and five angles. A summary of the CMS results can be found in Ta-
ble 1. All non—scalar J” models are excluded at more then 95% CL in favor of the SM hypothesis.
For the J* = 2% case CMS has also combined the H—WW*— ¢v/v and the ZZ* channels. For
the WW* decay mode the most sensitive variables are the di-lepton azimuthal separation, A¢, and
the invariant mass M;,. By combining these two channels the gluon-fusion produced 2 model is
excluded at 99.5 % CL.

7 production comment expect (u=1) | obs. 07 [ obs. J' | CL
0~ gg—X pseudoscalar 2.60 (2.80) 0.5¢ 330 | 0.16%
0, 8¢ —+ X | higher dim operators | 1.7¢ (1.80) 0.0¢ 170 8.1%
e | 88— X minimal couplings 1.8¢ (1.90) 0.80 270 1.5%
2ongg qq — X minimal couplings 177 (1.90) 1.8¢ 400 | <0.1%
- qq —+ X exotic vector 2.80 (3.10) 140 >4.00 | <0.1%
1 qq —+ X exotic pseudovector | 2.3c (2.60) 170 >4.00 | <0.1%

Table 1: Expected and observed rejection for different spin-parity models tested by the CMS Collaboration
using the H — ZZ* — 4¢ decay mode.

The CMS Collaboration has also studied in Ref. [22] the possibility to have a pseudo—scalar
component in the H — ZZ* decay. They have fitted the spin—sensitive variables of the H — ZZ* —
4/¢ decay mode for the fraction of the CP—odd amplitude normalized to the sum of the SM plus the
CP-odd ones, defined as f,3 = |Acp_oda|?/ (|Asm|? + |Acp—oaa|?). The fit to the data is compatible
with the zero value of this fraction, giving an upper limit of f,3 < 0.58 at 95% CL.

The ATLAS Collaboration has combined the results of the H — ZZ* — 4¢ and H—WW*— {v{lvy
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channels when testing the spin—1 hypothesis while for the 2" model also the H— yy final state has
been combined. In this last decay mode the variable sensitive to the spin is the decay angle | cos 6|
evaluated in Collins—Soper frame [23]. These studies have been published by ATLAS in Ref. [14].
The observed and expected CL values for the exclusion of the alternative spin—parity hypotheses
are summarized in Figure 2.
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Figure 2: Expected (blue triangles/dashed lines) and observed (black circles/solid lines) confidence level
CL, for alternative spin—parity hypotheses assuming a SM J” = 07 signal. The green band represents

the 68% CL; (Jzﬁt) expected exclusion range for a signal with assumed J¥ = 0*. On the right y-axis, the

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

At this conference the DO Collaboration has presented for the first time an analysis based on
the VH — Vbb decay mode [24]. This analysis aimed to distinguish a graviton-like signal, J* = 2%,
from the SM one. The production of a tensor is characterized by a B> threshold behavior of the
VH system to be confronted with a 8 behavior for the SM scalar. This implies that variables like
the invariant mass of the ZH — ¢£bb system or the transverse mass of the WH — v/{bb system are
expected to be strongly sensitive to the spin nature of the new boson. This is presented in Figure 3
where the mass of the ZH — ¢¢bb system with the DO data is shown. Using this kind of variables,
combining the ¢vbb, vvbb and (¢bb final states the 27 model is excluded at more than 99.9% CL
assuming a signal strength of y = 1.23 (that corresponds to the one measured by the main SM
search from the DO Collaboration).

In summary all alternative spin—parity hypotheses tested have been rejected at more than 95%
CL while the SM scalar hypothesis gives a good description of the experimental data. However,
a small CP-odd component in the new boson couplings cannot be excluded by these studies and
represents the next experimental challenge.
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Figure 3: Distribution of the ££bb invariant mass from the DO Collaboration for the data (back dots), the SM
backgrounds (full colored histograms) and signal (red histogram) and for the 2+ model (magenta histogram).

4. Rates

The measurement of the production and decay rates of the newly discovered boson is a crucial
test to understand whether it corresponds to the SM Higgs boson responsible for the EW symmetry
breaking.

At the Tevatron the main production mode is via associated V H production and the main decay
mode is to the bb final state. In addition the CDF and DO searches also include the yy, WW* and
77 final states [15].

At the LHC four different production mechanisms are available for the SM Higgs, the most
abundant one is gluon—fusion, followed by vector—boson fusion (VBF), by the W or Z associated
production (VH) and by the #7 associated production (ttH). Several final states (yy, tt, bb, WW*,
Z7*, 7y, uu) are expected to be experimentally accessible, once final center-of-mass energy and
luminosity will be achieved by the LHC collider.

The ATLAS and CMS analyses [13, 17] are designed to give sensitivity to different production
modes for the different final states. Dedicated categories with selections based on lepton(s), trans-
verse momentum imbalance and jets are designed to distinguish the VBF, VH and ttH production
modes from the most abundant gluon—fusion one.

The most accurate test of the couplings of the new boson is the combined signal strength. The
signal strength is defined, for a given channel, as the measured value of the signal yield normalized
to the SM Higgs boson expectation it = (¢ X BR) /(6 X BR)sy. This normalized quantity can be
combined between different production and decay modes. The combined signal strengths from
ATLAS, CMS and Tevatron (CDF and DO combined) are shown in Figure 4. The values of the
combined signal strengths are: 1.33 +0.20 from ATLAS, 0.80 £ 0.14 from CMS and 1.44 +0.60
from CDF and DO combined. For all different decay modes, the signal strengths are compatible
with the SM expectation of unity, with the largest deviation at the 1.9 standard deviations level for
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the ATLAS 7yy decay mode.
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Figure 4: Signal strengths from the ATLAS (left), CMS (center) and combined CDF-DO (right) Collabora-
tions for the main decay modes and their combinations.

An interesting question that can be asked is whether we can claim the observation of vector—
boson mediated production. This question has been addressed by ATLAS and CMS combining the
results of several decay modes with categories designed to distinguish the VH and VBF production
modes from the dominant gluon—fusion production. The observed yields are fitted in terms of the
ratio between the VH+VBF signal strengths and the the gluon-fusion (gg)+ttH ones (expected to
be mediated by fermions in the SM). In this ratio, for each channel, the dependency on the decay
BR cancels out. The CMS result for this ratio is shown in Figure 5 in terms of minus twice the
profiled likelihood ratio. The zero value of the ratio tygrive/ Ugg 11 18 disfavored at more than 3
standard deviations. A similar analysis performed by ATLAS is shown in Figure 5. In this case the
the logarithm of the profiled likelihood ratio is shown as a function of Uy pr /leg+sm, With the VH
signal strength profiled to the data (i.e., fixed to the value that maximize the profile likelihood for
each value of the parameter of interest). Also in this case the zero value for the VBF signal strength
is disfavored at more than 3 standard deviations.

In summary both CMS and ATLAS Collaborations have presented results that give evidence
for vector-mediated production at more than 3 standard deviations.

Another interesting question is whether the new boson couples to fermions. The combined
CDF and DO results [25] for the VH — Vbb final state provided first evidence for direct fermion
couplings (and also for vector—boson mediated production) at 2.8 standard deviations for an Higgs
boson mass of 125 GeV. The CMS Collaboration has recently combined the signal strengths for
the H — bb and H — 77 decay modes. This combination is incompatible with the absence of
these decay modes at 3.4 standard deviations, hence providing evidence for direct couplings to the
fermions.

In the framework of the SM the couplings of the new boson can be tested with high accuracy.
In order to benefit from the correlation between production and decay modes the deviation from
SM coupling predictions are parametrized via coupling scale factors k’s. The SM predictions are
confirmed if all fitted x’s are compatible with the value of one. The details of this parametrization
can be found in Ref. [26]. With current statistics only a limited number of parametrizations can be
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fitted to the data. Several sectors of the new boson couplings have been tested by the ATLAS and
CMS Collaborations and by the CDF and DO Collaborations combined. Namely the couplings to
the vector—boson and fermionic sectors, the ratio of the couplings to the W and Z (related to the

custodial symmetry), the loop-induced couplings to gluons and photons, the ratio of couplings to

up and down-type fermions, the beyond SM (BSM) contributions to the total width. A summary of

these tests, under the assumptions described in Refs. [13, 17], is shown in Figure 6.
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Figure 6: Summary of several coupling tests performed by the CMS (left) and ATLAS (right) Collabora-

tions.

All tested models are compatible with the SM Higgs boson expectations, with probabilities
above the 12% level.
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In summary the studies of the measured yields give results compatible with the SM expecta-
tions and show evidence for vector—boson production and direct couplings to fermions.

5. Conclusions

One year after its discovery the properties of the new boson have been studied with increasing
accuracy thanks the the analysis of LHC Runl data from the ATLAS and CMS Collaborations and
of the full Tevatron data from the CDF and DO Collaborations.

The mass of the new boson is measured with a few per mill accuracy from the H— yy and
H — ZZ* — 4¢ mass spectra by ATLAS and CMS giving compatible results.

The spin and parity are in agreement with the SM scalar hypothesis while several alternative
spin—parity models, namely J¥ =0~,1%,17,2%, are rejected at more then 95% CL.

The measured yields in several production and decay modes are in agreement with the SM
Higgs boson predictions. All tests on the couplings performed on LHC and Tevatron data give
results compatible with the SM expectations.

In summary all measured properties are in agreement with the predictions of the Brout-Englert-
Higgs (BEH) mechanism for electro-weak symmetry breaking. The experimental challenge now is
to look for (small) deviations of its properties from the SM Higgs predictions that could hint at the
presence of physics BSM in the Higgs sector.
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